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have suggested that the innate immune system may contribute
to pathogenesis (reviewed in reference 13). In an attempt to
determine if HAstVs disrupt the innate immune system in
humans, we tested whether HAstV virions had an effect on the
complement system. Complement is a fundamental component of the innate immune response in vertebrates and represents a frontline defense against invading pathogens. It is comprised of an ancient family of soluble and cell surface proteins
that detect bacteria and viruses through one of three pathways,
the classical (primarily activated by antigen-antibody interactions), mannose-binding lectin (binds specific polysaccharides
on pathogen surfaces), and alternative (neither antibody nor
lectin dependent) pathways (28, 31) (Fig. 1). Upon activation
of complement, infectious agents are subsequently destroyed
through multiple mechanisms, including the lysis of infected
cells and certain pathogens, opsonization and phagocytosis,
removal via immune complexes, enhanced priming of T and B
cells, and mediation of a robust inflammatory response via
leukocyte chemotaxis to the site of infection (Fig. 1) (31). The
limited inflammatory response or cell death observed in both
human infection (26) and an avian astrovirus small-animal
model (14) led us to speculate that astroviruses may act upon
the complement system during infection.
Here we demonstrate that the CP of HAstVs specifically
suppresses activation of the human complement system
through an interaction with C1, the first component of the
classical pathway (Fig. 1). The mechanism of suppression is
inhibitory in nature, as assessed by the lack of C4d, iC3b, and
terminal C5b-9 membrane attack complex formation. Since it
lacks any sequence homology to known complement regulators

Human astroviruses (HAstVs) are a significant cause of
acute gastroenteritis in young children. While second only to
rotavirus in the incidence of virally induced gastroenteritis in
children (7), HAstVs are recognized as the leading cause of
viral diarrhea in infants (27). Eight distinct HAstVs have been
identified to date, with serotype 1 being the most prevalent
worldwide (18). In addition to humans, members of this virus
family infect a variety of other young mammals and birds,
causing diseases ranging from diarrhea to nephritis (18). Astroviruses are small, nonenveloped, icosahedral particles with a
single-stranded mRNA genome (⬃7 kb) that is organized into
three open reading frames (ORFs); ORFs 1a and 1b encode
nonstructural proteins (11, 16, 34), whereas ORF2 encodes the
coat protein (CP) precursor (16, 32). CP precursors assemble
into particles, encapsidating the viral genome, and are subsequently cleaved extracellularly by trypsin, which renders the
virion infectious (1, 20).
The pathogenesis of and immunity to HAstVs are poorly
understood. Virions have been identified in intestinal epithelial cells of children with diarrhea, correlating with fecal shedding of the virus (reviewed in reference 21). However, HAstVinduced diarrhea appears not to result in significant cell death
or inflammation in humans (26), and astrovirus animal models

* Corresponding author. Mailing address: Department of Microbiology and Molecular Cell Biology, Eastern Virginia Medical School,
700 West Olney Road, Norfolk, VA 23507-1696. Phone: (757) 4465677. Fax: (757) 624-2255. E-mail: krishnnk@evms.edu.
† Present address: The Scripps Research Institute, La Jolla, CA
92037.
䌤
Published ahead of print on 24 October 2007.
817

Downloaded from http://jvi.asm.org/ on September 22, 2019 by guest

Human astroviruses (HAstVs) belong to a family of nonenveloped, icosahedral RNA viruses that cause
noninflammatory gastroenteritis, predominantly in infants. Eight HAstV serotypes have been identified, with
a worldwide distribution. While the HAstVs represent a significant public health concern, very little is known
about the pathogenesis of and host immune response to these viruses. Here we demonstrate that HAstV type
1 (HAstV-1) virions, specifically the viral coat protein (CP), suppress the complement system, a fundamental
component of the innate immune response in vertebrates. HAstV-1 virions and purified CP both suppress
hemolytic complement activity. Hemolytic assays utilizing sera depleted of individual complement factors as
well as adding back purified factors demonstrated that HAstV CP suppresses classical pathway activation at
the first component, C1. HAstV-1 CP bound the A chain of C1q and inhibited serum complement activation,
resulting in decreased C4b, iC3b, and terminal C5b-9 formation. Inhibition of complement activation was also
demonstrated for HAstV serotypes 2 to 4, suggesting that this phenomenon is a general feature of these human
pathogens. Since complement is a major contributor to the initiation and amplification of inflammation, the
observed CP-mediated inhibition of complement activity may contribute to the lack of inflammation associated
with astrovirus-induced gastroenteritis. Although diverse mechanisms of inhibition of complement activation
have been described for many enveloped animal viruses, this is the first report of a nonenveloped icosahedral
virus CP inhibiting classical pathway activation at C1.
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or other host genes that modulate immune function, HAstV
CP appears to possess a novel viral immune evasion activity
that directly inhibits complement activation and downstream
effector functions.
MATERIALS AND METHODS
Cell lines and viruses. CaCo-2 cells were cultivated in minimum essential
medium with 10 to 20% heat-inactivated fetal bovine serum according to the
instructions of the ATCC. A cell-adapted strain of HAstV type 1 (HAstV-1;
Oxford) (kindly provided by D. K. Mitchell, Eastern Virginia Medical School,
Norfolk, VA) was propagated in CaCo-2 cells (33). Briefly, CaCo-2 cell monolayers in minimum essential medium lacking fetal bovine serum were infected
with a viral inoculum containing 10 g/ml of trypsin type IX (Sigma), and virus
was allowed to adhere for 1 h at 37°C. The inoculum was removed, and medium
containing 2 g/ml of trypsin was added; cells were then incubated for approximately 48 h at 37°C. Following incubation, viral suspensions were released from
the cells by three freeze-thaw cycles. Cell debris was then removed in a low-speed
spin, and the cell lysate containing virus was aliquoted and stored at ⫺80°C.
Cell-adapted strains of HAstV types 2, 3, and 4, previously propagated as described above, were provided by D. K. Mitchell.
Spodoptera frugiperda cells (line IPLB-Sf21) were propagated in TC100 medium supplemented with 10% heat-inactivated fetal bovine serum, and viral
stocks of a recombinant baculovirus carrying the wild-type HAstV-1 CP gene
were prepared using standard methodology (24). To produce recombinant CP,
2 ⫻ 108 IPLB-Sf21 cells in a 50-ml conical vial were infected with the recombinant
baculovirus at a multiplicity of infection of 5 per cell. After incubation for 1 h at
room temperature with rocking, the infected cells were transferred to a spinner
flask containing cell growth medium and antibiotics. The spinner flasks were then
allowed to stir at 27°C. At 5 days postinfection, cells were pelleted in a low-speed
spin and the medium was discarded. Cell pellets were then frozen at ⫺20°C until
needed.
Recombinant CP isolation. The following protocol was developed to purify
soluble CP from infected cells. Unless otherwise indicated, all of the following
steps were carried out at 4°C with prechilled buffers and protease inhibitors (BD
Pharmingen). Frozen pellets were resuspended in 2 volumes of TNE (50 mM
Tris [pH 7.0], 0.1 M NaCl, 10 mM EDTA) buffer and lysed by three freeze-thaw
cycles. The lysate was centrifuged for 10 min at 13,300 ⫻ g, and the supernatant
was discarded. The pellet, which contained aggregates of CP, was resuspended in
1 ml TNE buffer containing 2% NP-40 and incubated on ice for 30 min. The
resulting suspension was centrifuged at 13,300 ⫻ g for 5 min, and the supernatant
was discarded. The pellet was resuspended in 1 ml TNM (50 mM Tris [pH 7.0],
0.1 M NaCl, 20 mM MgSO4) buffer plus 2 l of 10-mg/ml DNase I (SigmaAldrich), incubated for 30 min at room temperature, and centrifuged for 5 min
at 13,000 ⫻ g, after which the supernatant was discarded. The pellet was resus-

pended in 1 ml TNE buffer and pelleted through a 1-ml 30% (wt/vol) sucrose
cushion in TNE buffer containing protease inhibitors (BD Pharmingen) at
234,000 ⫻ g in an SW50.1Ti rotor (Beckman) for 1 h at 4°C. The supernatant was
discarded, and the pellet was then resuspended with a syringe and needle in 500
l of dissociation buffer (100 mM Tris [pH 9.0], 0.5 M NaCl, 100 mM urea, 10
mM EDTA, 5 mM dithiothreitol, protease inhibitors) and frozen overnight at
⫺20°C. This dissociation buffer step dissolved the CP aggregates and was developed previously to dissociate flock house virus (FHV) provirions (25). The
solubilized protein was then centrifuged at 13,300 ⫻ g for 10 min, and 500 l of
the supernatant was loaded onto a 5 to 25% (wt/vol) sucrose gradient made in
dissociation buffer lacking protease inhibitors and spun at 274,000 ⫻ g in an
SW41Ti rotor (Beckman) for 10 h at 4°C. The gradient was then fractionated
with a gradient fractionator (ISCO) at 0.75 ml/min and 0.5 min/fraction. Fractions containing CP (typically fractions 6 to 10), as determined by 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
blue staining, were pooled, aliquoted, and stored at ⫺70°C. CP was quantified by
SDS-PAGE followed by Coomassie blue staining, along with known quantities of
albumin (Amersham Biosciences), to generate a standard curve. Densitometric
analysis to quantify and determine CP purity was performed on a Versadoc
instrument (Bio-Rad) using QuantityOne software.
NHS, buffers, and cells for complement assays. Normal human serum (NHS)
for red blood cell (RBC) lysis experiments was isolated from the blood of healthy
human volunteers in accordance with an Institutional Review Board-approved
protocol (IRB 02-06-EX-0216; Eastern Virginia Medical School) and was
pooled, aliquoted, and frozen at ⫺80°C as a stock for all experiments, as previously described (6). Sheep RBCs (MP Biomedicals) were sensitized with 0.72
mg/ml anti-sheep RBC antibody (Rockland) and standardized to 5 ⫻ 108 cells/ml
with GVBS⫹⫹ (Veronal-buffered saline, 0.1% gelatin, 0.15 mM CaCl2, and 1.0
mM MgCl2). Complement activation experiments were stopped by the addition
of ice-cold EDTA-GVBS⫺⫺ (GVBS, 0.01 M EDTA).
Complement assays with HAstVs, CVF, and recombinant CP. Twenty microliters of NHS was incubated alone, with 1 g cobra venom factor (CVF;
CompTech), with titrating amounts of cell lysate containing HAstV-1 virions at
the indicated genome copy number, or with uninfected cell lysate in GVBS⫹⫹ for
1 h at 37°C. The total reaction volume was then brought up to 0.75 ml with
GVBS⫹⫹ including 100 l of sensitized sheep RBCs and again incubated for 1 h
at 37°C. The experiment was stopped by the addition of 4.0 ml GVBS⫺⫺, and the
samples were centrifuged for 5 min at 1,620 ⫻ g. The absorbance of the supernatants was read in a spectrophotometer at 412 nm, and the percent lysis of each
sample was standardized to that of the NHS-only control. Cell lysates containing
HAstV serotypes 2 to 4 were also tested in the complement assay at 2.92 ⫻ 108
genome copies each, as determined by real-time reverse transcription-PCR (RTPCR). For HAstV-1 CP, titrating amounts of purified CP, 1 g of CVF, or 15 g
of bovine serum albumin (BSA) was incubated with 20 l NHS in a total volume
of 50 l with GVBS⫹⫹ for 1 h at 37°C. The reaction mix was brought up to a
volume of 800 l, of which 250 l was then combined with 100 l sensitized
sheep RBCs and 450 l GVBS⫹⫹ for 1 h at 37°C. The reaction was quenched
with 4.0 ml of GVBS⫺⫺, and the samples were then centrifuged and read at 412
nm as described above. To test specifically for classical pathway activity, factor
B-depleted serum (fBD; CompTech) and NHS were incubated with either the
indicated amounts of CP or 85 l of cell lysate containing HAstV-1 virions
(2.92 ⫻ 108 genome copies), followed by incubation with sensitized sheep RBCs
as described above.
To assay for alternative pathway activity, rabbit RBCs (CompTech Inc., Tyler,
TX) were standardized to 1.5 ⫻ 108 cells/ml in Mg-EGTA-GVBS (Veronalbuffered saline, 0.1% gelatin, 8 mM EGTA, and 5 mM MgCl2). Thirty microliters
of NHS or C2-depleted serum (C2D; CompTech) was incubated with 6.3 g CP
or 30 l of cell lysate containing HAstV-1 virions (1.03 ⫻ 108 genome copies)
and adjusted to an equal volume with Mg-EGTA-GVBS for 1 h at 37°C. The
total volume was then brought up to 0.75 ml with Mg-EGTA-GVBS including
375 l rabbit RBCs and again incubated for 1 h at 37°C. The reaction was
stopped with the addition of 0.75 ml of ice-cold GVBS⫺⫺, and the samples were
centrifuged. The absorbance of the supernatants was read in a spectrophotometer at 412 nm as described above.
C3 immunoblotting and enzyme-linked immunosorbent assays (ELISAs) to
detect iC3b, SC5b-9, and C4d formation. Twenty microliters of NHS was preincubated alone, with 5.4 g CP, or with 1 g CVF at 37°C for 3 h. The total
volume was then brought up to 800 l in GVBS⫹⫹, and aliquots of each reaction
mix were boiled, reduced, run in an SDS-PAGE gel, and transferred to a polyvinyl difluoride membrane. The blot was probed with goat anti-human C3 antibody (CompTech) at a 1:10,000 dilution, followed by horseradish peroxidase
(HRP)-conjugated rabbit anti-goat antibody (Sigma-Aldrich) at a 1:4,000 dilution. Signal detection by enhanced chemiluminescence (ECL) was performed on
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FIG. 1. Overview of the pathways of serum complement activation.
The main protein factors and their effector actions are indicated.
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from 1010 to 100, and the standard curve was established by plotting the cycle
threshold versus log starting copy number for each dilution. The log starting copy
number of the viral RNA contained in the CaCo-2 cell lysate was then extrapolated from the equation of the standard curve line, i.e., y ⫽ mx ⫹ b, where y is
the cycle threshold, m is the slope of the standard curve line, x is the log starting
copy number, and b is the y intercept or threshold fluorescence value.
Construction of recombinant baculoviruses. A recombinant baculovirus containing the full-length HAstV-1 (Newcastle) CP gene was generated with a
BacPAK baculovirus expression system kit (Clontech). Sequencing of this CP
gene cDNA (kindly provided by M. J. Carter, University of Surrey, England) (32)
verified 14 amino acid differences in HAstV-1 CP between the Oxford and
Newcastle strains. The DNA fragment carrying the cDNA of the full-length
wild-type protein was amplified by PCR with Pfu polymerase (Stratagene) and
primers harboring BamHI and XbaI restriction sites at the 5⬘ and 3⬘ ends of the
PCR product, respectively. The PCR product was then purified by agarose gel
electrophoresis and a Gene Clean II kit (Qbiogene), digested with BamHI and
XbaI, and ligated into BamHI/XbaI-digested transfer vector pBacPAK9. Following transformation of JM109 competent cells (Promega), plasmid DNA was
isolated from several clones, and the presence of the inserted DNA was determined by diagnostic restriction endonuclease mapping. Positive clones harboring
the CP gene were then completely sequenced across the inserted DNA, using a
Big Dye Terminator v. 3.1 sequencing kit in an automated sequencing instrument
(Applied Biosystems).
Generation of the recombinant baculovirus was carried out according to the
manufacturer’s protocols (Clontech). Briefly, the transfer vector pBacPAK9 containing the HAstV-1 CP gene was separately mixed with Bsu36I-linearized
BacPAK6 baculovirus DNA and transfected into IPLB-Sf21 cells. At 3 days
posttransfection, cell supernatants were harvested and putative recombinant
viruses were isolated by growth of plaques once on IPLB-Sf21 cell monolayers.
Individual plaque isolates were amplified and titrated according to standard
procedures following confirmation of the presence and expression of the inserted
gene by immunoblot analysis of the infected cell lysates, using a rabbit polyclonal
antibody to HAstV-1 particles at a 1:1,000 dilution and an HRP-conjugated
anti-rabbit IgG secondary antibody (Pierce) at a 1:2,000 dilution. Signal detection by ECL was performed on a Versadoc instrument (Bio-Rad).
Statistical analysis. Results of replicate experiments were averaged, and
means ⫾ standard errors were calculated (Microsoft Excel 98). Comparisons
were made by Student’s t test (parametric) or the Mann-Whitney test (nonparametric), as appropriate for the specific data set (GraphPad In Stat, version 3.0),
with P values of ⬍0.05 being considered statistically significant.

RESULTS
HAstV-1 virions suppress serum hemolytic complement activity and display similar kinetics to CVF. To investigate
whether HAstV-1 virions affect serum complement activity, we
utilized a standard hemolytic complement assay. In this procedure, sheep RBCs are sensitized with antibody and incubated with 2% NHS, and hemolytic complement activity is
measured (Fig. 2A, NHS, black bar). As a positive control for
the inhibition of hemolysis, we utilized CVF. CVF is a structural and functional homolog to C3b that acts as a C3/C5
convertase to rapidly deplete C3 and the terminal complement
cascade components, thus depleting functional serum complement activity (Fig. 2A, NHS ⫹ CVF) (30). As increasing
amounts of infected cell lysate containing HAstV-1 virions
were added to NHS, a dose-dependent response was seen, with
70 l of the virus-containing lysate (corresponding to 2.41 ⫻
108 genome copies) inhibiting lysis to approximately the same
extent as 1 g (4.27 ⫻ 1012 molecules) of CVF (Fig. 2A,
shaded bars). At 85 l of virus-containing lysate (2.92 ⫻ 108
genome copies), inhibition of hemolysis surpassed that of CVF
(P ⫽ 0.0143). To demonstrate that the inhibition of hemolytic
complement activity was due to HAstV-1 virions, NHS was
incubated with equivalent amounts of cell lysate from uninfected cells to show that this activity was virus specific (Fig. 2A,
white bars). In addition, 7.64 ⫻ 1010 particles of sucrose gra-
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a Versadoc instrument (Bio-Rad). Positive controls of purified C3 (alpha [114
kDa] and beta [75 kDa] chains) along with purified iC3b (␣⬘1 [68 kDa] and ␣⬘2
[42 kDa] chains) were included in the gel.
Duplicate aliquots of the reaction mixtures described above were used to
quantify iC3b and SC5b-9 levels by ELISA. For the iC3b ELISA, a monoclonal
antibody recognizing a neoantigen of iC3b (Quidel) was utilized. The absorbance
of the supernatants was read in a spectrophotometer at 450 nm. A standard curve
was generated using purified iC3b. Similar methodology was used to determine
SC5b-9 and C4d levels, using commercial kits (Quidel). For the C4d ELISA,
samples were prepared as described above, except that the incubation time was
1 h. Heat-aggregated human immunoglobulin G (IgG) (50 g/ml; Miles, Inc.), a
classical pathway inhibitor, was prepared by dialysis in phosphate-buffered saline
(PBS) overnight, followed by heating at 63°C for 20 min. Heat-aggregated IgG
(25 l of a 1:250 dilution), CP, or both were added to NHS simultaneously.
CP overlay blots. Duplicate aliquots (1 g) of the purified complement factors
C1, C2, C3, and C4 (CompTech) were mixed with 1⫻ PBS and an equal volume
of 2⫻ SDS sample buffer lacking reducing agents and loaded onto a 7.5%
SDS-PAGE gel without being boiled. Proteins were transferred to nitrocellulose
and blocked in 5% nonfat dried milk-PBS-0.01% Tween 20 for 1 h at room
temperature. Purified CP (⬃2 g) was then added to one blot, whereas the
second blot did not receive the probe; the blots were allowed to incubate for 1 h,
after which they were washed with PBS-0.01% Tween 20. The rest of the procedure was carried out as for a standard immunoblot, using a rabbit polyclonal
antibody to HAstV-1 particles (2) at a 1:1,000 dilution and an HRP-conjugated
goat anti-rabbit IgG secondary antibody (Pierce) at a 1:2,000 dilution. For BSA,
C1, C1q, C1r, and C1s, 3 g of each sample was mixed with 1⫻ PBS as described
above, except for the 2⫻ SDS sample buffer containing reducing agents, and the
samples were boiled and loaded onto a 12% SDS-PAGE gel. Overlay blots were
then prepared as described above. Both blots were stripped with Restore Western blot stripping buffer (Pierce) according to the manufacturer’s guidelines and
probed with polyclonal antibodies to C1q, C1r, and C1s (Santa Cruz) followed by
the appropriate HRP-conjugated secondary antibodies. Signal detection by ECL
was performed on a Versadoc instrument (Bio-Rad).
C1 reconstitution and zymosan assays. NHS or heat-inactivated NHS was
incubated alone, with 6.3 g CP, or with 1 g CVF for 1 h at 37°C as described
above. This amount of CP was used to achieve roughly 50% RBC lysis. After the
incubation, 2 g of C1 or 10 g of BSA was added to the indicated samples.
RBCs were then added to all samples, and hemolysis was determined as described above.
To measure the number of C3 fragments deposited on zymosan, 20 l NHS
was incubated alone, with 9 g CP, or with 1 g CVF, and all samples were
brought up to 70 l with GVBS⫹⫹ buffer for 1 h at 37°C. After incubation, the
volume was adjusted to 1 ml with GVBS⫹⫹ buffer, and then 450 l was aliquoted, 3 g C1 was added to the indicated samples, and 25 l of activated
zymosan (Sigma-Aldrich) was added to all samples. After a 10-min incubation at
37°C, the samples were washed twice with GVBS⫺⫺ buffer and incubated with 25
mM methylamine for 1 h at 37°C to release bound C3 fragments, and the
supernatant was collected. A C3 ELISA was performed on the samples, using a
polyclonal antibody to C3, and analyzed as described above.
Real-time RT-PCR. To quantify HAstV stocks, a real-time PCR method was
developed. To isolate total RNA, 40-l CaCo-2 cell lysates infected with
HAstV-1, -2, -3, and -4 were diluted 1:5 in 1⫻ minimum essential medium. RNAs
were then extracted using Trizol (Invitrogen) per the manufacturer’s instructions. Following isolation, RNAs were treated with DNase I (Promega) for 30
min at 37°C, and the enzyme was then inactivated at 65°C for 10 min. RNAs were
stored at ⫺80°C.
One-step real-time RT-PCR was performed using an iCycler IQ system (BioRad). The real-time RT-PCR mixture was assembled using an iScrip one-step
RT-PCR kit with SYBR green (Bio-Rad). Briefly, a reaction mixture was made,
containing 12.5 l 2⫻ SYBR green RT-PCR mix, 0.5 l each of 10 M forward
primer ORF1a-F1 and reverse primer ORF1a-R1 (targeting a conserved portion
of the serine protease gene of the HAstVs; final concentration, 200 nM) (primer
sequences will be provided upon request), 0.5 l iScript reverse transcriptase for
one-step RT-PCR, 6.0 l sterile water, and 5.0 l of the total RNA (isolated as
described above). cDNA synthesis was achieved by incubating the reaction mixture for 10 min at 50°C, followed by inactivation of iScript reverse transcriptase
at 95°C for 5 min. PCR cycling and detection included 45 cycles of incubation at
95°C for 10 s, 55°C for 30 s, and 72°C for 30 s. For the melt curve, samples were
incubated at 95°C for 1 min and 57°C for 1 min, followed by 80 cycles of
incubation for 10 s each, starting at 57°C and increasing at 0.5°C increments with
each successive cycle. To generate a standard curve, an RNA standard was
prepared by T7-mediated in vitro transcription (Ambion) of a genome-length
cDNA clone (pAVIC) of HAstV-1 (10). The RNA standard was serially diluted
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dient-purified FHV, a heterologous icosahedral RNA virus
that infects insects (15), were found not to inhibit hemolysis
(RBC lysis, 107% ⫾ 6.57%; n ⫽ 3).
To characterize the kinetics of activity of the virions on NHS
in the hemolytic complement assay, a time course comparing
HAstV-1 virions and CVF was conducted. Infected cell lysates
containing HAstV-1 particles (2.92 ⫻ 108 genome copies) and
1 g CVF were incubated for 0 to 60 min in the presence of 2%
NHS. At increasing time intervals, aliquots were removed and
exposed to sensitized RBCs. Both CVF and the virus showed
similar kinetics in the inhibition of hemolysis (Fig. 2B). While
CVF displayed a more pronounced suppression of hemolytic
activity at earlier time points, at the 60-min time point the virus

demonstrated a stronger inhibitory effect, of 93%, than the
75% suppression for CVF (P ⫽ 0.0001).
Other HAstV serotypes suppress hemolytic complement activity. To determine whether HAstV serotypes other than type
1 exhibit the same effects on complement activity, equivalent
amounts of cell lysates infected with serotypes 1 to 4 were
analyzed in the hemolytic complement assay, with all four
serotypes demonstrating nearly identical levels of hemolysis
inhibition (Table 1). These findings suggest that the complement-suppressing effect reported here is a conserved property
of the HAstVs.
Soluble HAstV-1 CP suppresses hemolytic complement activity. While HAstV-infected cell lysates demonstrated suppression of hemolytic complement activity, one cannot rule out
the possibility that a newly induced/overproduced cellular protein or viral nonstructural protein was responsible for the observed complement suppression activity. To address this contingency, we isolated soluble HAstV-1 CP produced from a
recombinant baculovirus. While small numbers of intact viruslike particles were visualized in infected IPLB-Sf21 cells by
thin-section electron microscopy, most of the CP was in the
form of aggregates (data not shown). To produce soluble CP,
we utilized a four-step purification procedure in which CP
aggregates were initially isolated in crude form by extraction of
cells with 2% NP-40 followed by 0.5 mg of DNase I per ml (22).
After high-speed pelleting, the CP-containing pellet was resuspended in dissociation buffer with freezing overnight to solubilize the aggregated CP (25) and then purified further by
sucrose gradient ultracentrifugation in the same buffer. During
centrifugation, the majority of the CP was found to peak in
fractions 6 to 8, along with some CP degradation products, as
analyzed by SDS-PAGE followed by Coomassie blue staining
(Fig. 3A) and immunoblotting using antibody to HAstV-1 particles (2) (Fig. 3B).
SDS-PAGE analysis of the CP-containing fractions at each
step of the purification procedure was monitored by Coomassie
blue staining (Fig. 4A) and immunoblotting (Fig. 4B). Densitometric scanning of the Coomassie blue-stained gel demonstrated that CP constituted ⬎94% of the protein present in the
peak fraction (in multiple preparations). A small portion of
this signal was due to a CP-specific degradation product that
migrated slightly below the full-length 87-kDa band. When
gradient-purified CP was boiled in the presence of ␤-mercaptoethanol and run in a 7.5% SDS-PAGE gel, CP was detected
at 87 kDa, as expected (Fig. 4C). However, CP that was not
boiled gave rise to a band that migrated just above the 250-kDa
molecular size standard (Fig. 4C). The size of this band is
consistent with a trimer of CP molecules, which would be

TABLE 1. Hemolytic assay of HAstV serotypes 1 to 4
HAstV
serotypea

Inhibition of
hemolysis (%)b

SE

1
2
3
4

86.3
84.3
86.3
87.0

2.38
3.14
3.14
0.47

a
A total of 2.92 ⫻ 108 genome copies from infected cell lysates was utilized for
each serotype tested.
b
n ⫽ 3.

Downloaded from http://jvi.asm.org/ on September 22, 2019 by guest

FIG. 2. HAstV-1 virions suppress complement activity in a hemolytic complement assay, with similar kinetics to those of CVF. (A) Antibody-sensitized sheep RBCs were incubated with 20 l NHS alone or
in the presence of 1 g CVF (black bars), along with increasing
amounts of infected CaCo-2 cell lysates containing HAstV-1 virions
(shaded bars) or uninfected CaCo-2 cell lysates (white bars). Hemolysis was standardized to 100% for NHS alone. One microliter of
infected cell culture lysate corresponds to 3.44 ⫻ 106 genome copies,
as determined by real-time RT-PCR. (B) CaCo-2 cell lysates containing HAstV-1 virions (85 l of cell lysate, corresponding to 2.92 ⫻ 108
genome copies) and 1 g CVF were incubated for 0 to 60 min in the
presence of 20 l NHS. At 0, 5, 15, 30, and 60 min, aliquots were
removed and incubated with sensitized sheep RBCs to test hemolytic
complement activity. Data are the means from five independent experiments. Error bars denote standard errors of the means (SEM).
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predicted to run at approximately 261 kDa (87 kDa ⫻ 3), and
possibly represents an assembly intermediate. However, fully
assembled virus-like particles were not detected under these
dissociation conditions by negative-stain electron microscopy
(data not shown). Consistent with our findings, HAstV serotype 8 CP was recently reported to form trimers in translation
experiments performed in vitro (19). We also subjected the
purified CP to digestion with trypsin, which is normally required to cleave the viral capsid into proteins of 34, 29, and 26
kDa, as resolved by SDS-PAGE (1, 20). Trypsin cleavage of the
CP resulted in digestion products of ⬍25 kDa, further demonstrating that the soluble CP was structurally different from
intact virus-like particles (data not shown).
To ascertain whether soluble CP displays complement-suppressing activity, as demonstrated for authentic virus, we again
utilized the hemolytic complement assay (Fig. 4D). As expected, NHS alone and NHS plus purified BSA protein demonstrated equivalent amounts of RBC lysis, whereas NHS plus
CVF inhibited lysis significantly. As increasing amounts of CP
were added to NHS, a dose-dependent response in hemolysis
demonstrated decreased complement activity, as seen with
HAstV-1-infected cell lysates. A total of 1.5 g CP (3.51 ⫻ 1012
molecules of trimer) suppressed hemolysis to a similar degree
as did 1 g (4.27 ⫻ 1012 molecules) of CVF (see Fig. 7D),
suggesting that CP possesses potent complement-suppressing
activity. Equivalent amounts of sucrose gradient buffer alone
or sucrose gradient buffer from a recombinant baculovirus
expressing a soluble, heterologous viral protein (the RNA
polymerase of FHV) (15) that was subjected to an identical
purification procedure to that used for HAstV-1 CP demonstrated no effect on hemolytic complement activity (data not
shown).
HAstV-1 CP specifically suppresses the classical pathway.
To determine if CP suppresses complement activation of the
classical or alternative pathway, sera depleted of complement

factors specific for each pathway were utilized in the hemolytic
complement assay. To evaluate suppression of classical pathway activation by CP, NHS and fBD serum were compared.
Factor B is essential for alternative pathway activation, and
utilizing fBD serum allows the specific testing of classical pathway activation. Both NHS and fBD serum demonstrated a
dose-dependent suppression of hemolysis by CP (Fig. 5A).
However, CP was considerably more effective at suppressing
fBD serum than NHS. For 3.6 g of CP, hemolysis was suppressed 16% for fBD serum, compared with 55% for NHS
(P ⫽ 0.0159). Increased inhibition when the classical pathway
was isolated (fBD serum) compared with that when activation
could occur by any or all pathways (NHS) suggested that CP
may more strongly suppress activation of the classical pathway
than the alternative pathway. As with CP, infected cell lysates
containing HAstV-1 particles (2.92 ⫻ 108 genome copies) also
inhibited hemolysis in fBD serum (Fig. 5B). It should be noted
that fBD serum retains the same capacity for hemolysis as
NHS because C3 and C5 to C9 are intact. It is possible that the
lectin pathway may also be activated under these conditions,
but it is currently unknown whether astrovirus capsids are
glycosylated.
We tested the effects of CP and virus on the alternative
pathway as well. As demonstrated in Fig. 6A, in an assay to test
for alternative pathway activation (i.e., the rabbit RBCs were
not sensitized with antibody and only the alternative pathway
may activate in Mg-EGTA-GVBS buffer), NHS lysed rabbit
RBCs as expected. When 6.3 g of CP was added to NHS,
there was only a modest effect on the suppression of hemolysis
(Fig. 6A, NHS ⫹ CP). To confirm that activation was limited
to the alternative pathway, C2D serum was utilized in place of
NHS. By depleting NHS of C2 in this assay, the classical and
lectin pathways are blocked and any RBC lysis is due exclusively to alternative pathway activity. As with NHS, C2D serum
in the presence of CP suppressed hemolysis approximately
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FIG. 3. SDS-PAGE and immunoblot analysis of fractions obtained during the sucrose gradient ultracentrifugation step of HAstV-1 CP
purification. The first 18 fractions of the gradient were run in SDS-PAGE gels and stained with Coomassie blue (A) or subjected to immunoblotting
with antibody to HAstV-1 virions (B). Numbers refer to gradient fractions, with arrows representing the direction of sedimentation. Molecular
mass markers (in kDa) are indicated in the middle, while the position of CP is indicated to the right.
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25% compared to that with C2D serum alone (Fig. 6A, C2D
and C2D ⫹ CP). The same results were obtained when
HAstV-1-infected cell lysates (2.92 ⫻ 108 genome copies) were
tested for alternative pathway activity (Fig. 6B). In both of
these alternative pathway activation assays, CP appeared to
only partially block activation, suggesting that HAstV-1 CP
suppresses hemolytic complement activity via the classical
pathway more than via the alternative pathway.
HAstV-1 CP inhibits iC3b, C5b-9 membrane attack complex, and C4d formation. While CP was found to suppress
complement in hemolytic assays, it was unclear whether this
effect was due to activation and depletion of serum complement components, as occurs with CVF, or as the result of
inhibition of activation. To test these competing hypotheses,
aliquots of NHS alone, NHS plus CP, or NHS plus CVF were
incubated for 3 h at 37°C, and the amount of iC3b produced
was measured by immunoblotting and an iC3b-specific ELISA.
Upon activation of the three pathways of the complement
system, C3 is cleaved to C3a and C3b. Some C3b is further
cleaved to the inactive form iC3b by soluble complement regulators in NHS (factor I plus factor H). Utilizing an immunoblot with an antibody specific for C3 fragments, two bands were
present for the uncleaved C3 control, namely, C3-alpha (114
kDa) and C3-beta (75 kDa) (Fig. 7A, lane C3). Cleavage of
C3b to iC3b results in two cleavage products from the alpha
chain, of 68 kDa (␣⬘1) and 42 kDa (␣⬘2), while the C3-beta

chain remains invariant (Fig. 7A, lane iC3b). NHS alone produced only a small amount of the 42-kDa iC3b product after a
3-h incubation, consistent with low-level, spontaneous activation of C3 (Fig. 7A, lane NHS). In the CP-containing sample,
very little of the 42-kDa iC3b product was observed (Fig. 7A,
lane NHS ⫹ CP lane). In contrast, CVF depleted the C3-alpha
chain, generating large amounts of the 42-kDa iC3b band (Fig.
7A, lane NHS ⫹ CVF). To more precisely quantify the amount
of iC3b generated, duplicate aliquots of these samples were
measured by iC3b-specific ELISA. Consistent with the immunoblot data, CP suppressed iC3b formation to a greater extent
than did NHS alone (P ⫽ 0.0314), whereas NHS plus CVF
generated significant amounts of iC3b, consistent with the
known actions of CVF to activate and deplete the complement
system (Fig. 7B). Thus, even though HAstV-1 virions displayed
similar kinetics to those of CVF (Fig. 2B), these data show that
the CP of this virus does not cause complement activation
resulting in cleavage of C3, suggesting that suppression of
serum complement activation occurs through an inhibitory
mechanism.
To measure the effect of CP inhibition of serum complement
on the terminal complement cascade, aliquots of the samples
used above were assayed for formation of the membrane attack complex, utilizing an ELISA specific for SC5b-9 complex
formation. As shown in Fig. 7C, for NHS alone, a modest
amount of SC5b-9 complex was detected, whereas virtually no
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FIG. 4. Analysis of HAstV-1 CP purification, oligomerization state, and activity in the hemolytic complement assay. Coomassie blue staining
(A) and immunoblot analysis (B) of the CP-containing fraction were performed at each stage of the purification procedure. An IPLB-Sf21
mock-infected cellular lysate was also analyzed by immunoblotting to demonstrate that there was no cross-reactivity to the HAstV-1 antibody.
Molecular size markers (MWM; in kDa) are indicated to the left, with the position of CP denoted on the right. (C) Aliquots of sucrose-purified
CP were either boiled or not boiled in the presence of 2-mercaptoethanol, resolved by SDS-PAGE, and then stained with Coomassie blue. The
boiled protein migrated at 87 kDa, the expected mass of the uncleaved CP precursor (monomer), whereas the unboiled sample migrated above
250 kDa, possibly representing a trimer. Molecular size markers (in kDa) are indicated to the left. (D) Antibody-sensitized sheep RBCs were
incubated with 2% NHS alone or in the presence of 15 g BSA, 1 g CVF, or the indicated amounts of purified CP. Hemolysis was standardized
to 100% for NHS alone. Data are the means for four independent experiments. Error bars denote SEM.
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FIG. 6. HAstV-1 CP and virions have a modest effect on alternative
pathway activity. NHS or C2D serum was incubated with rabbit RBCs
in Mg-EGTA-GVBS buffer alone or in the presence of 6.3 g CP
(A) or HAstV-1 virions (30 l of cell lysate, corresponding to 1.03 ⫻
108 genome copies) (B). Hemolysis was standardized to 100% for each
serum in the absence of CP or virus. Data are the means for three
(A) or six (B) independent experiments. Error bars denote SEM.

complex was present in NHS treated with CP (P ⫽ 0.0286),
suggesting no terminal complement cascade activation. In
CVF-treated serum, large amounts of SC5b-9 complex were
generated, as expected for relentless activation and depletion.
The ability of CP to inhibit iC3b and SC5b-9 formation,
coupled with its strong suppression of the classical pathway
(Fig. 5), led us to investigate if CP suppressed the complement
system at the level of C4, the second component of the classical
pathway, after C1. Upon activation of the C1 complex, C4 is
cleaved and then C2 is cleaved to form the classical pathway C3
convertase (31). An ELISA that detects a specific by-product
of C4 activation (C4d) demonstrated that in the presence of
CP, serum generated very low levels of C4d, in contrast to that
in the presence of NHS alone (P ⫽ 0.0286) (Fig. 7D), suggesting an inhibition of spontaneous classical pathway activation.
The classical pathway activator heat-aggregated IgG greatly
increased C4d generation, yet when CP was added simultaneously with heat-aggregated IgG to NHS, C4d formation was
greatly inhibited (P ⫽ 0.0286) (Fig. 7D). These results show
that HAstV-1 CP can inhibit classical pathway activation by a
potent classical activator, heat-aggregated IgG, before C4
cleavage can occur, suggesting that CP is a strong classical
pathway inhibitor and that inhibition likely occurs at C1.
HAstV-1 CP binds to the A chain of C1q. CP inhibition of
the classical pathway led us to speculate that CP interacts with
one of the classical pathway factors (C1 complex, C4, or C2).

To ascertain whether CP binds to specific complement factors,
we utilized a modified virus overlay protein binding assay approach (3). To this end, C1 complex and highly purified C2, C3,
and C4 were mixed with SDS sample buffer lacking reducing
agents and loaded onto a 7.5% SDS-PAGE gel without being
boiled. Following electrophoresis, proteins were transferred to
nitrocellulose, blocked, and then probed with or without purified CP in blocking solution for 1 h, after which the blots were
washed. CP binding was then detected with antiserum to
HAstV-1 (2) followed by a labeled secondary antibody. As
shown in Fig. 8A, a specific band of approximately 59 kDa,
consistent with a dimer of C1 chains, was present in the C1
lane, while no binding was detected for C2 to C4. In the
absence of the CP probe, no signal was detected for C1 (Fig.
8B). The fact that C1 is a multimolecular complex of C1q, C1r,
and C1s along with the fact that the gels were run under
nonreducing conditions without boiling the samples made it
difficult to determine exactly which component of C1 interacts
with the viral CP. To address this issue, all three of the highly
purified constituents of the C1 complex (C1q, C1r, and C1s)
were boiled, reduced, loaded onto 12% SDS-PAGE gels,
transferred to nitrocellulose, and probed with or without CP as
described above. The blot probed with CP showed a band of
⬃34 kDa in the C1 and C1q lanes, whereas there was no signal
for BSA, C1r, or C1s (Fig. 8C). As expected, no signal was
detected in the duplicate blot that did not receive the CP probe
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FIG. 5. HAstV-1 CP and virions strongly suppress classical pathway activity. (A) Antibody-sensitized sheep RBCs were incubated with
NHS (white bars) or fBD serum (shaded bars) in the presence of the
indicated amounts of CP. (B) Antibody-sensitized sheep RBCs were
incubated with fBD serum alone or in the presence of HAstV-1 virions
(85 l of cell lysate, corresponding to 2.92 ⫻ 108 genome copies).
Hemolysis was standardized to 100% for each serum in the absence of
CP or virus. Data are the means for four (A) or three (B) independent
experiments. Error bars denote SEM.
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(Fig. 8D). The blots were stripped and reprobed with antisera
to C1q, C1r, and C1s to reveal the individual protein constituents of C1 (Fig. 8E). C1q is composed of six subunits, each of
which contains three polypeptide chains, i.e., A, B, and C. As
shown in the C1 and C1q lanes, all three C1q chains react with
C1q antisera, and under reducing conditions, chain C runs at
27.5 kDa, chain B runs at 31.6 kDa, and chain A runs at 34.8

kDa (23). CP was found to overlay precisely with the 34-kDa
band corresponding to the A chain of C1q in both the C1 and
C1q lanes. We believe that the band detected by CP at approximately 59 kDa in the nonreduced C1 lanes (Fig. 8A) corresponds to disulfide-bonded A-B C1q dimers.
Exogenous C1 can reconstitute hemolytic activity and C3
activation of CP-treated NHS. Based on the overlay blot data,

FIG. 8. HAstV-1 CP binds to the A chain of C1q. (A) The indicated complement factors were loaded onto a 7.5% SDS-PAGE gel in the
absence of boiling or reduction. Proteins were then transferred to nitrocellulose, blocked, and probed with CP for 1 h. (B) An identical blot that
did not receive the CP probe. Blots were subsequently washed and probed with antibody to HAstV-1 particles. (C and D) The indicated proteins
were boiled, reduced, resolved in 12% SDS-PAGE gels, and transferred to nitrocellulose. Overlay blotting was then carried out as described above,
with one blot receiving the probe (C), while the other did not (D). (E) Both overlay blots were stripped and reprobed with antibodies to C1q, C1r,
and C1s. Only one reprobed blot is shown, as both blots yielded identical results. Molecular size markers (in kDa) are indicated to the left.
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FIG. 7. HAstV-1 CP inhibits iC3b formation, terminal complement cascade activation, and C4d formation. Reaction mixtures containing NHS
were preincubated alone, with 5.4 g CP, or with 1 g CVF at 37°C for 3 h and then aliquoted. CVF is a positive control for complement activation.
(A) Reaction products were resolved by SDS-PAGE and subsequently analyzed by immunoblotting using antisera to C3. CVF is a positive control
for iC3b formation and corresponding C3 alpha chain depletion. Purified standards for C3 (alpha [114 kDa] and beta [75 kDa] chains) and iC3b
(␣⬘1 [68 kDa] and ␣⬘2 [42 kDa]) products were included in the gel, as indicated to the left and right of the gel, respectively. Under these gel
conditions, the 68-kDa iC3b band comigrated with the C3 beta chain product. Aliquots of the above reaction mixtures were analyzed by ELISA
(ng/ml) for iC3b (B) and SC5b-9 (C) formation. (D) NHS was incubated for 1 h in the presence of heat-aggregated IgG (agg-IgG; a classical
pathway activator), CP, or both and measured for C4 cleavage by C4d ELISA. Standard curves were generated using purified iC3b, SC5b-9, and
C4d. Data are the means for four independent experiments for each ELISA. Error bars denote SEM.
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CP appears to interact with the A chain of C1q. If C1 interacts
with CP, then additional exogenous C1 should reconstitute
hemolytic complement activity. Thus, enough CP was added to
NHS for 1 h to inhibit lysis approximately 50% (Fig. 9A).
Exogenous C1 (10 g) was then added to CP-treated NHS, and
hemolytic activity was fully restored, from 56% to 97% (P ⫽
0.0286). Reconstitution of hemolytic activity did not occur
when BSA was substituted for C1 or when additional C1 was
added to CVF-treated NHS, suggesting that CP reversibly inhibits complement activation via C1.
To confirm the reversal of CP inhibition of complement
activity by C1, the deposition of C3 on zymosan was measured (Fig. 9B). Zymosan particles activate complement and
serve as a target for C3 fragment binding. Duplicate aliquots
of NHS were incubated with CP or CVF for 1 h at 37°C.
After the incubation, C1 was added to the indicated samples, followed by the addition of zymosan to all samples.
After 10 min at 37°C, the samples were treated with methylamine to cleave off bound C3 fragments, which were measured in a C3-specific ELISA. NHS alone bound substantial
amounts of C3 fragments on zymosan, as expected, whereas
CP-treated NHS bound much lower levels of C3 fragments
(Fig. 9B). The addition of exogenous C1 to CP-treated NHS
increased C3 fragment binding, again showing the ability of
excess C1 to reconstitute complement activity. As expected,
the addition of excess C1 to CVF-treated NHS did not
significantly increase C3 deposition. Taken together, these
experiments suggest that CP inhibits complement activation
at C1 and that the inhibition of the complement activation
cascade is reversible.
DISCUSSION
The complement system comprises a group of related
plasma proteins that, when activated, generate an extremely
potent immunological cascade. In humans, complement is the
first line of defense against viral and bacterial pathogens, and
to avoid complement-mediated destruction, many pathogens
have devised mechanisms to thwart this innate immune re-

sponse. Viruses have been shown to utilize one of the following
three basic strategies for evasion of the complement response:
(i) avoidance of complement binding to antibody-antigen complexes (classical pathway) by removing these antibody-antigen
complexes from the surface of the infected cell or by expression of Fc receptors (Herpesviridae and Coronoviridae family
members), (ii) encoding viral proteins that mimic the activities
of complement regulatory proteins (Poxviridae and Herpesviridae family members), and (iii) incorporation of host complement regulatory proteins into the viral envelope or upregulation of these regulators on the infected cell surface
(Herpesviridae, Poxviridae, Retroviridae, and Togaviridae family
members) (reviewed in reference 9). In addition to these evasion strategies, it was recently demonstrated that West Nile
virus (a member of the Flaviviridae) nonstructural protein 1
binds and recruits complement regulatory protein factor H to
the surface of the infected cell, resulting in decreased complement activation against the infected cell (4). Each example of
complement evasion listed above involves enveloped virus families, and to our knowledge, there are no reports of complement evasion by nonenveloped, icosahedral viruses. The findings
reported here demonstrate that members of the nonenveloped
Astroviridae family specifically suppress serum complement activity via the viral CP.
Soluble CP and virus both inhibit complement activity. Like
infectious HAstV-1 virions, soluble CP was also effective in
suppressing hemolytic complement activity. While the viral
capsid consists of multiple copies of trypsin-cleaved CP molecules, soluble CP was purified as uncleaved (precursor) protein
in the form of trimers. Oligomers of CP were also observed
recently for HAstV-8, suggesting that trimer formation may
represent an assembly intermediate in the formation of the
viral particle (19). While it is not clear from these experiments
if the oligomerization state of the protein is critical for its
observed activity on complement, it is apparent that CP retains
complement inhibition activity regardless of its state as a soluble protein or in the context of an infectious, trypsin-cleaved
virus particle.
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FIG. 9. Exogenous C1 reconstitutes hemolytic activity and C3 activation for CP-treated NHS. (A) NHS was incubated alone, with 6.3 g CP,
or with 1 g CVF for 1 h at 37°C. Heat-inactivated NHS (HI NHS) was used as an additional control. After the incubation, 2 g of C1 or 10 g
BSA was added to the indicated samples. Sensitized RBCs were then added to all samples, and hemolysis was determined. (B) NHS was incubated
alone, with 9 g CP, or with 1 g CVF for 1 h at 37°C. After the incubation, 3 g C1 was added to the indicated samples, followed by the addition
of 25 l of zymosan to all samples for 10 min at 37°C. Samples were washed and incubated with 25 mM methylamine for 1 h at 37°C to remove
bound C3 fragments, and the supernatant was collected. A C3 ELISA was performed on the samples, using a polyclonal antibody to C3, and a
standard curve was utilized to determine the value of C3. For both experiments, data are the means for four independent experiments. Error bars
denote SEM.
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CP interaction with C1 is a novel method of complement
inhibition by a virus. C1 initiates activation of the classical
pathway and links the adaptive and innate immune systems by
recognizing antibody-bound pathogens (Fig. 1). It consists of a
multimolecular complex formed by the pattern recognition
protein C1q associated with a calcium-dependent tetramer of
the serine proteases C1r and C1s (reviewed in reference 5).
The six subunits of C1q each consist of the three protein
chains, A, B, and C, which compose an N-terminal, triplehelical, collagen-like (stalk) domain followed by a globular
(head) domain. The head domain is the moiety responsible for
binding of the conventional activating molecules, clustered IgG
and IgM. However, other, nonimmunoglobulin molecules,
such as C-reactive protein, serum amyloid P, lipopolysaccharide, and DNA, may also bind C1q (29). Binding of the globular head of C1q by the appropriate activating molecule is
thought to induce a conformational change in C1q that activates C1r, which in turn cleaves C1s to initiate classical pathway activation (5). In serum, activation of C1 is tightly regulated by C1 inhibitor, a protein of the serpin family which
inactivates C1 by forming an extremely stable complex with
activated C1r and C1s (5). Our data suggest that CP inhibits
complement activity at C1 and directly binds the A chain of
C1q, but the precise mechanism by which this inhibition occurs
is unknown. Unlike C1 inhibitor, CP does not have homology
to serpin proteins and appears to bind exclusively with C1q.
Thus, CP appears to inhibit C1 by a novel mechanism that is
under investigation.
Insights into astrovirus pathogenesis. Many enteric pathogens, such as rotavirus (12), initiate diarrhea by destroying enterocytes in the epithelium and inducing an increased inflammatory response. However, astrovirus-induced diarrhea does not
appear to result in significant cell death or inflammation in humans or in an avian astrovirus animal model (reviewed in reference 21). One of the important roles of complement is to trigger
robust inflammatory (leukocyte) cell migration to infected tissues
via the peptide mediators C3a and C5a, which are generated by
cleavage of C3 and C5, respectively (8). Inhibition of iC3b and
SC5b-9 formation by CP (Fig. 7) reveals that CP would also likely
inhibit formation of these chemoattractants and perhaps contribute to limited leukocyte migration to the site of infection. Interestingly, in vivo, C1 components are synthesized mainly in columnar intestinal epithelial cells and are secreted into the lumen of
the gastrointestinal tract (reviewed in reference 17). The nearly
identical levels of complement suppression demonstrated by
equivalent amounts of four HAstV serotypes (Table 1) suggest
that this novel activity may be a conserved mechanism utilized by
the Astroviridae to modify the host immune response. This new
mechanism of HAstV-host defense interaction may eventually
lead to antiastrovirus therapies; currently, there are none for
preventing or modifying disease in humans as well as other mammals and birds.
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