Immunology 2000 100 462-470

Human and rodent decay-accelerating factors (CDS5) are not species restricted in

their complement-inhibiting activities

C. L. HARRIS, O. B. SPILLER & B. P. MORGAN Complement Biology Group, Department of Medical Biochemistry,

University of Wales College of Medicine, Heath Park, Cardiff, UK

SUMMARY

Homologous complement activation is restricted on cells by the complement regulators, decay-
accelerating factor (DAF), membrane cofactor protein (MCP) and CD59. These proteins act in
concert with other membrane structures to protect cells from homologous complement attack. In
contrast, cells are usually sensitive to heterologous complement attack. It has been suggested that
species-specific restriction of complement activation can be attributed to the inability of regulators
to inhibit across species. We have investigated the capacities of human, rat and mouse analogues of
DAF to regulate homologous and heterologous complement. Cells transfected with cDNA
encoding these analogues were protected from heterologous complement attack. C3b-deposition
experiments indicated that whilst cells were best protected by DAF from the same species, all three
analogues inhibited human, rat and mouse complement. Comparable results were obtained in
haemolysis assays using soluble, recombinant forms of the proteins. Inhibition of the classical
pathway (CP) was best achieved with homologous DAF, although human DAF also inhibited rat
complement, rat DAF also inhibited human complement and mouse DAF inhibited complement
from all species. Human DAF was the best inhibitor of alternative pathway (AP)-mediated attack,
inhibiting complement from all species. Mouse DAF inhibited mouse and rat AP, whilst rat DAF
inhibited only rat AP. These data indicate that human and rodent analogues of DAF are not species
restricted and highlights interesting differences in the capacity to regulate AP and CP. This has
implications in broader fields of research, such as xenotransplantation, where cross-species

regulation of complement is of paramount importance.

INTRODUCTION

Cells express on their surface several proteins which protect
against complement (C) attack, namely C receptor 1 (CR1),
decay-accelerating factor (DAF), membrane cofactor protein
(MCP) and CD39.! CR1, DAF and MCP regulate the
activation pathways of C by either accelerating decay of the
C3 and CS5 convertase (CR1, DAF), or acting as cofactors for
the serine protease factor I, which cleaves and irreversibly
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inactivates C3b (CR1, MCP). CD359 acts to inhibit the terminal
pathway of C by binding to C8 during membrane attack
complex (MAC) formation and preventing C9 polymerization.
These membrane regulators together confer resistance against
homologous C. Both CD59 and DAF are linked to the
membrane by a glycosyl phosphatidylinositol (GPI) anchor.
Treatment of cells with phosphatidylinositol-specific phospho-
lipase C (PIPLC) removes GPI-anchored proteins, including
DAF and CD59, and increases cell susceptibility to homo-
logous C attack.>?

The phenomenon of species restriction of C was first
recognized in 1911 when it was demonstrated that human
erythrocytes (E) were more difficult to lyse with human serum
than with sera from other species.* Examination of C-mediated
lysis of E from different species using a panel of sera confirmed
that lysis is least effective when the source of cell and serum are
matched. Restriction is apparent, regardless of the pathway
used to activate C, and is evident in the terminal pathway in
addition to the activation pathways.>” Although it is clear that
membrane C regulators are extremely important in protecting
against homologous C, their capacity to regulate C from other
species is less certain. For each of the membrane C regulators a
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role in the phenomenon of species restriction has been
suggested. For example, early work suggested that CD59 was
species specific in its action, interacting only with C8 or C9
from the same species.* ' However, later work did not support
these early studies and it is now clear that human CD59 and
analogues from other species are not species specific in that
each can inhibit a range of different sera.'""'? The role of DAF
in species restriction has been studied largely by using
antibodies to block DAF function and assessing alteration in
cell susceptibility to lysis.>*'*~'> In some cases, blockade of
human DAF on E or nucleated cells enhanced lysis of cells by
homologous C whilst having no effect on lysis by heterologous
C, suggesting that DAF exhibited species selectivity. However,
in several of these studies, blockade of DAF also enhanced lysis
of cells by other heterologous sera, indicating that DAF was
not truly species restricted. The pioneering studies of
Hoffmann in 1969 also indicated that DAF was not species
restricted: extracts of human E membranes containing decay-
accelerating activity were shown to inhibit guinea-pig C.'¢

DAF analogues have recently been identified in rats and
mice, although only basic functional analysis has been
performed.'”™"® It therefore was opportune to undertake an
evaluation of the capacities of human and rodent DAF
analogues to inhibit C across species barriers. We undertook a
comprehensive analysis of the species specificity of the C-
inhibitory activities of each of the DAF analogues. We
examined the differential regulation of C in homologous and
heterologous sera by human, rat and mouse DAF expressed by
transfection on the surface of Chinese hamster ovary (CHO)
cells. Fluid-phase recombinant forms of each DAF protein
were generated and used to further analyse C regulation in
homologous and heterologous sera in the classical and
alternative pathways.

MATERIALS AND METHODS

Chemicals, reagents and buffers

Chemicals and reagents were from Sigma (Poole, Dorset, UK)
or Fisher Scientific (Loughborough, Leicestershire, UK) unless
otherwise stated below. All tissue culture reagents and plastics
were from Life Technologies (Paisley, Strathclyde, UK).
pDR2AEF1a was a gift from Dr I. Anegon (INSERM
U437; Nantes, France)®® and Signal plgplus was from R &
D Systems (Abingdon, Oxford, UK). Sheep E in Alsever’s
solution were from TCS Microbiology (Claydon, Bucks.,
UK), guinea-pig E from Harlan Sera-Labs (Loughborough,
Leicestershire, UK) and rabbit E were from the local animal
facility. Zymosan A was from Sigma. Human serum was
obtained by venepuncture from healthy volunteers; other sera
were obtained from the local animal facility. Polyclonal rabbit
anti-human CD359, rabbit anti-CHO and mouse anti-rabbit
erythrocyte antibodies were raised in-house using standard
techniques. Rabbit anti-sheep E (Amboceptor) was from
Behring Diagnostics GmbH (Marburg, Germany), rabbit
anti-rat immunoglobulin G conjugated to horseradish perox-
idase (IgG-HRP) and goat anti-mouse IgG-HRP were
purchased from BioRad Ltd (Hemel Hempstead, Herts.,
UK). Rabbit anti-rat IgG-fluorescein isothiocyanate (FITC)
was from Sigma and goat anti-mouse IgG-phycoerythrin (PE)
was purchased from DAKO Ltd (High Wycombe, Cambs.,
UK). Monoclonal anti-human DAF antibodies (BRIC110 and
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BRIC216) were from the International Blood Group Reference
Laboratory (Bristol, Avon, UK). A mouse monoclonal anti-
body (mAb), C3/30, that recognizes C3b and inactive C3b
(iC3b), but not native C3, was a gift from Novartis (Horsham,
Surrey, UK).>! mAbs recognizing mouse DAF (3D5), rat DAF
(RDIII-7) and human DAF (MBC1) were raised in this
laboratory and were used for flow cytometry and Western
blotting.?> Rat monoclonal anti-mouse C3 (RMC11H9) was
obtained from Connex GmbH (Martinsried, Germany).
Soluble, recombinant human C receptor 1 (sCR1) was a gift
from T Cell Sciences Inc (Needham, MA), Prosep A was from
Bioprocessing Ltd (Consett, Co. Durham, UK). Restriction
enzymes were from Amersham (Little Chalfont, Bucks., UK),
T4 DNA ligase from Promega (Southampton, Hants., UK),
dNTPs from Bioline (London, UK) and Vent DNA poly-
merase from New England Biolabs Ltd (Hitchin, Herts., UK).
Primers and other molecular biology reagents were from Life
Technologies.

Phosphate-buffered saline (PBS) (8:1 mm Na,POy, 1-:5 mm
KH,POy,, 137 mm NaCl, 2-7 mm KCI, pH 7-4) was from Oxoid
Ltd (Basingstoke, Hants., UK). C-fixation diluent (CFD)
(2:8 mm barbituric acid, 1455 mm NaCl, 0-8 mm MgCl,,
0-3 mm CaCl,, 09 mm sodium barbital, pH 7-2) was from
Oxoid Ltd. gelatin veronal buffer (GVB) was CFD containing
0-1% (w/v) gelatin. Alternative pathway buffer (APB) was 5 mm
sodium barbital, pH 7-4, 150 mm NaCl, 7 mm MgCl,, 10 mm
ethylene glycol-bis-(B-aminoethyl ether) N,N,N’,N'-tetraacetic
acid (EGTA) and 0-1% (w/v) gelatin. Flow cytometry medium
(FCM) was PBS containing 15 mm EDTA, 30 mwm sodium azide
and 1% (w/v) bovine serum albumin (BSA).

Transfection of CHO cells

CHO cells obtained from the European Collection of Animal
Cell Cultures (ECACC; Salisbury, Wilts., UK) were transfected
with the empty eukaryotic expression vector, pPDR2AEF1a, or
vector containing human, rat or mouse DAF cDNA, as
described previously.?? In order to remove non-expressing cells,
cultures were preincubated with 10 pg/ml of specific mAb and
positive cells were selected under aseptic conditions using
rabbit anti-mouse immunoglobulin-conjugated magnetic
beads, according to the manufacturer’s instructions (Dyna-
beads; Dynal, Oslo, Norway). Flow cytometric analysis
indicated that non-expressing cells had been removed. In all
cases only one round of magnetic selection was required to
obtain uniform, high-level expression of DAF.

Analysis of DAF expression

Expression of DAF analogues was analysed by flow cytometry
and Western blot. For flow cytometry, transfected CHO cells
were harvested, disaggregated in PBS containing 10 mm EDTA
and suspended to a final concentration of 10° cells/ml in FCM.
Cells (10°) were incubated with primary antibodies (10 pg/ml)
for 30 min on ice, washed three times in FCM and incubated
for 30 min at 4° with either PE-conjugated goat anti-mouse
immunoglobulin or FITC-conjugated goat anti-rat immuno-
globulin. Cells were washed three times in FCM and analysed
on a fluorescence-activated cell sorter (FACScalibur; Becton-
Dickinson, Oxford, UK). All studies were carried out in
triplicate. For Western blot analysis, cell lysates (2 x 107 cells/
ml of lysis buffer) were prepared and analysed, essentially as
described previously.'” Blots were probed first with specific
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mAbs at 01 ug/ml in phosphate-buffered saline Tween
(PBST)/milk for 1 hr at room temperature and then with a
1:1000 dilution of HRP-conjugated goat anti-mouse immu-
noglobulin or goat anti-rat immunoglobulin. The presence of
bound HRP-conjugated secondary antibody was detected
using enhanced chemiluminescence (ECL; Amersham) and
X-ray film. No bands were detected on blots incubated with
secondary antibody only.

Calcein lysis assay

Complement-mediated lysis of control cells or cells expressing
DAF was assessed by calcein release as described previously
with the following modifications.'® Cells were sensitized by
incubation with serum-free Dulbecco’s modified Eagle’s
minimal essential medium (DMEM) containing a specified
dilution of heat-inactivated rabbit polyclonal antiserum raised
against untransfected CHO cells. Sensitized cells were rinsed
and incubated with rat or human serum (0-25 ml of a 20%
dilution in CFD) for 1 hr at 37°. The per cent calcein release by
serum was calculated and expressed as a percentage of total
calcein loaded into the cells, as described previously.!® All
conditions were assayed in triplicate.

C3-deposition assays

CHO cells expressing rat, mouse, or human GPI-anchored
DAF or vector control cells were disaggregated in FCM. Cells
(5% 10° per incubation) were sensitized by incubation for
15 min at room temperature with an equal volume of different
dilutions of heat-inactivated polyclonal rabbit anti-CHO
antiserum, as indicated in the text. Cells were washed twice
in PBS (800 g, 3 min, 4°), once in CFD and then resuspended in
serum diluted in CFD. Cells were incubated with serum for
15 min at 37° (human serum) or 30 min at 37° (mouse serum or
Co6-deficient rat serum) and then washed three times with
FCM. Cell-bound C3b/iC3b was detected using mouse
monoclonal C3/30 (anti-human C3, which also detects rat
C3) or rat monoclonal 11H9 (anti-mouse C3). Bound anti-C3
antibody was detected with either PE-conjugated goat anti-
mouse immunoglobulin or FITC-conjugated rabbit anti-rat
immunoglobulin. Samples were analysed on a Becton-Dick-
inson FACScalibur, as described above. Background levels
were set using control cells that consisted of cells incubated
with anti-C3 antibody but not exposed to C, and cells exposed
to C but not incubated with primary antibody.

Generation and purification of DAF-Fc fusion proteins

Total RNA was prepared from mouse testis tissue or rat lung
tissue using Ultraspec Total RNA Isolation Reagent (Biotecx
Laboratories Inc., Houston, TX) and was reverse transcribed,
according to standard protocols, using Superscript reverse
transcriptase (Life Technologies) and oligo(dT) (CCAGT-
GAGCAGAGTGACGAGGACTGGAGCTCA AGCTyy). In
order to generate soluble, recombinant forms of mouse, rat and
human DAF, DNA encoding the first four short consensus
repeats (SCRs) was amplified by the polymerase chain reaction
(PCR) using Vent DNA polymerase, from mouse testis cDNA,
rat lung cDNA or from plasmid containing full-length human
DAF ¢DNA.?® Primers used for amplification incorporated
restriction sites enabling ligation into the expression vector,
Signal plgplus (R & D Systems), following digestion of the
PCR product with Xbal and BamHI and the vector with Nhel

and BamHI. Primers were as follows, human DAF: 5'-
GTGTCTAGAGACTGTGGCCTTCCCCAG-3’ (sense) and
5-GGTGGATCCTTGGAAGTTAGAGATTTTC-3" (anti-
sense); mouse DAF: 5GGCTCTAGAGACTGCGGCCCAC
CTCCAGAC-3’ (sense) and 5-CGCGGATCCGATTTCTC-
TATGCAGCGGGG-3' (antisense); rat DAF: 5-CGCG
GATCCTGTCTCTCTATGCACTTGGG-3', sense primer as
for mouse DAF. PCR products were ligated into the expression
vector Signal plgplus (R & D Systems), according to the
manufacturer’s instructions, ensuring that it was in-frame with
DNA encoding the hinge and Fc regions of human IgGl.
Expression would result in soluble forms of DAF consisting of
the four SCRs linked to the Fc domain of human IgG1 (‘DAF-
immunoglobulin’, DAF-Ig). Ligation into the multiple cloning
site resulted in addition of five amino acids to the N-terminus
of the mature protein (Asp-Lys-Leu-Ala-Arg-). The C-terminal
residues of DAF were (as in the published sequences of the
mature proteins): Asn253 for rat DAF;'® Ser254 for mouse
DAF;'” and Lys257 for human DAF.? In order to obtain high
levels of secretion, DNA encoding the DAF-Fc fusion protein
was subcloned into the expression vector, pDR2AEFla.
Sequencing confirmed that no errors had been introduced by
PCR. CHO cells were transfected with plasmid, as described
previously,'® stable cell lines were generated and culture
supernatant was harvested. DAF-Ig constructs were purified
from the supernatant by protein-A affinity chromatography
(Prosep A; Bioprocessing Ltd). A 0-1-m citrate buffer (pH 5-0)
wash was used to remove weakly bound contaminants, and
fusion proteins were eluted using 0-1 m glycine/HCI, pH 2-5.
Fractions containing DAF-Ig were pooled, neutralized with
1 m Tris, concentrated by ultrafiltration and dialysed against
PBS. Protein concentration was determined using Coomassie
protein assay reagent (Pierce & Warriner, Chester, Ches., UK),
according to the manufacturer’s instructions and using BSA as
a standard. Purity was assessed by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE).

Lysis of human E by heterologous C

Human E were washed and resuspended in PBS at 2% (v/v). E
were sensitized by incubating 1 volume for 30 min at 37° with 1
volume of PBS containing rabbit anti-human CD59 antiserum
(1:25 dilution), in the presence or absence of neutralizing anti-
DAF mAb (BRIC110 and BRIC216) at 10 pug/ml each.
Antibody-coated E (EA) were washed twice in GVB and
resuspended to 1% (v/v). A portion of cells was incubated for
10 min at 37° with an equal volume of a serum dilution
previously titred to give subtotal levels of lysis. Per cent lysis
was calculated as described previously.'®

Haemolysis assays to test function of soluble DAF

Classical pathway (CP) assays. Sheep E were sensitized by
incubating 1 volume of 4% E (v/v) with 1 volume of 1:250
rabbit anti-sheep E for 20 min at 37°. Rabbit E were sensitized
by incubating 1 volume of 4% E (v/v) with 1 volume of 1:250
mouse anti-rabbit E for 30 min at 37°. Sensitized cells were
washed twice in GVB and resuspended to 2%. Fifty microlitres
of EA (sheep EA for rat and human CP; rabbit EA for mouse
CP) was incubated with 50 pl of serum and 50 pl of a dilution
of DAF-Ig or control protein. All dilutions were made in GVB
and serum was previously titred to yield between 50 and 60%
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Figure 1. Expression of decay-accelerating factor (DAF) on the surface
of transfected cells.(a) Cells expressing human, rat or mouse DAF were
stained with specific monoclonal anti-DAF antibodies and analysed by
flow cytometry. (b) Lysates from cells expressing DAF and vector
control cells were subjected to sodium dodecyl sulphate—polyacryla-
mide gel electrophoresis (SDS-PAGE) and Western blot. Blots were
probed with specific monoclonal anti-DAF antibodies and horseradish
peroxidase (HRP)-linked secondary antibody. Bands were visualized
using enhanced chemiluminescence (ECL). Relative molecular mass
band sizes are indicated at the left of the blot. E, empty vector; M, cells
expressing mouse DAF; R, cells expressing rat DAF; H, cells expressing
human DAF.

lysis in the absence of inhibitor. Cells were incubated at 37° for
30 min (sheep EA) or 40 min (rabbit EA). Per cent lysis was
calculated as described previously.'’

% Inhibition = 100 x [(% Lysis of the negative con-
trol — % Lysis of the test sample)/(% Lysis of the negative
control)]

Alternative pathway (AP) assays.  Guinea-pig E (rat
AP assay) and rabbit E (human AP assay) were washed in APB
and resuspended to 1% (v/v). For the mouse AP assay,
1 volume of 2% rabbit E in APB was mixed with 1 volume of
20 mg/ml zymosan in APB. Fifty microlitres of E (or E/
zymosan for mouse AP) was incubated with 50 pl of serum and
50 ul of a dilution of DAF-Ig or control protein. All dilutions
were made in APB and serum was previously titred to yield
~70% lysis. Cells were incubated at 37° for 30 min (human
AP), 40 min (rat AP) or 60 min (mouse AP). Per cent inhibition
was calculated as described above.

RESULTS

Blockade of DAF on human E enhances lysis by heterologous
serum

Human E were sensitized with rabbit polyclonal anti-human
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Table 1. Inhibition of decay-accelerating factor (DAF) on human
erythrocytes (E) enhances lysis by homologous and heterologous
complement (C)

% Lysis
Source of serum Dilution Anti-DAF — Anti-DAF +
Human 1:160 24+06 87456
Rat 1:160 31406 764+2-1
Sheep 1:80 29+36 84440
Guinea-pig 1:80 10+1-7 88+2-5
Bovine 1:10 25425 74+1-0
Goat 1:10 4406 21426
Pig 1:80 16+1-5 81456
Rabbit 1:80 41415 88+4-0
Mouse 1:20 39+2:6 65+1-5

Sensitized cells were incubated with sera in the absence or presence of
function-blocking anti-DAF antibodies. Per cent lysis was assessed by
release of haemoglobin to the supernatant. Results represent the mean
value +SD of triplicate samples.

CD59 in the presence or absence of function-blocking
monoclonal anti-DAF antibodies (BRIC110 and BRIC216).
In addition to sensitizing the cells to C attack, use of polyclonal
anti-CD59 resulted in an increased susceptibility to lysis
through blockade of CD59 function. Sensitized cells were then
incubated with sera from different species and haemolysis was
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Figure 2. Protection of transfected Chinese hamster ovary (CHO) cells
from lysis. Sensitized vector control cells ([J) or cells expressing human
decay-accelerating factor (DAF) (<), rat DAF (O) or mouse DAF (A)
were subjected to attack by (a) human complement (C) or (b) rat C.
Lysis was assessed by release of calcein to the supernatant. Results
represent the mean value +SD of three determinations.
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Figure 3. Deposition of C3 fragments on transfected Chinese hamster
ovary (CHO) cells expressing decay-accelerating factor (DAF).
Sensitized vector control cells ([J) or cells expressing human decay-
accelerating factor (DAF) (<), rat DAF (O) or mouse DAF (A) were
subjected to attack by (a) human complement (C) (b) rat C, or (c)
mouse C. Deposition of C3 fragments was measured using anti-C3
monoclonal antibodies (mAbs) and flow cytometry. Results represent
the mean value +SD of three determinations.

assessed by release of haemoglobin to the supernatant. Nine
different sources of C were used and, in each case, preincuba-
tion of E with blocking anti-DAF antibodies increased their
susceptibility to lysis (Table 1). The mouse mADb used to block
DAF function were both of isotype IgG1 and have previously
been shown not to activate C.>*

Expression and functional analysis of DAF on CHO cells

The preliminary experiment described above suggested that C
inhibition by human DAF was not species specific. In order to
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Figure 4. Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) of purified decay-accelerating factor (DAF)-immuno-
globulin fusion proteins. DAF-immunoglobulin was purified from the
supernatant of transfected cells using protein-A affinity chromato-
graphy. Purified protein (4 ug) was analysed on an 8% separating
polyacrylamide gel; bands were visualized using Coomassie Brilliant
Blue staining. M, mouse DAF-immunoglobulin; R, rat DAF-
immunoglobulin; H, human DAF-immunoglobulin. Relative molecu-
lar mass band sizes are indicated at the left of the gel.

analyse species specificity in more depth, a different approach
was adopted in which CHO cells were transfected with DNA
encoding DAF from different species. DNA encoding the GPI-
anchored forms of human, rat and mouse DAF was cloned into
the high-expression vector, pPDR2AEF1a, and transfected into
CHO cells. Stable cell lines were generated by selection. High-
level expression of DAF on the cell surface was confirmed by
flow cytometry using in-house-generated mAb (Fig. la).
Western blot analysis demonstrated specific bands of the
expected sizes for all species of DAF (Fig. 1b).Transfected cells
expressing DAF were then analysed for protection from CP-
mediated C attack. Sensitized cells were attacked with rat or
human C under conditions in which lytic killing of control cells
was obtained (Fig. 2). Protection from mouse C could not be
determined using this assay as mouse serum was non-lytic
under these experimental conditions. CHO cells expressing
human, rat or mouse DAF were equally protected from attack
by human or rat C, illustrating the ability of all three species of
DAF to regulate heterologous C. Deposition of C3 fragments
on the cell surface was used to further assess decay-accelerating
activity of surface-expressed DAF. Cells were attacked under
non-lytic conditions with human, mouse or rat C and deposited
C3b was detected by flow cytometry using monoclonal anti-C3
antibody (Fig. 3). Protection from human C attack, as assessed
by C3b deposition, was provided by all three DAF analogues in
the rank order human >rat>mouse. All DAF analogues were
equally effective at protection from C3b deposition from rat C,
whereas C3b deposition from mouse C was inhibited in the
order mouse >rat>human DAF.
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Figure 5. Inhibition of classical pathway (CP)-mediated haemolysis by
soluble, recombinant decay-accelerating factor (DAF)-Ig fusion
protein. Sensitized erythrocytes (E) were incubated in gelatin veronal
buffer (GVB) with different concentrations of soluble CR1 (sCR1) ([J),
human DAF-Ig (<©), rat DAF-Ig (O) or mouse DAF-Ig (A) and (a)
human, (b) rat, or (c) mouse serum. Haemolysis was assessed by release
of haemoglobin to the supernatant and per cent inhibition was
determined. Results represent the mean value + SD of three determina-

tions.

© 2000 Blackwell Science Ltd, Immunology, 100, 462-470

@

100 4

80 -

60 -

40 1

15 20

(b)
100 7 Rat serum

60 -

% Inhibition

40

20

100 ;  Mouse serum

Inhibitor (pg/ml)

Figure 6. Inhibition of alternative pathway (AP)-mediated haemolysis
by soluble, recombinant decay-accelerating factor (DAF)-Ig fusion
proteins. Erythrocytes (E) were incubated in AP buffer with different
concentrations of soluble CR1 (sCR1) ([J), human DAF-Ig (<), rat
DAF-Ig (O) or mouse DAF-Ig (A) and (a) human, (b) rat, or (¢c) mouse
serum. Haemolysis was assessed by release of haemoglobin to the
supernatant and per cent inhibition was determined. Results represent
the mean value+ SD of three determinations.
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Cross-species inhibitory activity of soluble DAF

The native forms of all three DAF analogues contain four
SCRs at the N-terminal end of the molecule which bind C3b/
C4b and bestow the molecule with decay-accelerating activ-
ity.zs’26 Soluble, recombinant forms of human, rat and mouse
DAF were generated, consisting of the four SCRs linked to the
Fc domain of human IgGl. These soluble forms of the
regulators were ‘antibody-like’ molecules consisting of two
DAF moieties linked together through the antibody hinge
region, and are termed DAF-Ig. The agents were expressed in
CHO cells and purified by protein-A affinity chromatography.
This yielded highly purified proteins of approximate molecular
mass 140 kDa (Fig. 4).

To assess inhibition of the CP, antibody-sensitized cells
were incubated with different dilutions of rat, mouse or human
DAF-Ig and an amount of serum previously titred to give
between 50 and 60% haemolysis. Assays were performed using
soluble, recombinant CR1 (sCR1), a powerful fluid-phase
inhibitor of C activation, as a positive control for inhibition,
and a non-regulatory SCR-containing Fc fusion protein as a
negative control. Whilst some background activation of the AP
may occur in these assays it is probable that complement is
activated predominantly via the CP and that AP activation
occurs to a very small extent, if at all. Human DAF inhibited
human and rat CP, rat DAF inhibited rat and human CP, and
mouse DAF inhibited CP from all three species (Fig. 5). C
inhibition was best achieved by homologous DAF, except in
the case of rat C where both rodent DAFs were equally
effective. AP inhibition was assessed using appropriate
activating surfaces and an amount of serum previously titred
to give between 50 and 70% haemolysis. Soluble human DAF-
immunoglobulin was the most powerful inhibitor of both
human and rat AP and also inhibited mouse AP, albeit less
efficiently (Fig. 6). Rat DAF inhibited only rat AP and mouse
DAF inhibited both rat and mouse AP. Soluble CR1 inhibited
in all these systems.

DISCUSSION

E from most species are remarkably resistant to lysis by
homologous C, regardless of whether attack is initiated via the
CP or AP.*” Many factors contribute to resistance, the additive
effect being protection from damage by homologous C. In
humans, cell-surface characteristics, such as the density of sialic
acid, have been shown to have an important role in restriction
of activation on self-cells.”?’ Binding of the fluid-phase C
regulator, fH, may also inhibit C activation.”® However,
numerous blocking studies and evidence from deficient cell
lines have shown that the membrane C-regulatory proteins
DAF, MCP and CD59 together provide the principal defence
against damage by homologous C in humans and other
mammals.! In contrast to this stubborn resistance to homo-
logous C, E and nucleated cells are often vulnerable to attack
by heterologous C.>'*'%? The molecular basis of this species-
specific protection is poorly defined. The greater sensitivity to
heterologous sera cannot be attributed solely to the presence of
natural anti-cell antibodies, implying that mechanisms exist on
cells to preferentially inhibit homologous C.%° The membrane
C regulators CD59, DAF and MCP have been implicated as
species-specific restriction factors in many studies. In several of

the early studies of CD59 it was suggested that this molecule
might be the elusive ‘homologous restriction factor’ responsible
for protecting specifically against homologous C.51%15 How-
ever, it has since been demonstrated that CD59 will inhibit C
from many other species, sometimes more efficiently than it
regulates homologous C.'!123!

Several studies have used blocking antibodies to address the
capacity of human DAF to regulate activation of C on the cell
surface.>137152° Heterologous C, in particular rabbit C, caused
much greater lysis of human cells than homologous C. When
DAF was blocked, lysis by human C was increased to levels
similar to those obtained with rabbit C, lysis by guinea-pig C
was enhanced, but lysis by rabbit C was unaffected.'” A
soluble, recombinant form of human DAF was shown to
inhibit human and guinea-pig C, but not mouse, rat or rabbit
C.*? These confusing data sets have been interpreted as
evidence that DAF is species restricted. Our first experiments
replicated and extended some of these earlier studies by
examining the effects of antibody blockade of DAF on lysis of
human E using a range of sera. Blocking DAF enhanced lysis
by every serum examined, indicating that human DAF C-
regulatory activity was not species restricted (Table 1).

We subsequently proceeded to analyse whether human
DAF and rat and mouse DAF analogues were species restricted
in their C-inhibitory activities. CHO cells were transfected to
generate CHO clones abundantly expressing each DAF, and
each of the DAF analogues was tested for its ability to regulate
C activation via the CP using sera from each of the three
species. Measurement of C3 deposition proved to be the most
sensitive indicator of C activation and demonstrated that, while
C was usually best regulated by DAF from the same species,
there was substantial cross-species activity, each DAF
analogue causing substantial inhibition of each C (Fig. 3). In
the case of rat C, all three DAF analogues were equally
protective. Cross-species activities of the three DAF analogues
was confirmed in lysis assays (Fig. 2). Minor discrepancies
between the results obtained in the two assays may be explained
by the fact that C3 deposition is a direct measure of DAF
function whereas lysis is dependent upon downstream factors,
including CD59.

We wished to confirm these surprising results in another
system. It has previously been shown that soluble, human DAF
can function to regulate C on cell surfaces or in the fluid
phase.?%*2 We therefore generated DAF-Ig fusion proteins for
DAF from each species. These were efficiently synthesized in
CHO cells and purified to homogeneity, enabling accurate
quantification, essential for comparison of functional activities.
The use of soluble forms of DAF for these studies eliminates
any possible role of spatial orientation and length of serine/
threonine/proline-rich (STP) region, previously suggested to be
important for the efficient functioning of DAF on the
membrane.? Although the influence of length of STP region
on DAF function in other species is uncertain,>? it is possible
that the spacing requirements vary between DAF analogues
and different species of C. The use of fluid-phase forms of DAF
removes this confounding factor.

The three DAF-Ig fusion proteins were compared in simple
haemolysis assays in which human, rat or mouse C were
activated via either the CP or AP. Quantification of the
inhibitor was precise, enabling comparison of functional
activity using equimolar amounts of DAF, a comparison
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impossible to achieve using transfected cells. For each species
tested, inhibition of the CP by soluble DAF was most effective
with homologous DAF (Fig. 5). The human CP was also
inhibited by rat and mouse DAF, and rat C by human and
mouse DAF, whereas mouse C was inhibited only by mouse
DAF. These findings are in broad agreement with the
C3-deposition data obtained from transfected cells, except
for the apparent species restriction of mouse C in the fluid-
phase CP assays. We have no explanation for this incon-
sistency, although it is possible that cell-surface structures on
the surface of E, used as the target in the haemolysis assays,
may also influence regulation of C by soluble DAF. In a
recently described DAF-knockout mouse, the DAF-deficient E
were more susceptible to CP-mediated lysis by human and
guinea-pig C, supporting the suggestion that mouse DAF is not
species restricted in its mode of action.** In the AP, human
DAF was the most efficient inhibitor for both human and rat C
and also inhibited the mouse AP, albeit less efficiently. Rat
DAF was an AP inhibitor only for rat C, whilst mouse DAF
inhibited the AP of mouse and rat C (Fig. 6). These findings
indicate that species selectivity of the DAF analogues is more
apparent in the AP than in the CP.

Cross-species reactivity of C regulators has implications in
many fields of C research. Soluble, recombinant forms of
human regulators, in particular human CR1, have been used as
anti-C therapeutic reagents in animal models of disease.! A
knowledge of the capacity to regulate in each of the activation
pathways across species barriers is essential for these applica-
tions. The ability of endogenous regulators to inhibit C from
another species is also pertinent to the field of xenotransplan-
tation where the target is the transplantation of pig organs into
humans.>® The dogma implicating membrane C regulators as
species restriction factors has driven the generation of
transgenic pigs expressing human DAF and other regulators.
The expectation is that organ destruction mediated by
heterologous C attack will be prevented by the presence of
human DAF on the endothelial cells of the transplanted organ.
Our data demonstrate that neither human nor rodent DAF are
species restricted in that they can regulate both homologous
and heterologous C in CP and AP assays. Comparison of
human and rodent DAF analogues does suggest a degree of
species selectivity in some species combinations. Our pre-
liminary studies with the porcine analogue of DAF indicate
that it is a more efficient inhibitor of human than porcine C
(J. M. Perez de la Lastra et al., in preparation). With improved
understanding of cross-species activities of C regulators,
current strategies for protection of xenografts from C will
need to be revisited.
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