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Murine cell-derived MLV vector particles usually
re highly sensitive to human complement-mediated
ysis. Expression of the human complement inhibitor
D59 on murine packaging cells resulted in partial
rotection of these cells from lysis caused by human
omplement proteins. Furthermore, CD59 was incor-
orated into MLV vector particles released by these
ackaging cells, leading to an improved resistance of
he virions against human complement-mediated
nactivation. © 1999 Academic Press

Most mammals carry a functional a-galactosyl-
ransferase gene, resulting in protein modification and
xpression of Gal(1-3)Gal carbohydrate (a-Gal) epi-
opes on the cell surface. Old world monkey, ape and
uman cells lack these sugar residues due to muta-
ions in the a-galactosyltransferase gene [1, 2]. Up to
% of circulating IgG in human blood interacts with
hese epitopes, probably as a result of permanent acti-
ation by crossreacting epitopes on enterobacteria [3,
]. Enveloped viruses budding from non-primate cells
ncorporate a-Gal modified proteins along with other
ell surface proteins and recently it has been shown
hat retroviruses derived from non-human cells are
ensitive to human complement due to the presence of
uch a-Gal modified proteins in their envelopes [5–9].
he inactivation of retroviral vectors by complement is
major obstacle for in vivo applications [10–12]. Some

nveloped viruses such as herpes simplex virus, vac-
inia virus and herpesvirus saimiri have evolved com-
lement escape mechanisms based on the expression of
iral complement regulatory proteins [13–15]. Alterna-
ively enveloped viruses emerging from primate cells
an incorporate membrane-attached complement in-
ibitors which include CD59 (Protectin, HRF20,
IRL), CD55 (DAF) and CD46 (MCP1) [16]. Amongst

hese viruses are human cytomegalovirus (HCMV),
1 To whom correspondence should be addressed. Fax 143-1-25077-

390. E-mail: walter.guenzburg@vu-wien.ac.at.
1

uman immunodeficiency virus (HIV), simian immu-
odeficiency virus (SIV) and human T-lymphotropic
irus (HTLV-I) [17–19]. All of these viruses show re-
istance to human complement [17, 20–22]. It has been
emonstrated that the human complement regulator
D59, which inhibits the formation of the membrane
ttack complex, gives better protection against the
omplement system than CD46 or CD55 in the case of
IV-1 [22]. Based on these findings, we tried to confer

esistance to complement mediated inactivation upon
urine leukaemia virus (MLV) particles budding from
murine cell line. For this purpose an expression plas-
id for human CD59 was constructed (Fig. 1).
The packaging cell line PALSG/S, based on murine

A317 packaging cells [26] and stably transfected with
he retroviral vector pLXSNEGFP [27], was trans-
ected with pZeoSVCD59 and after zeocin selection
190 mg/ml) two resistant populations (PALSG/S-
D59.1 and PALSG/S-CD59.2, each consisting of more

han 300 independent colonies) were obtained. The
resence and activity of CD59 on the cell surface was
ested in a complement lysis assay (Fig. 2) using fresh
uman serum. Human serum was obtained as a pool
rom three healthy donors. Treatment with 100 ml hu-

an serum (Fig. 2A, left) resulted in a lysis of more
han 50% of parental PALSG/S cells (white bars). In
ontrast only 25% lysis was observed in the case of
ALSG/S-CD59.1 (dotted bars) and PALSG/S-CD59.2
ells (grey bars). A more pronounced effect is visible
fter treatment with 400 ml human serum (Fig. 2A,
ight). 90% of the parental PALSG/S cells were lysed
white bars), whereas the PALSG/S-CD59.1 and
ALSG/S-CD59.2 cells only showed 50% (dotted bars)
nd 30% (grey bars) lysis, respectively.
As expected human HeLa cells (black bars) were

ompletely protected, since these cells lack a-Gal
pitopes. The increase in cell number observed with
eLa cells (to about 120% of growth without human

erum) might be due to growth factors contained in
he human serum. A similar experiment was per-
ormed using parental PA317 cells as well as PA317
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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cells transfected with the construct pZeoSVCD59
(populations PA317CD59.1 and PA317CD59.2). Treat-
ment with 100 ml human serum (Fig. 2B, left) re-
sulted in lysis of about 50% PA317 cells (white bars),
but no detectable lysis of the two populations ex-
pressing CD59 (dotted and grey bars). Increasing
serum to 400 ml resulted in lysis of about 70% of
PA317 cells (white bars), whereas only 25% lysis
occurred with population PA317CD59.1 (dotted bars)
and no complement effect was seen with PA317CD59.2
(grey bars), indicating that the stable vector produc-
ing PALSG/S cells are more prone to complement
mediated lysis than PA317 cells. Transfection of the
murine packaging cells with the expression plasmid

/S, PALSG/S-CD59.1, PALSG/S-CD59.2, and HeLa (human cervical
ecco’s modified Eagle’s medium (DMEM, Gibco BRL) supplemented

medium was replaced by 2 ml of fresh DMEM/10% FCS containing
for 5 h at 37°C, before it was diluted by addition of 6 ml DMEM/10%
ithout human serum treatment was regarded as 100% (dotted line).
s PALSG/S-CD59.1 (dotted bars), PALSG/S-CD59.2 (grey bars) and
hite bars) and derived populations PA317CD59.1 (dotted bars),

mean and standard error of the mean values of three independent
FIG. 1. Expression plasmid pZeoSVCD59. The plasmid pZen-
eoCD59, that carries the CD59 cDNA [23], was digested with XhoI

Promega) and the resulting fragment of 1.2 kbp was ligated into the
ector pZeoSV (Invitrogen) that had been linearized with XhoI and
hen dephosphorylated using calf intestinal phosphatase (Promega).
fter butanol precipitation [24], the ligated DNA was used to trans-

orm E. coli DH10B (Gibco) using electroporation [25]. Transformed
olonies were selected on zeocin (25 mg/ml, Invitrogen) and plasmid
NA was isolated. Correct orientation of the insert was confirmed by

equence analysis using primers in the CD59 gene as well as the
loning vector. This plasmid, designated pZeoSVCD59 carried zeocin
esistance under transcriptional control of the CMV immediate early
romoter (CMVpr) and the CD59 cDNA under SV40 control
SV40pr).
FIG. 2. Effect of human serum on packaging cells. 1 3 106 PALSG
arcinoma) cells were seeded in 10-cm dishes (Sarstedt) with 10 ml Dulb
ith 10% fetal calf serum (FCS, Gibco/BRL). On the following day the
, 100 or 400 ml of human serum. Serum was allowed to act upon the cells
CS. On the next day the cells were counted. The cell number obtained w

A) Results obtained with PALSG/S (white bars) and derived population
eLa cells (black bars). In B there are populations with PA317 (w
A317CD59.2 (grey bars) and HeLa cells (black bars). Bars represent
xperiments.
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ZeoSV-CD59 rendered them resistant to human
omplement mediated lysis suggesting that func-
ional CD59 protein is present on the cell surface.
ncorporation of CD59 into retroviral vector particles
as assayed in a Western blot analysis of filtered

ultured supernatant (Fig. 3). A band of 18 kDa
orresponding to CD59 was detected in supernatant
rom PALSG/S cells transfected with pZenNeoCD59
23] (Fig. 3, lane 2) and pZeoSV-CD59 (Fig. 3, lanes

and 4) as well as in cell extracts of the human
562 B-lymphocyte cell line (Fig. 3, lane 1) and
eLa cells transfected with pZeoSV-CD59 (Fig. 3,

ane 5), whereas no detectable CD59 was found in
upernatant from parental PALSG/S cells (Fig. 3,
ane 6).

Finally the ability of virus-incorporated CD59 to pro-
ect the virions from complement inactivation was in-
estigated. Therefore filtered virus supernatant of the
ackaging cells was incubated with human serum for
ne hour before infection of target cells. Titers of the
D59-protected virus relative to the unprotected pa-

ental PALSG/S derived virus are shown in Fig. 4.
ddition of heat inactivated human serum (Fig. 4,

HS250) did not affect the titer significantly. With in-
reasing amounts of human serum (HS50, HS100,
S250) the titer of vector virus derived from parental
ALSG/S cells declined. With 250 ml of human serum

Fig. 4, HS250) the unprotected virus showed a
trongly (about 4000 fold) decreased titer, whereas the
irus from CD59 expressing packaging cells (dotted
nd grey bars) did not show such a dramatic drop in
iter, equivalent to a 50- and 200-fold better protection
han obtained with supernatant from the parental
ALSG/S cells. Similar but less pronounced effects
ere observed with lower serum concentrations (HS50
nd HS100, Fig. 4).

FIG. 3. Incorporation of CD59 into retroviral vector particles.
he two populations of CD59 expressing PALSG/S cells as well as
arental PALSG/S cells were allowed to grow to confluence in a
issue culture flask (185 cm2, Nunc) before medium was replaced by
resh serum free medium and 24 h later the culture supernatant was
ltered (0.45 mm pore size) and pelleted by ultracentrifugation

150000 3 g, 4 h). Proteins were separated in a 12% SDS-PAGE (40
, overnight). After transfer (2.5 mA/cm2, 1 h) to a Nylon membrane

Hybond-P, Amersham) detection of CD59 was performed using the
onoclonal antibody MEM-43 (Serotec, 1:250) and a secondary anti-
ouse alkaline phosphatase conjugated antibody (Promega, 1:5000).
anes 1 and 5 contain cell extracts from human K562 cells (1) and
eLa cells transfected with pZeoSV-CD59 (5), lanes 2 to 4 and 6

ontain supernatants from PALSG/S cells transfected with either
ZenNeoCD59 (2) or pZeoSV-CD59 (3, 4), as well as from parental
ALSG/S cells (6).
3

Our data demonstrate that CD59 is biologically func-
ional after transfection of PA317 and PALSG/S cells
ith the pZeoSVCD59 construct, as shown by the pro-

ection of the cells from complement mediated lysis.
urther, CD59 is incorporated into vector particles

eading to a partial protection of the virions from com-
lement mediated inactivation. Complement protec-
ion in the presence of 250 ml of human serum was 50
o 200-fold better than without CD59 in the packaging
ells. The better protection of virus from population
ALSG/S-CD59.2 resembles the observation made on
he cellular level: the PALSG/S-CD59.2 cells were bet-
er protected against complement mediated lysis than
ALSG/S-CD59.1 (Fig. 2A). This might be due to dif-

erences in expression levels of CD59 and/or a-Gal
pitopes on the cell surface.
The influence of human serum on the infectivity of
LV particles produced from human cells was shown

ome years ago and is dependent on both the cell and
irus type [10, 28]. The absence of a-Gal epitopes on
he viral surface does not guarantee complement resis-
ance, as particles released from human cells carrying
ifferent retroviral envelopes are still inactivated [10].
ndeed it is known that MLV surface proteins are able

FIG. 4. Effect of human complement on vector titer. PALSG/S,
ALSG/S-CD59.1 and PALSG/S-CD59.2 cells were grown to conflu-
nce in 10-cm dishes, before the medium was exchanged for 6 ml of
resh DMEM/10% FCS. On the next day the culture supernatant was
ltered (0.45 mm pore size) and 100 ml were mixed with 50, 100 or
50 ml of undiluted human serum. Parallel assays were performed
ith 250 ml of heat inactivated (56°C, 30 min) human serum. After

ncubation for one h at 37°C, DMEM/10% FCS was added to a total
olume of 2 ml, including Polybrene (8 mg/ml), before the superna-
ant was used to infect 1 3 106 HeLa cells as previously described
nd G418 resistant colonies determined [27]. The y-axis shows rel-
tive titers of CD59-protected virions compared to the titer of non-
rotected parental virus, which was regarded as 1. Data shown are
rom three independent experiments. From left to right factors are
hown after treatment with 250 ml inactivated serum (IHS250) as
ell as treated with 50, 100 and 250 ml human serum (HS50, HS100,
S250). Supernatant coming from PALSG/S-CD59.1 is shown as
otted and PALSG/S-CD59.2 as grey bars.
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o directly activate the complement cascade by binding
f C1q [29, 30]. A number of different approaches have
een used to overcome complement mediated inactiva-
ion, including soluble complement inhibitors [31], in-
ubation with a-Gal [32] and co-administration with
ynthetic inhibitors [33]. Expression of human CD59
as been shown to confer protection against comple-
ent mediated lysis in transgenic mice [23] and the

ene has been incorporated into retroviral vectors
hich have then been used to transfer complement

esistance to target cells [34]. In these experiments
uman serum was used to select both the packaging
ells as well as the transduced murine target cells [35].
ur findings extend these observations to the protec-

ion of retroviral vector particles against human com-
lement system.
Even vectors emanating from murine fibroblasts,
hich are known to product high levels of a-Gal [36],

an be significantly protected. As sensitivity to comple-
ent is conferred by viral and cellular factors, a com-

ination of a-Gal negative cells and overexpression of
ne or more human complement regulators might lead
o a complete protection against vector inactivation
hrough complement. It has been shown that even com-
lement sensitive retroviruses can infect primates [37,
8] and it might be expected that complement resistant
iruses may achieve this even more easily. Since a
umber of biologically active endogenous murine, por-
ine and feline retroviruses have also been described in
he past three years [39–44] that could potentially
ranscomplement or mobilize defective murine retrovi-
al vectors, it may be advisable to base packaging cell
ines on cells of human origin. Although a number of
uman endogenous viruses have been described these
hare little or no sequence homology with standard
LV based vectors, making the chance of recombina-

ion here extremely unlikely [45, 46]. Additionally,
ince the human endogenous retroviruses appear not
o give rise to replication competent virus it would not
e expected that they would be able to mobilize com-
lement resistant replication defective MLV vector
articles.
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