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The complement (C) regulatory proteins decay accelerating
factor (DAF, CD55) and CDS9 could protect host cells
using different mechanisms from C-mediated damage at
two distinct levels within the C pathway. Co-expression of
DAF and CDS9 would be an effective strategy to help
overcome host C-induced xenograft hyperacute rejection.
In this study, we made a construct of recombinant
expression vector containing DAF and CDS9 ¢DNA and
the stable cell lines were obtained by G418 selection.
Extraneous genes integration and co-expression were
identified by PCR, RT-PCR and Western blot analysis.
Human c-mediated cytolysis assays showed that NIH/3T3
cells transfected stably with pcDNA3-CD359, pcDNA3-
DAF, and pcDNA3-CDSIDAF-DP were protected from C-
mediated damage and that synchronously expressed human
CD359 and DAF provided the most excellent protection for
host cells as compared with either human CD59 or DAF
expressed alone. Therefore, the construct represents an
effective and efficacy strategy to overcome C-mediated
damage in cells and, ultimately, in animals.
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Introduction

Xenotransplantation, as an alternative approach for patients
with end stage organ failure, has attracted more and more
attention because of the serious shortage of human organs for
allotransplantation (Lambrigts ef al., 1998). However, progress
towards its clinical application has been hampered by the
phenomenon of hyperacute rejection (HAR), which occurs
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almost immediately upon reperfusion of the transplanted
organ and leads dramatic and irreversible graft destruction
within minutes to hours (Calne ef al., 1970; Platt et al., 1991).
The activation of complement is one of critical events in the
pathogenesis of HAR. Human complement regulatory proteins
(hCRPs), such as decay accelerating factor (DAF), protectin
CD59 etc., have been studied intensively in order to help
overcome C-mediated HAR in Xenotransplantation (XNS)
(Brooimans ef al., 1992; Byrne ef al., 1995; Nagahama ef al.,
2000; 2001; 2002; Huang et al., 2001; Shiraishi ef al., 2002).
DAF is a glycosyl phosphatidylinositol (GPI)-anchored
membrane regulator of complement that inhibits the C3
convertases of both the classical and alternative pathways
(Nicholson-Weller et al., 1982). CD59, as well as DAF, is a
GPl-anchored membrane glycoprotein, which directly
regulates the formation and function of the terminal cytolytic
membrane attack complex (MAC) (Meri et al., 1990; Rollins
et al., 1990). Transgenic animals expressing hCRPs, such as
CD59, or DAF, have been developed (Fodor et al, 1994;
Byrme et al., 1995; 1997; Diamond ef al., 1996; Cowan et al.,
2000; Cozzi et al., 2000; Lavitrano et al., 2002; Menoret et
al., 2004). These transgenic animals expressing hCRPs could
provide excellent protection from human serum complement
attack, and these transgenic organs survived longer than
nontransgenic control organs in vivo transplantation experiment.
However, sufficient protection from the massive XNS
reactivity was not achieved so far. And recent studies have
suggested that double hCRPs exhibited more protection
against cytolysis by human serum compared to the cells with
only one expressed alone (Byrne er al., 1997; Chen et al.,
1999; Cowan et al., 2000; Huang et al., 2001; Nagahama et
al., 2000; 2001). So an approach enabling the synchronous
expression of multiple hCRPs in porcine tissue should be
developed. In this study, a recombinant expression vector
pcDNA3-CD59DAF-DP was constructed in order to co-
express hDAF and hCDS59 in NIH/3T3 cells. We demonstrate
that co-expression of the two hCRPs could provide excellent
protection against C-mediated cytolysis by their synergistic
action.
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Materials and Methods

Construction of expression plasmid. The whole length cDNA
encoding human DAF was amplified by PCR using 3-week-old
human embryo cDNA library as templates (Gou et al., 1999). The
full-length ¢cDNA was subcloned into a mammalian expression
vector pcDNA3 between a CMV promoter and a BGH-polyadenylated
sequence (Invitrogen). DAF ¢DNA inserted into the XAol-Apal site
of pcDNA3 was called pcDNA3-DAF. Sequence of the hDAF gene
was confirmed by DNA sequencing. Restriction enzymes were
from Takara Biotechnology Co., Ltd.

The 1.46kb long fragment containing CD59 cDNA, CMV
promoter and BGH-polyadenylated was obtained by PCR using the
plasmids pcDNA3-CD59 (Huang ef al., 2001) as a substrate, and
then it was subcloned into the Bg/II site of the pcDNA3-DAF. The
two plasmids, pcDNA3-CD59DAF (cis) and pcDNA3-CD59DAF
(trans) were transformed into Escherichia coli DH5a cells and
isolated, characterized and amplified by using standard techniques.
The vector pcDNA3-CD59DAF (frans) was named pcDNA3-
CD359DAF-DP (Fig.1A).

Cell culture and transfection. NIH/3T3 cells (mouse fibroblasts;
Chinese center Type Culture Collection, Wuhan, P.R. China) were
cultured in Dulbeco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal calf serum (FCS). Cultures were
maintained in 5% CO, at 37°C. D-hank’s containing 0.02% (w/v)
EDTA-2Na and 0.125% (w/v) trypsin (Sigma) were used to detach
the cells.

A total of 5% 10° NIH/3T3 cells on a 60 mm diameter tissue
culture plate were transfected with 8.8 pug of plasmid pcDNA3-
CD59DAF-DP DNA by calcium phosphate precipitation method as
reported by Sambrook et al (Sambrook et al., 1989). Transfected
NIH/3T3 cells were incubated for 24 hr in DMEM, 10% FCS, in
5% CO, at 37°C, after which 400 pg/ml G418 (Gibco BRL) was
added and selection carried out over 3-5 wk. Surviving clones were
expanded in tissue culture plates and flasks. To verify the stable
integration of the two genes, the total genomic DNA were extracted
from the transfected clones and used as templates for PCR.

Isolation of total RNA and analysis of hDAF and hCDS9 co-
expression by RT-PCR. Expression of the double genes was
evaluated by RT-PCR from the total RNA samples of pcDNA3-
CD59DAF-DP NIH/3T3 transfectants. Total RNA was isolated
from transfected NIH/3T3 cells by using Trizol® LS Reagent
(Gibco BRL) according to the manufacturer’s instructions and
treated with RNase-free DNase 1 (Promega). First strand cDNA
was prepared by reverse transcriptase (Gibco BRL). A 1336-bp
fragment was amplified to detect the expression of hDAF using 5'-
CGC CTC GAG CGT CCT TGT TCT AAC CCG-3' as forward
primer and 5-ACT GGG CCC TTG CTC TGT TGA CAT TCC-3'
as reverse primer, and a 420-bp fragment of hCD59 was detected
using 5'-CCG AAT TCT GTG GAC AAT CAC AAT GG-3' as
forward primer and 5'-CTG GTC TAG ACT TAG GGA TGA
AGG C-3' as reverse primer.

Western blot analysis. To analyze the expression of human DAF
and CD59 proteins on the transfected NIH/3T3 cells, monolayers of
pcDNA3 (negative control) and pcDNA3-CD59DAF-DP transfetants

were lysed by addition of lysis buffer containing 100 mM NaCl,
10 mM Tris-HCI (PH 8.0), 1 mM EDTA (pH 8.0), 1% Triton X-
100 and 1 mM protease inhibitor: phenyl-methylsulfonyl fluoride
(PMSEF, Sigma).

The lysates were run on 12% polyacrylamide gel using the
method of Laemmli (Laemmli ef al., 1970), and transferred onto
nitrocellulose membrane (Millipore, Bedford, MA) in 25 mM Tris,
192 mM glycine, and 20% (v/v) methanol, pH 8.3, using a
Transblot apparatus (Bio-Rad, Hercules, CA) for 1 hr at 300 mA
according to the method of Towbin et al (Towbin ef al., 1979). The
membranes were blocked with 5% (w/v) non-fat dried milk in Tris-
buffered saline (TTBS, 10 mM Tris, 0.15M NaCl, 0.1% (v/v)
Tween 20), incubated with goat polyclonal antibody CD59 (c-19):
sc-7076 (Santa Cruz Biotechnology, Inc.) or polyclonal goat anti-
human CD55 antibody (c-20): sc-7064 (Santa Cruz Biotechnology,
Inc.) in a dilution of 1/100 in TTBS for 2 hr at 37°C, washed with
TTBS and then incubated for 1 hr with horseradish peroxidase-
conjugated rabbit anti-goat Ig (Zhongshan Biotechnology) at room
temperature. The blots were developed in diaminobenzidine (DAB,
Sigma) and hydrogen peroxide.

Human complement-mediated cytolysis assay. Normal human
serum (NHS) to be used as a complement source was obtained
from the blood of healthy volunteers in the laboratory and stored in
aliquots at —80°C. C-mediated cytolysis assays were performed as
described previously (Huang et al., 2001). Briefly, an equal volume
(100 pul) of the NIH/3T3 transfectants were incubated in serial
dilutions (neat, 1/2, 1/4, 1/8, and 1/16) of NHS for 1 hr at 37°C,
after which C-mediated cytolysis was determined by microscopic
examination following trypan blue staining. Cell viability was
determined by trypan blue exclusion and the percentage cytotoxicity
was calculated. The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay was also used to determine the
cellular damage of NIH/3T3 caused by human complement activation
(Nagahama et al., 2002).

To further investigate their synergistic action, blockade of hCD59
or hDAF function was carried out by addition of the anti-hCD59
mouse monoclonal antibody (mAb), BRIC229 or anti-hDAF
mouse mAb, BRIC216 (IBGRL,UK) in Ab blocking experiments.
For measurement of cytotoxicity, each condition was performed in
triplicate and each experiment was performed three times. No-
serum-added cell death was approximately 5% in all assays and
was subtracted as the background. The data shown are the mean of
three separate experiments using the same quantity of antibody.

Results

Transfection of NIH/3T3 cells with pcDNA3-CDS9DAF-
DP vector. A mammalian expression vector was constructed,
which contains the neomycin resistance gene and the two
independent CMV promoters controlling the expression of
human DAF and CD59 ¢cDNA. The double genes were co-
expressed in NIH/3T3 cells by transfection, followed by
selection of permanent transfectants in the presence of G418.
Stable cell lines were generated by selection. As shown in Fig,
1B, integration of the two genes in the chromosomal DNA in
transfected cells was ascertained by a CD59-specific 420 bp
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Fig. 1. Strategy for co-expressing of hCD59 and hDAF in stable
transfected NIH/3T3 cells. (A) Schematic diagram of the
expression vector pcDNA3-CD59DAF-DP used for this study.
The cDNAs for hCD59 and hDAF were inserted into the
multiple cloning site of pcDNA3 vector under control the CMV
promoters and correct orientation of insert (trans) was confirmed
by using standard techniques. Transcription from the CMV
promoter into the hCD59 gene is in the opposite direction from
transcription that initiates transcription hDAF by the other CMV
promoters. (B) PCR analysis of the integration of hCD59 and
hDAF genes on the stable transfected NIH/3T3 cells. The
primers of the hCD59 gene were used in lanes 1-4 and the
primers of hDAF gene were used in lanes 5-8. Templates: lanes
1,5, high-molecular-mass DNA of NIH/3T3 pcDNA3-CD59DAF-
DP; lanes 2,6, high-molecular-mass DNA of NIH/3T3 pcDNA3
cells; Lanes 4,8, plasmid pcDNA3-CD59DAF-DP; lanes 3,7,
high-molecular-mass DNA of NIH/3T3 cells; M, 1 Kb DNA
ladder marker.

(Fig. 1B, lane 1) and a DAF-specific 1336bp (Fig. 1B, lane 5)
DNA fragment, when the total genomic DNA of NIH/3T3
cells transfected with pcDNA3-CD59DAF-DP was used as
templates. In contrast, nonspecific amplification was detected
when the total genomic DNA of NIH/3T3 pcDNA3 cells
(Fig.1B, lanes 2, 6) or NIH/3T3 (Fig. 1B, lanes 3, 7) was the
template.

Expression analysis. RT-PCR was carried out to ascertain the
co-expression of hDAF and hCD59 mRNA in the stable
pcDNA3-CD59DAF-DP transfectants with primers specific
for the two genes. In Fig. 2, a 420 bp DNA fragement specific
for hCD59 (Fig. 2, lane 1) and 1330 bp DNA products specific
for hDAF (Fig. 2, lane 5) were detected in the transfectants
pcDNA3-CD59DAF-DP. No specific PCR products were
observed when RNA of pcDNA3-CD59DAF-DP transfectants
(Fig. 2, lanes 2, 6) and cDNA of pcDNA3 transfected cells
(Fig. 2, lanes 3, 7) were used as templates.

In order to further explore the pattern of co-expression of
the double genes, Western blot analysis of cell lysates from
pcDNA3-CD59DAF-DP transfectants was performed utilizing
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Fig. 2. RT-PCR analysis of human CD59 and DAF genes co-
expression in pcDNA3-CD59DAF-DP transfected cell line. The
primers for the CD59 gene were used in lanes 1-4 and the
primers for DAF gene was used in lanes 5-8. Templates: lanes 1,
5, cDNA of NIH/3T3 pcDNA3-CD59DAF-DP transfectants;
lanes, 2,6, total RNA from NIH/3T3 pcDNA3-CD59DAF-DP
transfectants; lanes, 3,7, cDNA of NIH/3T3 pcDNA3 transfectants;
lanes, 4,8, DNA of the plasmid pcDNA3-CD59DAF-DP as
positive controls; M, 1Kb DNA ladder marker
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Fig. 3. Western blot analysis of human DAF and CD59 proteins
detected by polyclonal antibodies to human CD59 and DAF on
the pcDNA3-CD59DAF-DP transfectants. The position of molecular
weight markers is indicated.

specific goat polyantibodies against hDAF and hCD59. As
shown in Fig. 3, human CD59 and DAF migrated as the
expected bands of 20- and 75-kDa bands, respectively. In
contrast, no specific bands were observed in the vector
control-transfected cells. These results demonstrated that
hDAF and hCD59 molecules were both expressed on the
pcDNA3-CD59DAF-DP transfectants.
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Fig. 4. Protection of NIH/3T3 cells from C-mediated damage by
transfected molecules. Control NIH/3T3 cells (pcDNA3 vector
only) and transfectants (pcDNA3-CD59, pcDNA3-DAF and
pcDNA3-CD59DAF-DP) were incubated with increasing
concentrations of human serum for 1 hr at 37°C. Viabilities were
determined by dye exclusion with trypan blue and the percentage
cytotoxicity was calculated. Results represent means of three
independent experiments and error bars represent the standard
deviation.

Protection of murine cells from human complement-
mediated cytolysis by cooperation between human DAF
and CDS9. To assess the efficacy of our combinatorial
genetic approach in NIH/3T3 cells, their protective function
was measured by comparing the ability against C-mediated
cytotoxicity when being challenged with human serum. The
four transfectants, NIH/3T3 pcDNA3 cells, NIH/3T3 pcDNA3-
CD59 cells, NIH/3T3 pcDNA3-DAF cells, and NIH/3T3
pcDNA3-CD59DAF-DP cells, were incubated with increasing
dilutions of human serum and cell cytotoxicity was assessed
by trypan blue staining. A protective effect was observed as
shown in Fig. 4. Under identical conditions, the control NIH/
3T3 pcDNAS3 cells were effectively lysed by human serum in
a dose dependent manner. However NIH/3T3 cells transfected
with pcDNA3-CD59, pcDNA3-DAF and pcDNA3-CD59DAF-
DP showed resistance to human complement attack. The
pcDNA3-CD59DAF-DP  transfectants showed the most
significant protection from human serum-mediated cytolysis
by the cooperative inhibition of hDAF and hCD59 proteins
from 6.25% to 100% serum. The cytolysis was suppressed in
three transfectants: 36%, 40%, 47% were reduced in the three
transfectants, respectively, compared with control vector
transfectants on exposure to 100% NHS. MTT assay was also
performed with monolayer NIH/3T3 cultured in 96-well
microplates and the results were consistent with those
obtained by trypan blue assay (data not shown).

Furthermore, to evaluate the functional advantage of CD59-
DAF over DAF or CD59, Ab blocking experiments were
performed. As shown in Fig. 5, preincubation with anti-DAF
or anti-CD59 antibodies decreased their protection against
complement attack and enhanced their susceptibility to C-
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Fig. 5. Antibody-blocking experiments were performed on the
pcDNA3 and pcDNA3-CD59DAF-DP  transfectants. The
transfected cells were treated with mouse anti-DAF, anti-CD59
monoclonal antibodies alone or in combination to block the
function of CD59 and DAF. Subsequently, these cells were
incubated with 6.25% normal human serum. Results are means
of three independent experiments and error bars represent the
standard deviation.

mediated lysis. Blocking of CD59 on the surface of pcDNA3-
CD59DAF-DP transfectants rendered these cells more
susceptible to complement attack as compared to that blocked
with anti-DAF antibodies. A combination of both antibodies
led a thorough lysis: cellular death rates increased from 12%
to 30% when pcDNA3-CD59DAF-DP transfectants were
treated with 6.25% NHS. In contrast, the monoclonal
antibodies had no effect on the pcDNA3 transfectants. The
present data suggest that these two membrane proteins could
act synergistically and convey a functional cooperation
between DAF and CD59 molecules in protection non-human
cells from C-mediated damage.

Discussion

Human membrane complement regulatory proteins (hCRPs)
are known to be important for protecting host cells against
homologous C attack. Moreover, hCRPs, such as Decay-
accelerating factor (DAF), membrane cofactor protein (MCP)
and CD59 act cooperatively at different levels in the complement
activation cascade (Nagahama et al., 2002). Therefore, there
is an interest in developing membrane complement proteins as
candidate molecules for therapy of disease states in which
complement activation and deposition is involved in
pathogenesis. In this context, a number of attempts have been
made to induce non-human cells to express high level of
hCRPs (Cowan et al., 2000; Cozzi et al., 2000), which may
successfully confer resistance to human C-mediated lysis on
the non-human cells and overcome the first major barrier
against xenotransplantation. So far, the major approach to
overcome HAR is the use of organs from genetically
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engineered pigs transgenic for human complement regulatory
proteins. Genetically engineered pigs that expressed human
complement regulatory proteins have been reported by several
groups (Fodor ef al., 1994; Byrne ef al., 1995; 1997; Diamond
et al., 1996; Cowan et al., 2000; Cozzi et al., 2000; Lavitrano
et al., 2002; Menoret et al., 2004). These reports demonstrated
that hCD59 and hDAF can be expressed in other species
without detriment and that expression of these molecules
efficiently protects host cells from C-mediated damage.
Transgenic pigs expressing more than one type of hCRPs
were produced by intercrossing single transgenic pigs (Byrne
et al, 1997; Chen et al., 1999) or by co-microinjection of
gene constructs for hCRPs (Cowan ef al., 2000; Menoret et
al., 2004). Previously, a CD46-CD55 chimeric complement
regulatory was developed and shown to have both membrane
cofactor and decay accelerating activities (Iwata e al., 1994;
Brodbeck er al., 2000). The DC (NH2-CD59-DAF-GPI)
chimeric molecule was also made, which expressed both DAF
and CD59 activity, thereby regulating C3 convertase and
MAC assembly (Fodor ef al., 1995). However, a vector
utilizing two independent promoters for co-expression of
multiple genes of hCRPs in its native configuration by non-
viral system, has never been reported and would be
advantageous as a potential therapeutic strategy to inhibit C-
mediated hyperacute rejection during xenotransplantation.

In this study, we constructed a recombinant vector pcDNA3-
CD59DAF-DP expressing multiple therapeutic genes (DAF
and CD59) simultaneously in order to establish a suitable
construct for xenotransplantation. We demonstrated that
transfected cells with pcDNA3-CD59DAF-DP co-expressed
human CD59 and DAF at both the mRNA and protein levels
by using RT-PCR and Western blot analysis. The functional
studies revealed that NIH/3T3 cells co-expressing CD59 and
DAF are remarkably resistant to homologous complement
attack whereas pcDNA3 control cells are susceptible to lysis.
Fig. 5 showed that CD59 or DAF alone appear sufficient to
protect the cells from limited complement attack and CD59
antigen appeared to be of more importance for cell survival in
the face of complement attack, or alternatively that the
expression level of hCD59 was higher than that of hDAF on
the surface of NIH/3T3 cells. Our results indicate that co-
expression of two proteins are more effective in limiting
complement-dependent cytolysis than either protein being
expressed alone on the surface of host cells. Hence, the
recombinant construct exerts functional advantages over DAF
and CD59 in the host cells. Gene transfer with a single vector,
as used in our study, would be an effective strategy for the
multiple and synchronous expression of the native hCRPs in
transgenic animals, which has potential clinical use in
preventing hyperacute rejection of transplanted organs. The
results encourage us to generate double transgenic animals
expressing hCD59 and hDAF for further analyzing and
treating xenograft rejection in xenotransplantation.
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