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The herpesvirus saimiri genome encodes a complement control protein homolog (CCPH). Stable mamma-
lian cell transfectants expressing a recombinant transmembrane form of CCPH (mCCPH) or a 5*FLAG
epitope-tagged mCCPH (5*FLAGmCCPH) conferred resistance to complement-mediated cell damage by in-
hibiting the lytic activity of human serum complement. The function of CCPH was further defined by showing
that the mCCPH and the 5*FLAGmCCPH transfectants inhibited C3 convertase activity and effectively reduced
cell surface deposition of the activated complement component, C3d.

Herpesvirus saimiri (HVS), a member of the gammaherpes-
virus group (22), is a lymphotrophic virus that causes T-cell
lymphomas in New World primates other than its natural host,
the squirrel monkey (10). The HVS genome contains two ho-
mologs of genes that encode complement-regulatory proteins,
a protein that is structurally homologous to C3 convertase
inhibitors (CCPH; stands for complement control protein ho-
molog), and a terminal complement inhibitor homolog,
HVS-15 (HVSCD59) (1–3, 23). The CCPH gene of HVS ex-
hibits sequence and structural homology to a family of com-
plement-regulatory proteins encoded by the regulators of com-
plement activation gene cluster in humans (1) as well as to the
vaccinia virus complement-control protein VCP (1, 14, 15, 17).
The complement regulatory group of glycoproteins includes
CR2 (CD21 [20]), CR1 (CD35 [13]), MCP (CD46 [16]), DAF
(CD55 [5, 19]), C4bp (6), and Factor H, all of which are
structurally and functionally related (reviewed in reference 9).
The structural similarities include short-consensus-repeating
motifs (SCRs) of approximately 60 amino acids that contain 4
invariant cysteine residues and 10 to 19 other highly conserved
amino acids. Functionally, these glycoproteins are related by
their ability to regulate the amplification of activated comple-
ment at the C3 conversion step by interacting with C3b and/or
C4b complement components (6, 8, 9, 16). The predicted
amino acid sequence homology between the SCRs of CCPH
and those of the mammalian C3 convertase inhibitors ranges
from 28% identity for SCR1 (CCPH versus MCP and DAF)
(1) to 52% identity for SCR3 (CCPH versus C4bp) (1). The
HVS CCPH gene encodes two related proteins that differ only
in the carboxy-terminal region of the molecule and results
from differential splicing of the primary transcript (1). The two
CCPH variants contain all four SCR domains; however, one
form of the protein is predicted to be anchored to the cell
membrane through a putative transmembrane domain (mC
CPH), whereas the alternatively spliced form encodes a se-
creted CCPH protein (sCCPH) (1).
To assess expression and to determine whether the CCPH

protein exhibits complement-regulatory function, expression
constructs containing a mCCPH or a FLAG epitope-tagged
mCCPH (59FLAGmCCPH) (Fig. 1) were cloned into the
mammalian expression vector pcDNAI-AMP (Invitrogen, San
Diego, Calif.) and stably transfected into murine BALB/3T3
cells with the drug resistance plasmid SV2Neo (4). The amino-
terminal FLAG epitope-tagged version of the molecule was
constructed in order to monitor mCCPH protein expression by
Western blot (immunoblot) analysis and to provide a second
reagent for detection of the recombinantly expressed molecule,
i.e., the FLAG-M2 monoclonal antibody (MAb).
Several stable neomycin-resistant clones were assayed for

mCCPH or 59FLAGmCCPH expression by Northern (RNA)
blot analysis (4, 7) (data not shown), indirect immunofluores-
cence, and Western blot analysis. Indirect immunofluores-
cence of mCCPH-G or 59FLAGmCCPH-15 transfectants, us-
ing a polyclonal antibody raised against CCPH (ALP26;
Cocalico Biologicals, Inc., Reamstown, Pa.), revealed cell sur-
face expression for the FLAG epitope-tagged and the wild-
type mCCPH proteins (Fig. 2). The 59FLAGmCCPH protein
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FIG. 1. The amino-terminal amino acid sequences for mCCPH and 59FLAG-
mCCPH, illustrating the leader peptides, the FLAG epitope, and the putative
amino-terminal amino acids of the mature protein. The numbers above the
sequences indicate the amino acid positions. The 59FLAGmCCPH was con-
structed by generating a DNA fragment by PCR with the following primers: the
59FLAG oligonucleotide 59-GCCGGCCTGCAGGACTACAAAGACGATGAC
GATAAATTAAGCTGTCCTACACGTAACCAG and the 39 mCCPH oligonu-
cleotide 59-CTTCCATTTAAAAGATCTTGCGG. The underlined sequences
represent unique PstI and BglII restriction sites that were used for cloning
purposes, and the italicized residues represent the FLAG epitope-encoding
sequence. The 59FLAGmCCPH clone was constructed by digesting the mCCPH-
pcDNAI-AMP plasmid with BamHI and BglII to remove the 59 coding sequences
of mCCPH; this was followed by directional ligation of the 59FLAGmCCPH
fragment and the human CD59 leader cDNA fragment (BamHI-PstI) into the
mCCPH expression plasmid.
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was analyzed further by Western blot analysis, to determine
the molecular mass of the protein. Immunoprecipitations of
cellular lysates with the MAb SE, specific for CCPH (21), or
with the FLAG-M2 antibody (Kodak, New Haven, Conn.)
were electrophoresed on a sodium dodecyl sulfate-polyacryl-
amide gel and transfered to nitrocellulose. The 59FLAGmC
CPH protein was detected with the FLAG-M2 antibody on
Western blots and revealed a protein of 39,000 Da, corre-
sponding to the predicted molecular mass of the recombinant
protein (Fig. 3).
The primary goal of this study was to determine if mCCPH,

expressed in a mammalian cell, could regulate complement. A

complement-mediated dye release assay (23) was used to de-
termine if mCCPH and 59FLAGmCCPH expressed in BALB/
3T3 cells conferred resistance to the lytic effects of serum
complement. When human serum was used as a source of
complement, the neomycin (NEO) control transfectant exhib-
ited greater than 70% dye release at 20% human serum (Fig.
4), whereas the mCCPH-G and the 59FLAGmCCPH-15 cell
lines exhibited a twofold reduction in dye release (Fig. 4A).
The complement-regulating activity of CCPH was more pro-
nounced at 10 and 5% serum concentrations, at which a three-
to sixfold difference in percent dye release between the NEO
control clone and the mCCPH clones was observed. The con-
trol for these experiments was a BALB/3T3 cell line expressing
a transfected human DAF cDNA clone. The human DAF
cDNA was generated by PCR with oligonucleotide primers
homologous to the 59 and 39 untranslated regions of DAF (5,
16) and reverse transcribed cDNA from HeLa cells. Transfec-
tion of the DAF cDNA into BALB/3T3 cells was performed as
described for the mCCPH and 59FLAGmCCPH expression
plasmids. Neomycin-resistant colonies were screened for DAF
expression with the DAF MAb BRIC216 (Harlan Bioproducts
for Science, Inc., Indianapolis, Ind.). The DAF cell clone illus-
trated the complement-regulatory activity of a human C3 con-
vertase inhibitor (Fig. 4B). These results show that BALB/3T3

FIG. 2. Indirect immunofluorescence of cell surface-expressed mCCPH. The
mCCPH clones, mCCPH-G and 59FLAGmCCPH-15, and the NEO control cell
line were incubated with a rabbit polyclonal antiserum raised against CCPH; this
was followed by incubation with a goat anti-rabbit immunoglobulin G fluorescein
isothiocyanate-conjugated polyclonal antiserum (final concentration, 15 mg/ml;
Zymed). The cells were analyzed by flow cytometry on a Becton-Dickinson
FACSort. The labeled curves identify cell surface expression for the different
BALB/3T3 mCCPH transfectants compared with that for the neomycin control
cells (NEO).

FIG. 3. Immunoprecipitation and Western blot analysis of a NEO control
and of 59FLAGmCCPH-15 and -17 clones. Immunoprecipitations were per-
formed with the anti-CCPH MAb SE or the anti-FLAG MAb M2 (as indicated
below the representative blots). The 59FLAG epitope-tagged mCCPH proteins
were then detected with the anti-FLAG M2 antibody. Molecular mass standards
(in kilodaltons) are indicated on the left.

FIG. 4. Complement-mediated dye release assays. Complement-mediated
cytolysis was measured by percent dye release (ordinate) with increasing
amounts of human whole-serum complement (abscissa). The complement-reg-
ulatory activity of stable transfectants mCCPH-G (E) and 59FLAGmCCPH-15
(Ç) (A) was compared with that of the human C3 convertase inhibitor DAF ({)
(B). A neomycin (■) control cell line (A and B) was included in each assay and
indicates the complement susceptibility of an unprotected cell. Data shown are
the means of duplicate determinations from a single experiment, one of three so
performed.
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transfectants expressing either form of mCCPH confer protec-
tion against human serum complement in a dose-dependent
manner with respect to increased complement input.
The whole-serum-complement-mediated dye release assays

demonstrated that mCCPH functioned to inhibit complement-
mediated lysis; however, these assays did not define the mech-
anism by which mCCPH regulated the complement system. To
further define the functional mechanism of mCCPH, comple-
ment deposition assays were performed (23). The assay in-
volves depositing early complement components on the cell
surface in the absence of cell lysis. The indirect immunofluo-
rescence profiles of cells that were incubated in 20% human
C8-deficient serum (C8d) (Quidel, San Diego, Calif.) and then
incubated with the MAb anti-C3d (Quidel, San Diego, Calif.),
specific for the C3d component of activated human comple-
ment, are shown in Fig. 5. The mCCPH-G and 59FLAGmC
CPH-15 transfectants clearly inhibited C3 deposition when
compared with the NEO control clone (Fig. 5A). The DAF
clone revealed a similar C3 deposition FACS profile at 20%
human serum and illustrated the function of a human C3
convertase inhibitor (Fig. 5B). These results establish that mC
CPH and an amino-terminal FLAG epitope-tagged form of
mCCPH inhibit the classical pathway of complement activation
at the C3 conversion step and are functionally related to the
regulators of complement activation gene members. This study
also demonstrated that amino-terminal manipulation of the
protein did not alter cell surface expression and that the mol-
ecule retained complement-regulating activity.
Herpesvirus saimiri represents another example of an etio-

logical organism that encodes complement-regulatory mole-
cules: a C3 convertase inhibitor, mCCPH, and a terminal com-
plement inhibitor, HVSCD59 (23). Inhibiting the lytic effects
of serum complement would result in increased survival of

HVS. The vaccinia virus VCP protein as well as the herpes
simplex virus gC-1 and gC-2 proteins plays a role in enhancing
viral survival (references 12, 11, and 18, respectively), and a
similar role for mCCPH and HVSCD59 seems likely. It is
interesting that HVS encodes two complement inhibitors that
function at different points in the complement cascade, poten-
tially allowing the virus to evade host complement-mediated
virolysis, gain cellular entry, and protect the infected cell. This
is the first example of a virus that has acquired two comple-
ment-regulatory molecules that regulate complement using
functionally different mechanisms.
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