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Abstract
Despite eradication of smallpox three decades ago, public health concerns remain due to its potential
use as a bioterrorist weapon. Smallpox and other orthopoxviruses express virulence factors that
inhibit the host’s complement system. In this study, our goals were to characterize the ability of the
smallpox inhibitor of complement enzymes, SPICE, to regulate human complement on the cell
surface. We demonstrate that SPICE binds to a variety of cell types and that the heparan sulfate and
chondroitin sulfate glycosaminoglycans (GAGs) serve as attachment sites. A transmembrane
engineered version as well as soluble recombinant SPICE inhibited complement activation at the C3
convertase step with equal or greater efficiency than that of the related host regulators. Moreover,
SPICE attached to GAGs was more efficient than transmembrane SPICE. We also demonstrate that
this virulence activity of SPICE on cells could be blocked by a mAb to SPICE. These results provide
insights related to the complement inhibitory activities of poxviral inhibitors of complement and
describe a mAb with therapeutic potential.
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Introduction
The employment of smallpox virus as a bioterrorist weapon is a major public health concern.
Existence of clandestine stockpiles, lack of immunity by the majority of the population, and
complications of the current vaccine have reinvigorated interest in the poxviral field.
Additionally, many authorities consider another orthopox virus, monkeypox, to be the most
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important poxviral infection and an emerging natural threat (1–3). The monkeypox epidemic
in the US in 2003 and its potential spread to rodents in the US underpin these concerns.

To establish infection, poxviruses must first subvert the innate immune response of the host.
The complement system lies at the interface between innate and adaptive immunity, providing
a first line of defense against pathogens. It consists of a family of soluble and cell-surface
proteins that recognize pathogen-associated molecular patterns, altered-self ligands, and
immune complexes (4,5). One strategy used by poxviruses to control complement activation
is the expression of inhibitors of complement enzymes (PICES) that mimic the host’s
complement regulators. PICES from variola, monkeypox, and vaccinia are named SPICE,
MOPICE and VCP, respectively (6–8). Structurally, SPICE and VCP consist exclusively of
four of the repeating domains called complement control protein (CCP) modules that are the
structural mimics (~30% homologous) to human membrane regulators, membrane cofactor
protein (MCP; CD46) and decay accelerating factor (DAF; CD55) (9,10). MOPICE has three
CCPs and a small remnant of the fourth (7,11). Functionally, the PICES also possess the same
two functional activities as those of human regulators: Cofactor activity (CA) refers to the
limited proteolytic degradation of C3b and C4b that requires a cofactor protein working in
concert with the plasma serine protease factor I while Decay-accelerating activity (DAA) refers
to the dissociation or decay of the catalytic serine protease domain from complement-activating
enzyme complexes or convertases. Utilizing these inhibitory mechanisms, previous studies
have established that SPICE inactivates human complement more efficiently (100–1000-fold)
than either VCP or MOPICE (6,7,12,13).

Additionally, PICES possess heparin binding sites that are similar to those found in the human
plasma complement inhibitors, factor H and C4b-binding protein (7,14–16). The binding of
heparin by factor H enhances cofactor and enzyme dissociating activities (17). Structural
investigations suggest that the heparin binding sites may overlap complement inhibitory sites
(15). We previously demonstrated that SPICE, MOPICE and VCP bind to heparin with a higher
affinity than human factor H (7). Additionally, recombinant VCP can attach to the surface of
cells via its interaction with heparan sulfate proteoglycans (16). Binding to heparin and GAGs
may be an important functional capability because it provides a mechanism for a secreted
protein to anchor to host cells, viruses, or virally-infected cells where it may modulate
complement activation (18).

An emerging national priority is development of improved diagnostics and therapeutics to treat
smallpox (19,20). New therapeutic strategies include production of antiviral compounds and
therapeutic mAbs that target virulence factors such as the PICES (19–21). Poxviral
complement regulators are attractive targets for therapeutic intervention. For example, VCP
can inhibit antibody-dependent, complement-enhanced neutralization of vaccinia virus virions
(22) and viruses lacking VCP are attenuated (22,23). These results point to an important role
for VCP (and SPICE by inference) in attenuating the host’s complement system and their
attractiveness as targets to treat poxviral infections.

Our studies demonstrate that SPICE anchored to cells via a transmembrane domain or through
GAGs potently inhibits human complement activation. Further, we identify a mAb that inhibits
SPICE function on cells. Thus, these studies establish a mechanism for SPICE attachment to
host cells and demonstrate its potent complement inhibitory activity following such binding.

Materials and Methods
Generation of stable lines expressing SPICE-TM

Unless otherwise noted, Chinese hamster ovary cells (CHO) were the CHO-K1 cell line from
American Type Culture Collection (Manassas, VA). Generation of the MCP 3–10 CHO cell
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line was previously described (24). To prepare transmembrane SPICE expressed in CHO, CCPs
1 – 4 were generated by PCR from the previously described SPICE cDNA (7) using the
following primers: 5' GCGGATCCGGAATGGGAATGAAGGTGGAGAGCGTG 3' and 5'
CCGGAATTCGCGTACACATTTTGGAAGTTC 3'. It was subsequently cloned into the
BamH1 and EcoR1 sites of pcDNA3 (Invitrogen). The resulting plasmid was digested with
EcoR1 and Not1 and ligated with an MCP-BC1 fragment containing the juxtamembraneous
10 amino acid domain, transmembrane domain and cytoplasmic tail generated from the
template MCP-BC1 using the following primers: 5'
CCGGAATTCGGATATCCTAAACCTGAGGA 3'and
5'ATAAGAATGCGGCCGCTTAGCATATTCAGCTCCACCATC 3'. Pvu1 linearized DNA
was then transfected into CHO cells using FUGENE-6 (Roche), according to the
manufacturer’s recommendations. Cells were maintained in Ham’s F12 with 10% heat
inactivated FBS. After 48 h, G418 was added at a concentration of 0.5 mg/ml. G418 resistant
pools, labeled with a polyclonal Ab that recognizes SPICE (7), were sorted according to
expression level. Single cells were deposited onto a 96-well plate using a MoFlo high speed
flow cytometer (DAKO Cytomation). A stable line (clone H3) was selected for SPICE surface
expression by FACS using a polyclonal Ab and mAb KL5.1 (25). The expression level of this
cell line was compared to the MCP clone (3–10) via flow cytometry using MCP polyclonal
antibody and mAb TRA-2-10 (24) and analyzed by CellQuest Pro (BD Biosciences).

Cell lines
Cell lines used to assess SPICE binding were obtained from the Washington University Tissue
Culture Support Center. The HeLa epithelial cell line was grown in Dulbecco’s Modified
Eagles Medium, 2 mM L-glutamine and 10% FBS; HepG2 epithelial cell line was grown in
MEM plus Earle’s salts with 2 mM L-glutamine and 10% FBS; the HaCat, keratinocyte line,
was grown in Dulbecco’s Modified Eagle’s Medium with 8 mM L-glutamine, 50 mM HEPES
and 10% FBS; the HMEC endothelial cell line was grown in MCDB 131 (Invitrogen)
supplemented with 10% FBS, 2 mM L-glutamine, 0.3% NaHCO3, 1 µg/ml hydrocortisone
(Sigma), 10 ng/ml epidermal growth factor (Sigma); IMR-90, a fibroblast cell line, was grown
in Dulbecco’s Modified Eagles Medium, 2 mM L-glutamine and 10% FBS. CHO K1, 745,
and M1 cell lines were grown in Ham’s F12 supplemented with 10% heat-inactivated FBS and
2 mM L-glutamine. These cell lines have been previously described (26–31). Media were
supplemented with 100 units/ml penicillin G and 100 µg/ml streptomycin sulfate.

Isolation of human peripheral blood subsets
Primary human peripheral blood mononuclear cells (PBMC) were isolated from the buffy coats
of healthy volunteers by Ficoll-Hypaque (Pharmacia) density gradient centrifugation per
manufacturer’s protocol. Human CD14+ monocytes, CD19+ B cells, CD4+ T and CD8+ T
lymphocytes were purified from the PBMC by positive selection using antibody-coated
magnetic beads (Miltenyi Biotec) per manufacturer’s direction. Red blood cells were obtained
from whole blood from a normal volunteer via protocols (32).

SPICE binding to cells and evaluation by flow cytometry
Cells were obtained by treatment either with 0.05% trypsin/0.53 mM EDTA or 4 mM EDTA
(both from Mediatech) and washed with PBS/1% FBS. Typically, 1 × 106 cells were mixed
with 20 µg of SPICE in a total volume of 100 µl and incubated at 30°C with gentle shaking in
an Eppendorf Thermomixer for 30 min. Following incubation, cells were placed on ice and
washed with PBS/1% FBS. SPICE was detected by flow cytometry using a previously prepared
rabbit polyclonal Ab against VCP (7) followed by incubation with a FITC-donkey anti- rabbit
IgG secondary Ab (Sigma). Cells were fixed in 0.5% paraformaldehyde in PBS.
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Sodium chlorate treatment of cultured cells
Sulfation was inhibited by sodium chlorate treatment (33). CHO cells were cultured in sulfate-
free Ham’s F12 medium (Washington University Tissue Culture Support Center)
supplemented with 10% dialyzed FBS (Fisher Scientific) containing different concentrations
(1–25 mM) of sodium chlorate. After overnight culture, cells were processed for SPICE binding
as described above.

Production of recombinant SPICE in E. coli
Using SPICE cDNA (7) as a template, the coding sequence of SPICE was generated by PCR
using the following oligos: 5'CGCGGATCCATGTGCTGTACTATTCCGTCAC 3' and 5'
ATAAGAATGCGGCCGCTTATTTTGGAAGTT 3'. The resulting PCR fragment was ligated
into the BamH1 and Not1 sites of pET28a(+)-2, a derivative generated in our laboratory of
pET28a(+) (EMD/Novagen). For recombinant protein production a method was developed
(modified from (7)). First, 25 ml of an overnight culture of E.coli containing the construct was
inoculated into 500 ml of LB containing kanamycin (30 µg/ml) and chloramphenicol (34 µg/
ml) and grown to an OD600 of 0.6–0.8 followed by induction with 1 mM IPTG at 37°C for an
additional 3–5 hr. Cells were harvested and pellets were frozen at −80°C until needed.

For inclusion body protein purification, pellets were thawed and resuspended in 50 ml of
Solution Buffer (50 mM Tris, pH 8.0, 25% sucrose, 1 mM EDTA, 0.01% NaN3, and 10 mM
DTT) to which 0.8 ml of freshly prepared 50 mg/ml lysozyme (Sigma), 1250 units of benzonase
nuclease (Novagen), and 1 ml of 1M MgCl2 were added. An equal volume of Lysis Buffer (50
mM Tris, pH 8.0, 1% Triton X-100, 0.1 M NaCl, 0.01% NaN3, and 10 mM DTT) was added
and the solution was stirred gently at room temperature for one h. After cooling, the suspension
was sonicated with three 15s bursts (Fisher Scientific Model 500 Sonic Dismembrator) at 50%
amplitude followed by the addition of 5 ml of 0.5 M EDTA. The lysate was then centrifuged
at 6000 g for 30 min at 4°C. The resulting inclusion body pellet was washed (50 mM Tris, pH
8.0, 0.5% Triton X-100, 0.1 M NaCl, 1 mM EDTA, 0.01% NaN3, and 1 mM DTT) followed
by a second wash with the same buffer, but without Triton X-100.

For solubilization of the inclusion bodies, the pellet was resuspended in 6 M guanidine HCl,
10 mM Tris pH 8.0, and 20 mM β-mercaptoethanol and centrifuged at 14,000 g for 10 min. A
second high speed centrifugation at 100,000 g for 30 min at 4°C was performed to remove any
insoluble material.

For protein refolding, solubilized inclusion body protein was added dropwise in three injections
over 36 h at a final concentration of 10–100 µg/ml in refolding buffer (100 mM Trizma Base,
400 mM L-arginine-HCl (Sigma), 2 mM EDTA, 0.02 M ethanolamine, 0.5 mM oxidized
glutathione (Sigma), and 5 mM reduced glutathione (Sigma). The refolding solution was
concentrated in a Millipore Stirred Filtration Cell followed by buffer exchange with 20 mM
Tris, pH 8.0.

C3b and C4b binding
An ELISA format was used for ligand binding as described (7). Briefly, human C3b or C4b
(Complement Technologies) was coated overnight at 4°C on wells at 5 µg/ml in PBS followed
by blocking for 1 h at 37°C with 1% BSA, 0.1% Tween 20 in PBS. Proteins were diluted in
low salt ELISA buffer (10 mM Tris, pH 7.2, 25 mM sodium chloride, 0.05% Tween 20, 4%
BSA, and 0.25% Nonidet P-40) and incubated for 1.5 h at 37°C (7). Rabbit anti-VCP Ab
(1/5000) in low salt buffer was then added for 1 h at 37°C. Following washing, a peroxidase-
coupled donkey anti-rabbit IgG was added, and OD of the TMB substrate was determined.
Binding assays were performed employing serially diluted samples on at least four separate
occasions.
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Initiation of Complement Activation
The standard procedure for the initiation of the complement pathways has been reported (34).
Briefly, CHO cells are grown to ~70% confluency and collected by trypsinization into 1%
FCS-PBS. Sensitizing antibody was an IgG prepared from rabbits injected with whole CHO
cells (Harlan). The Ab was added to cells and the mixture incubated for 30 min at 4°C.
Following two washes with 1% FCS-PBS, 100 µl of C8-deficient (C8d) serum (donated by P.
Densen, University of Iowa, Iowa City, IA) in gelatin veronal-buffered saline (GVB++)
(Complement Technologies) was added. To block the classical pathway, gelatin veronal-
buffered saline (GVB0) (Complement Technologies) was used with added 10 mM EGTA and
7 mM magnesium chloride (Mg2+-EGTA). Cells were harvested at indicated time points and
washed twice in PBS containing 1% FCS before C4 and C3 fragment analysis.

FACS analysis of complement fragment deposition
This procedure has been previously described (34). Briefly, following complement deposition
and two washes, murine mAbs to the human complement component fragments C3d, C4c, or
C4d (Quidel) were added (5 µg/ml). After a 30 min incubation at 4°C, FITC-conjugated goat
anti-mouse IgG (Sigma) was added for 30 min at 4°C. Cells were fixed with 0.5%
paraformaldehyde and analyzed on a BD Biosciences FACSCalibur system (BD Biosciences).

Soluble GAG Binding Assays
SPICE (10 µg) was preincubated with soluble GAGs (5 µg/ml) in a total volume of 100 µl in
PBS at room temperature for 20 min. After preincubation, the mixture was added to 5 × 105

CHO cells (harvested from flasks using 4 mM EDTA) in a total volume of 100 µl and incubated
at 30 °C for 30 min with gentle mixing. The cells were washed with PBS. SPICE was detected
by flow cytometry using a rabbit polyclonal Ab as described above.

Results
Preparation and isolation of cell lines expressing transmembrane SPICE

To analyze human complement regulatory activity by membrane-bound SPICE, we fused the
sequence for the transmembrane domain of the human complement regulator membrane
cofactor protein (MCP) to SPICE to create SPICE-TM (Fig. 1A). Stably transfected Chinese
hamster ovary (CHO) clones expressing SPICE-TM were next isolated. Based on flow
cytometry, a SPICE clone with equivalent expression (~25,000/cell) to an MCP clone,
MCP-3-10 (34), was selected (Fig. 1B and 1C). The Western blot showed the expected Mr
(Fig. 1C) for SPICE-TM. Approximately 10% of the protein was expressed as a dimer, as has
been previously described (7).

SPICE-TM regulates human complement on CHO cells
We assessed the ability of SPICE-TM to regulate human complement and profiled its activity
relative to that of the native regulator MCP. Using the clones described in Fig. 1, we activated
the alternative pathway of complement employing a previously described model system (34,
35). In this “complement challenge” design, rabbit anti-CHO Ab is used to sensitize cells. This
is followed by exposure of the cells to a source of nonlytic complement (10% C8-deficient
serum) diluted in a buffer (Mg++GVB), thereby allowing for only alternative pathway
activation. The quantity of C3b deposited was then assessed by FACS with a mAb (anti-C3d)
that recognizes cleavage fragments of C3 containing this fragment.

Fig. 2A demonstrates that SPICE-TM inhibits C3 fragment deposition similarly to on MCP-
expressing clone (shown in Fig. 1). Following alternative pathway (AP) activation, large
quantities of C3 fragments deposit on CHO cells that do not express a regulatory protein for
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human complement. In contrast, both SPICE-TM and MCP clones, carrying approximately
equal copy number of each inhibitor, decrease C3 deposition by ≥ 90% [MFIs of 22 (MCP),
31 (SPICE-TM) vs 307 (CHO)]. Thus, transmembrane SPICE regulates the alternative pathway
with similar efficiency to that of the native regulator MCP. Also, the regulation is primarily
mediated by cofactor activity since MCP has no (10) and SPICE barely detectable (7) decay
accelerating activity (DAA) for the alternative pathway.

mAb KL5.1 blocks SPICE complement regulatory activity
In a report to be published elsewhere, we describe a mAb that binds soluble SPICE and blocks
its C3b and C4b binding and cofactor activity (25). To assess its ability to inhibit the function
of cell-bound SPICE, we incubated this mAb with the SPICE-TM clone and then challenged
the cells as described above. SPICE-TM complement regulatory activity (Fig. 2B) was
abrogated as the profile relative to C3 fragment deposition was similar to CHO cells lacking
a regulator. An isogenic IgG control did not reduce SPICE’s inhibitory activity (‘Neg’ profile,
Fig. 2B).

Expression and characterization of SPICE in E. coli
We next asked if soluble SPICE could attach to cells and regulate complement activation.
Previous studies established that SPICE binds heparin, providing a possible mechanism for its
attachment to membranes and extracellular matrices (7). To assess whether SPICE can bind to
cells, we prepared the soluble, recombinant protein in an E. coli expression system. SPICE
migrated predominantly as a single band on reducing (R) and nonreducing (NR) gels (SDS-
PAGE), as assessed by Coomassie blue staining (Fig. 3A) and Western blotting (Fig. 3B). The
slower Mr on reducing gels is characteristic of CCP containing proteins as each module contains
two disulfide bridges (36). Because this protein was produced in E. coli and requires refolding
from inclusion bodies, as part of its characterization we performed functional analyses. SPICE
produced by E. coli bound human C3b/C4b analogous to what we observed with mammalian
expression systems (Fig. 3C) (7) and had comparable cofactor activity for C3b (not shown).
Also, the absence of disulfide-dependent dimer formation (compare to Fig. 1C) is consistent
with expression in the E. coli system (7,12).

Recombinant SPICE binds to CHO cells
To assess binding of SPICE to CHO cells, we incubated SPICE (50–400 µg/ml) with 5 ×
105 cells and monitored attachment with a cross-reacting rabbit polyclonal anti-VCP Ab (Fig.
4). Increasing the SPICE concentration led to greater quantities being deposited on the surface.
In multiple such experiments, saturation was not routinely achieved, as the increase in binding
between 200 and 400 µg/ml was not linear and in some experiments approached saturability.
This binding behavior of SPICE suggests that SPICE oligomerizes on the cell membrane for
which we have obtained preliminary evidence (LZ, MKL and JPA, unpublished data).

Recombinant SPICE binds to human cells
We next characterized the ability of SPICE to bind of human cells and cell lines (Fig. 5). SPICE
attached to all six human cell lines shown (Fig. 5A), although there was minimal binding to
HMEC. On human peripheral blood cells, SPICE bound to a similar extent to B lymphocytes
and monocytes, to a lesser degree to CD4+ and CD8+ T lymphocytes and minimally to red
blood cells (Fig. 5B). These data suggest that different types of heparin or heparin-like
constituents on a given cell membrane influence the ability of SPICE to attach to cells.

SPICE binding to cells is GAG dependent
To determine if the binding of SPICE is dependent on glycosaminoglycans (GAGs), we
compared the binding of SPICE on wild-type CHO cells to that of two GAG-deficient CHO
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cell lines (Fig. 6A). The cell line 745-CHO lacks xylosyltransferase, the enzyme required for
biosynthesis of both heparan sulfate (HS) and chondroitin sulfate (CS) (26). Cell line M1-CHO
lacks surface heparan sulfate (30). SPICE bound to wild-type CHO and M1-CHO but had
reduced (~90%) binding activity to 745-CHO (Fig. 6A). These results suggest that the
mechanism for SPICE binding is likely to be GAG-dependent.

SPICE binding is inhibited by heparin and chondroitin sulfate-E
To define the nature of the GAGs responsible for SPICE binding, we performed competitive
inhibition binding assays with soluble GAGs (Fig. 6B). There was significant inhibition by
heparin (HP) (75 %) and chondroitin sulfate-E (CS-E) (90%) and a lesser degree of inhibition
by CS-D (54%) and CS-C (44%). CS-A and CS-B did not modulate SPICE binding. Taken
together, these results suggest that SPICE interacts strongly with heparin and CS-E but less
avidly with CS-C and -D. Interestingly, CS-E is enriched in disulfated disaccharides and is
unique compared to other CS in that two sulfates are present in the same GalNAc residue.
Therefore, clustered sulfates rather than net negative charge on the disaccharide backbone
enhance SPICE binding.

GAG sulfation is critical for SPICE binding to cells
To further establish the necessity of clustered sulfates, we treated CHO cells with the reversible
sulfation inhibitor, sodium chlorate (33) (Fig. 7). Binding of SPICE was decreased by ~90%
following the addition of 1– 25 mM sodium chlorate. This inhibition was completely reversed
by the exogenous addition of sodium sulfate and sodium chlorate (25 mM each). Thus these
studies establish that sulfated GAGs are ligands involved in binding of SPICE to cells.

rSPICE inhibits C3 deposition on CHO cells
To determine if SPICE bound to cells via GAGs inhibits complement activation, we sensitized
CHO cells with Abs to activate the classical or alternative pathway (34,37). Relative to classical
pathway activation, SPICE decreased C3b deposition by 50% [Fig. 8A, compare dark line of
SPICE (MFI 2,106) to the shaded area of CHO (MFI 4,350)]. This result is consistent with
SPICE possessing DAA for the classical pathway convertase (7) and comparable to decay
accelerating factor’s (DAF) activity in this same experimental system (24). As expected, MCP
did not reduce C3b deposition (MFI 4290), which is consistent with previous findings that
MCP controls the alternative but not classical pathway on the cell surface (34). Relative to
alternative pathway activation (Fig. 8B), both regulators decreased C3b deposition to a similar
extent (96% for SPICE, 94% for MCP; MFIs for CHO, SPICE, and MCP were 630, 28 and
39, respectively). Of note, there was a similar degree of inhibition of SPICE and MCP, yet
SPICE was present at a 5–10 fold less copy number/cell than MCP (Fig. 8C). Table 1 compares
the percent inhibition of C3b deposition on CHO cells expressing SPICE, SPICE-TM or MCP.
All three decrease deposition similarly. From these data, we conclude that SPICE is an efficient
inhibitor of the alternative pathway, especially if attached to cells via GAGs. Additionally,
since SPICE lacks DAA for the alternative pathway (7), these results are consistent with SPICE
attached via GAGs being more efficient in mediating cofactor activity.

SPICE cleaves C4b on cells more efficiently than MCP
SPICE, like MCP, promotes cleavage of C4b to C4c and C4d by serving as a cofactor protein
(6,7,12). Since soluble SPICE and MCP have similar C4b cofactor activity (6,7), we compared
their ability to cleave C4b deposited on cells following complement activation (Fig. 9). C4b
degradation by SPICE and MCP in conjunction with factor I was monitored utilizing mAbs to
C4d. This fragment remains covalently bound to cells following cleavage of C4b and release
of the C4c fragment. As anticipated, C4d and C4c levels are similar on control CHO cells,
since these cells lack an endogenous cofactor protein for human C4b degradation (Fig. 9A).
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In the presence though of SPICE, C4c levels are progressively reduced over a 45 min period
(Fig. 9B). MCP also showed increased C4b cleavage consistent with previous findings (38).
However, via its cofactor activity, SPICE cleaves C4b more quickly and to a greater degree
(despite being present at a 5 to 10-fold reduced copy number per cell than MCP, see Fig. 8C).
The cleavage of C4b at 15 and 45 min is 57% and 82% for SPICE and 13% and 58% for MCP
(see MFIs in Fig. 8 legend). From these data, we conclude that SPICE is an efficient cofactor
for the factor I mediated degradation of human C4b deposited on cells. Further, SPICE is more
efficient in this regard than MCP, possibly secondary to its enhanced membrane mobility.

Discussion
In this report we have characterized the inhibitory profile of a smallpox virulence protein that
regulates the human complement system. The goal was to assess the ability of SPICE to regulate
complement on the cell surface. To do this we prepared both a transmembrane engineered
version as well as soluble recombinant SPICE. The latter studies focused on the mechanism
of SPICE binding to uninfected cells and subsequent ability in situ to inhibit activation on cells
undergoing a complement attack. The principle findings were that SPICE attached to cells in
a GAG-dependent manner and then became an exceptionally potent down-modulator of the
alternative complement pathway. Specifically, SPICE attached via GAGs was a more efficient
inhibitor than transmembrane SPICE, being at least equivalent and probably many fold more
potent than its human counterparts. Below, we will further address SPICE’s mechanism of
cellular attachment and highlight its efficiency as a complement inhibitor.

SPICE interacts with GAGs on human cells
In preparation for these cell-binding experiments, recombinant SPICE was produced in an E.
coli expression system. The material was >90% pure by Coomassie blue staining and contained
no detectable fragments by Western blotting. It had equivalent C3b and C4b binding and
cofactor activity to that produced by mammalian cells. This functional profile coupled with
the expected interactions with monoclonal and polyclonal Abs and mobility on reducing vs
non-reducing gels indicated that the recombinant material was properly folded. Also, there
were no detectable dimers, in contrast to SPICE synthesized by CHO cells, which is ~10%
dimers (7).

Recombinant SPICE bound to multiple human cell lines including those of epithelial,
endothelial and fibroblastic lineage. Binding though to human microvascular endothelial cells
was minimal. A similar copy number attached to human peripheral blood B lymphocytes and
monocytes but there was less binding to T lymphocytes and none to erythrocytes.

An unexpected feature of SPICE’s attachment to CHO cells was an inability to demonstrate
typical saturation binding kinetics. While there was the anticipated linear increase in binding
from 50 to ~200 µg/ml of added protein, there was a variable and non-linear increase in binding
at higher concentrations. These results may be explained by oligomerization of SPICE on the
membrane upon its interaction with GAGs. In preliminary studies at the higher inputs of SPICE,
we identified multimers by gel shift analysis (LZ, MKL and JPA, unpublished data). We are
further analyzing the behavior of the SPICE interaction with cells with alterations in surface
charge characteristics (see below).

The binding to many different types of cells, the unusual saturation kinetics and prior reports
(14–16) pointed to an interaction with GAGs. To examine this, GAG deficient CHO cell lines,
competitive inhibition with purified GAG species and biosynthetic inhibitors of GAG synthesis
were employed (28,32,33). Thus, binding of SPICE was reduced ~80% in a CHO cell line
lacking GAGs, blocked >90% by chlorate (an inhibitor of GAG synthesis) and reduced by
>70% in competition experiments with HP or CS-E. There was also ~50% inhibition of binding
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by CS-C and CS-D but no effect of HS, CS-A, or CS-B. Taken together, these results establish
an interaction between SPICE and membrane GAGs. Further, the GAG-SPICE binding profile
suggests that precisely clustered sulfates on a disaccharides backbone enhance SPICE binding
(32).

Complement Inhibitory Profile of SPICE
SPICE has substantially (10- to 1000-fold depending upon the particular regulatory activity
being assessed) greater inhibitory capability for human complement than its >90% identical
homologs, the vaccinia complement control protein (VCP) and MOPICE (from the Central
African/Congo strains of monkeypox) (6,7,13). Human membrane regulator MCP (CD46) is
~35% homologous to SPICE, also possesses four complement control repeating modules, binds
C3b and C4b and possesses cofactor activity (6,7,12,39). SPICE and MCP have nearly identical
binding characteristics for C3b or C4b in ELISA as well as in fluid phase cofactor assays (6,
7,12,40). Also, MCP has minimal DAA for C3 convertases while SPICE has DAA primarily
for the classical pathway C3 convertase. A question that arose in these comparative analyses
was the efficiency of the regulatory activity in situ of SPICE vs that of MCP.

To address this issue, CHO cell lines were isolated expressing SPICE carrying a transmembrane
domain and cytoplasmic tail of MCP. These SPICE-TM cells were compared to MCP-
expressing CHO cell lines in a complement challenge assay model system in which the
alternative pathway is activated by anti-CHO Ab and human serum. In this system, the level
of Ab sensitization, the complement source and the buffer system can be varied. At comparable
expression levels, the two proteins bearing the same carboxyl-terminus displayed a similar
ability to control the alternative pathway.

Having established that SPICE binds to cells, we next asked if SPICE, bound to membrane
GAGs such as would occur in a variola infection, could inhibit complement activation.
Interestingly, SPICE attached via GAGs was exceptionally effective at blocking the alternative
pathway of complement activation. CHO cells with ~2,500 copies of SPICE/cell were as
effective as 25,000 copies of MCP/cell. Thus, despite equivalent fluid-phase activities and
similar in situ inhibitory profiles, SPICE bound via GAGs was a more efficient inhibitor than
MCP. GAGs are expressed on most cell types and provide a relatively simple and energy
efficient mechanism of host cell attachment (as opposed to attachment via GPI or
transmembrane domain) to mediate complement inhibition and thereby enhance viral
virulence.

Two other results from these challenge experiments in which the goal was to mimic an in
vivo infection are worth emphasizing. One is that, upon classical complement pathway
activation by Abs, complement inhibitors are not particularly effective (34). Thus, in a
challenge model, DAF reduced C3b deposition by ~50% while MCP had no blocking activity
(24). SPICE possesses classical pathway DAA for C3 convertase and like DAF reduced C3b
deposition. However, in view of the large quantity of C3b deposited on these cells (see Fig.
8A), this reduction is unlikely to prevent opsonic or lytic consequences. An interpretation of
these and similar experiments is that classical pathway activation triggered by Ab is so efficient
that inhibitors are relatively ineffective in blocking complement activation, especially in
comparison to their effects on the slower acting alternative pathway. This strategy makes sense
as the alternative pathway engages a feedback loop that requires strict regulation to prevent
excessive complement activation. In contrast, antibody selects the target in classical pathway
activation and this reaction should be allowed to go unimpeded till the target is adequately
opsonized or lysed.

Second, we investigated a putative mechanism to account for why SPICE-GAG might be more
efficient at complement inhibition. We have previously shown that C4b deposited by classical

Liszewski et al. Page 9

J Immunol. Author manuscript; available in PMC 2009 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathway activation undergoes cleavage mediated by MCP and factor I (34,37). This limited
proteolytic reaction, known as cofactor activity, converts C4b to C4c (liberated) and C4d
(remains covalently bound to target). The reaction is linear over a 30 to 45 min period and 70
to 90% of the deposited C4b is cleaved (34,37). As hypothesized, SPICE-GAG cleaved the
deposited C4b more efficiently than endogenous MCP. One interpretation of these data is that
SPICE-GAG’s membrane mobility is such that it can more quickly locate the deposited C4b
to perform cofactor activity than does a transmembrane protein. Other interpretations include
a higher affinity for C4b cross-linking of MCP by the deposited C4b and signaling upon MCP
activation by its ligand (41). We plan to dissect this issue further by comparing DAF, MCP
and SPICE attached by GPI, transmembrane or GAGs in complement challenge assays.

Comparison of Poxviral Inhibitors of Complement
Our data have relevance to understanding complement regulation by other poxviral inhibitors
of complement enzymes (PICES) such as from monkeypox (MOPICE) and vaccinia (VCP,
the vaccine strain). While PICES are highly homologous, they differ in key amino acids that
are likely to confer host-specificity and result in functional differences for interacting with the
human complement system (6,7,9,12,13). Relative to binding C3b, SPICE was the most potent,
MOPICE intermediate and VCP least (7). This translates into SPICE being ~100-fold more
efficient than either MOPICE or VCP in cleaving human C3b (7). Relative to C4b, SPICE was
16-fold better than MOPICE and 4-fold more efficient than VCP (7). These data are consistent
with variola being a human-specific pathogen. Additionally, SPICE and VCP, but not
MOPICE, possess DAA for the C3 and C5 convertases of the classical pathway. An unexpected
finding was that all three of these inhibitors have undetectable or very weak DAA for the AP
C3 convertases (7). These results suggest that it is the inhibition of the CP via cofactor activity
that is particularly targeted by poxviral complement inhibitors.

The PICES mimic host regulators structurally and functionally (7,9). They are 30–40%
homologous, consist of four CCP modules (analogous to MCP and DAF) and, as summarized
above, possess C3b/C4b binding, cofactor activity and DAA capabilities. PICES are secreted
proteins that bind to human cells and tissue matrices via heparin binding sites (7,11,16) as do
the plasma proteins factor H and C4b binding protein (42,43). On the other hand, MCP is a
transmembrane protein and DAF is anchored via a glycosylphosphatidyl inositol (GPI) linkage
(10). The inhibitory potential of SPICE, therefore, appears to be an amalgamation of the four
human inhibitors that control complement activation at the level of the convertase. Thus, the
poxviruses evolved a single protein that encompasses features of all four of the closely-related
host proteins in order to block complement activation during an infection.

Therapeutic Implications of PICES
Functional differences among poxviral inhibitors may translate into the clinic since PICES are
virulence factors. For example, two genetically distinct viral isolates of monkeypox virus have
been identified (44–46). A more virulent strain from the Central African Republic of Congo
(formerly Zaire) expresses MOPICE while a less virulent strain from Western Africa does not
(47). The monkeypox epidemic that occurred in the United States in the summer of 2003
fortunately had no fatalities, likely in part because the infecting strain was a less virulent one
lacking MOPICE (1,47). However, since it was outside of Africa, the epidemic raised concerns
that the more virulent monkeypox strain could be used in a bioterrorist attack or pose a threat
as a naturally emerging poxviral infection (1,2).

Thus, the ability of smallpox and monkeypox to downregulate the human complement system
via PICES makes these virulence factors attractive targets for therapeutic intervention by mAbs
that block their function (25). For example, viruses lacking VCP are attenuated (22,23). Our
studies herein describe the ability of a mAb to SPICE to inhibit its activity in situ and suggest
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its suitability to decrease activity of a poxviral virulence factor. One could envision a cocktail
of such mAbs in which each inhibits a virulence factor that subverts players in the innate or
adaptive immune response.
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Figure 1.
Characterization of SPICE bearing the transmembrane domain of membrane cofactor protein
(MCP; CD46). A, Schematic diagram of SPICE-TM and MCP. Each is composed of four
homologous modules called complement control protein repeats (CCPs). The human
complement regulator, MCP, has three N-linked sugars (N). The CCP region of MCP is
followed by an O-glycosylated domain (green oval), a 12 amino acid segment of unknown
significance (U, purple), and a transmembrane domain with cytoplasmic tail (TM). The four
CCPs of SPICE were fused to the U-segment, transmembrane domain and cytoplasmic tail of
MCP. B, These constructs were expressed in Chinese hamster ovary cells. Clones were selected
for similar expression levels via flow cytometry. C, Western blot showing the expected Mr for
each protein. Expression level was ~25,000 copies per cell for both SPICE-TM and MCP as
determined by flow cytometry and ELISA. Flow cytometry with mAbs to MCP and SPICE
and employing the same secondary Ab further established that the expression levels were
similar (not shown).

Liszewski et al. Page 14

J Immunol. Author manuscript; available in PMC 2009 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Alternative pathway complement challenge of CHO cells expressing SPICE or MCP. A,
Transmembrane SPICE reduces C3 deposition similarly to MCP after alternative pathway
challenge. CHO control, transmembrane SPICE and transmembrane MCP expressing cells
were sensitized with 0.5 mg/ml of anti-CHO Ab followed by 10% C8-deficient serum for 45
min at 37°C in GVB-MgEGTA. Deposition of C3 fragments was measured by FACS using a
mAb to C3d and a FITC rabbit anti-mouse IgG for detection. Negative (Neg) control used an
isotypic mAb. B, Complement inhibitory activity of SPICE-TM is blocked by mAb KL5.1.
CHO cells, with or without transmembrane SPICE, were sensitized with 0.5 mg/ml anti-CHO
Ab followed by incubation with 6.5 µg/ml of mAb KL5.1. Cells were subsequently
complement “challenged” as described above. Negative (Neg) described above. Results shown
are a representative experiment of three or four.
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Figure 3.
Characterization of SPICE produced recombinantly in an E. coli expression system.
Electrophoresis on a 12% SDS-PAG (A, B). Reducing (lanes 1 and 3) and non-reducing (lanes
2 and 4) samples were analyzed by either (A) Coomassie blue staining or (B) by Western
blotting with a polyclonal Ab. C, To assess activity, SPICE binding to C3b or C4b was
characterized in ELISA. Mean ± SEM for three experiments.
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Figure 4.
Recombinant SPICE produced in an E. coli expression system binds to CHO cells. To 5 ×
105 cells, purified SPICE was incubated at 50, 100, 200, 300 and 400 µg/ml in 50 µL at 37°C
for 30 min. SPICE binding was detected by FACS using a polyclonal Ab and a FITC-labeled
secondary Ab. An isogenic IgG control is indicated by the shaded area. A representative
experiment of three is shown.
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Figure 5.
SPICE attaches to multiple human cell types. A, Cells were incubated with recombinant SPICE
(200 µg/ml) for 1 h, harvested from flasks by treatment with EDTA (for adherent cells), washed,
and assessed for SPICE binding using a rabbit polyclonal Ab and a FITC secondary Ab (light
line). An IgG isotype control is shown (shaded). B, CD4+ T cells, CD8+ T cells, CD19+ B
cells, CD14+ monocytes, and red blood cells were purified from human peripheral blood and
incubated with SPICE as in A. B cells and monocytes were pre-incubated with human IgG to
block Fc receptors and subsequently analyzed with a polyclonal Ab to SPICE. Detection was
with a FITC-conjugated F(ab′)2 secondary Ab for FACS analysis. SPICE bound to T cells was
detected similarly, without preincubation with human IgG. Representative experiments of three
or four are shown.
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Figure 6.
Binding of SPICE to cells is GAG-dependent. A, Soluble SPICE was incubated with wild-type
(WT-CHO) and mutant CHO cell lines defective for specific enzymes in GAG synthesis (745-
CHO or M1-CHO, see text). Cells were detached with EDTA. Binding was detected by FACS
analysis with a polyclonal Ab followed by incubation with a FITC-conjugated anti-rabbit IgG.
B, Heparin (HP) and chondroitin sulfate-E (CS-E) block binding of SPICE to CHO cells.
Soluble SPICE (200 µg/ml) was preincubated with soluble GAGs (5 µg/ml) followed by
binding to CHO cells. The ability of soluble GAGs to block SPICE binding was assessed by
FACS with a polyclonal Ab followed by staining with a FITC-anti rabbit IgG. HP, heparin;
HS, heparan sulfate, CS-A through CS-E are types of chondroitin sulfates. Data from A and
B represent the mean ± SEM for 3 to 5 experiments.
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Figure 7.
GAG sulfation is critical for SPICE binding to CHO cells. CHO cells were incubated in sulfate-
free Ham’s F12 containing dialyzed FBS with 25 mM chlorate, 25 mM chlorate plus 25 mM
sulfate, or normal Ham’s F12 (media control). After harvesting cells by EDTA treatment, they
were incubated with SPICE (as described in Fig. 5). SPICE binding was detected by FACS
analysis using a polyclonal Ab and a FITC-labeled secondary Ab. Representative experiment
of three is shown.
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Figure 8.
SPICE reduces complement deposition following activation of the classical and alternative
pathways. A, C3 fragment deposition by classical pathway activation. CHO cells, preincubated
with SPICE (dark line) or without (shaded) and an MCP-expressing stable line (light line, see
Fig. 1), were sensitized with 1 mg/ml anti-CHO Ab and subsequently challenged with 10%
C8-deficient serum for 45 min at 37°C in GVB++ (method per Fig. 5). C3 fragment deposition
was measured with a mAb to C3d. The dotted line to the left is a control in which there was
no serum added. MFI for C3b deposition for CHO control, SPICE, and MCP was 4351, 2106,
and 4290, respectively. Shown is a representative experiment of three. B, C3 fragment
deposition by alternative pathway activation. Same designations as in (A). Cells were sensitized
with 0.5 mg/ml anti-CHO Ab followed by incubation with 10% C8d serum for 45 min at 37°
C in GVB-MgEGTA buffer. MFI are: CHO, 630; SPICE, 28; MCP, 39).C, The quantity of
SPICE and MCP present on CHO cells was monitored using a rabbit polyclonal Ab and mAbs
(not shown) and each demonstrated ~ 10 fold more MCP than SPICE-GAG. Shown for A, B,
and C are representative experiments of three or four conducted.
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Figure 9.
SPICE cleaves C4b deposited on complement challenged CHO cells. Comparison of C4b
cleavage by SPICE (conditions per Fig. 5) versus an MCP-expressing CHO clone (described
in Fig. 1). C4b cleavage was analyzed via FACS using a mAb to C4c (heavy and dashed lines)
and C4d (light line). To activate complement, cells were sensitized with 1 mg/ml of anti-CHO
Ab followed by incubation with 10% C8-deficient serum for 15 or 45 min in GVB++ buffer.
The dotted line on the left in the histograms indicates a condition without serum exposure. A,
CHO cells lacking an inhibitor show no cleavage of C4b after 45 min. B, CHO cells with
deposited SPICE demonstrate dose-dependent loss of the C4c fragment. C, MCP-expressing
CHO clone also shows dose-dependent loss of C4c fragment, but to a lesser extent than SPICE.
Representative experiment of three is shown.
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