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Aims and Scope

Molecular Immunology is primarily devoted to the publication of immunological knowledge which can be delineated at the molecular
level. Within this framework are included contributions concerned with the molecular analysis of the cellular components and processes
which underlie the physiological behavior of cells involved in immune phenomena. Papers which merely describe new monoclonal
antibodies and/or epitope mapping will no longer be accepted unless they have a direct relevance to the understanding
of the immune system. The various forms of communications in Molecular Immunology will be as follows:

Research Reports. These constitute the major category of communications. Each report consists of a detailed and complete description
of the research problem, the experimental approach and the findings. It must provide new and significant knowledge and contain the
information essential for verification of conclusions by other laboratories. Manuscripts are subject to detailed scrutiny by expert reviewers
whose recommendations are the primary determinants of acceptability for publication. Groups of research reports considered as ‘mini
symposia’ may also be organized by a Guest Editor, in agreement with the board of Regional Editors. Such reports will also be subject
to critical review. It is anticipated that the publication of such invited groups of papers in selected areas may promote new openings in
recently emerging fields and encourage individual contributions in these new areas.

Short Communications. To provide rapid dissemination of timely and significant observations in molecular immunology, the journal
will publish short communications in the form of a photographic reproduction of the original manuscript (2 or 4 pages). These manuscripts
will also be evaluated by experts. It is anticipated that they will be published within eight weeks following acceptance by a Regional Editor.

Brief Structural Data Reports. This new item is intended to provide an opportunity to publish new protein or gene sequences or
other definitive structural data of obvious immunological interest. Materials should be typed for camera-ready printing (2 pages). A brief
outline of sequencing strategy should be included. Whenever suited, comparison with relevant sequence(s) should be included. An
accession number, to be obtained from one of the classical data banks, should be provided with the manuscript.

Review Articles. Review articles may be published at the invitation of the Regional Editors. Anyone interested in submitting a scholarly
and critical review of a timely subject in molecular immunology should contact the appropriate Regional Editor.

Letters to the Editor. Comments about published papers with the option of simultaneous reply, and commentaries on contemporary
issues of immunological interest submitted as Letters to the Editor, will be considered for publication. They will be directly reviewed by
one of the Regional Editors.

Viewpoints. Brief communications devoted to the formulation of challenging new ideas will be considered. They should possess the
potential of suggesting novel experiments which meet the criterion of falsifiability (Karl Popper, The Logic of Scientific Discovery, 1959).

Announcements. Announcements of forthcoming meetings and conferences of immunological interest should be sent in duplicate
to a Regional Editor.

Summaries of Meetings and Conferences. Such summaries may be published in the form of reports prepared by selected
individuals in attendance.
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INHIBITION OF COMPLEMENT ACTIVITY BY HUMANIZED
ANTI-C5 ANTIBODY AND SINGLE-CHAIN Fv.

THOMAS C. THOMAS,* SCOTT A. ROLLINS, RUSSELL P. ROTHER,
MICHELLE A. GIANNONI, SANDRA L. HARTMAN, EILEEN A. ELLIOTT,
STEVEN H. NYE, LOUIS A. MATIS, STEPHEN P. SQUINTO AND
MARK J. EVANSY

Alexion Pharmaceuticals, 25 Science Park, New Haven, CT 06511, U.S.A.
(Received 1 July 1996; accepted in revised form 6 September 1996)

Abstract—Activation of the complement system contributes significantly to the pathogenesis of
numerous acute and chronic diseases. Recently, a monoclonal antibody (5G1.1) that recognizes the
human complement protein C5, has been shown to effectively block C5 cleavage, thereby preventing
the generation of the pro-inflammatory complement components CSa and C5b-9. Humanized 5G1.1
antibody, Fab and scFv molecules have been produced by grafting the complementarity determining
regions of 5G1.1 on to human framework regions. Competitive ELISA analysis indicated that no
framework changes were required in the humanized variable regions for retention of high affinity
binding to C5, even at framework positions predicted by computer modeling to influence CDR
canonical structure. The humanized Fab and scFv molecules blocked complement-mediated lysis of
chicken erythrocytes and porcine aortic endothelial cells in a dose-dependent fashion, with complete
complement inhibition occurring at a three-fold molar excess, relative to the human CS5 concentration.
In contrast to a previously characterized anti-C5 scFv molecule, the humanized h5G1.1 scFv also
effectively blocked C5a generation. Finally. an intact humanized h5G1.1 antibody blocked human
complement lytic activity at concentrations identical to the original murine monoclonal antibody.
These results demonstrate that humanized h5G1.1 and its recombinant derivatives retain both the
affinity and blocking functions of the murine 5G1.1 antibody, and suggest that these molecules may
serve as potent inhibitors of complement-mediated pathology in human inflammatory diseases.
@© 1997 Elsevier Science Ltd. All rights reserved.

Key words: complement, C5, humanized antibody, Fab, scFv.

INTRODUCTION

Activated components of the complement system are
believed to contribute to many of the pathophysiological
mechanisms underlying numerous acute and chronic
inflammatory processes (reviewed in Morgan (1994)).
For example, cleavage of C3 generates both C3a, a rela-
tively weak chemoattractant for neutrophils and C3b, a
potent opsonin. The subsequent cleavage of CS generates
C5a, a potent chemo-attractant and activator of neu-
trophils, as well as CSb, which initiates deposition of the
membrane attack complex C5b-9 on the cell surface. The
recruitment of neutrophils contributes significantly to
inflammatory tissue injury in numerous experimental sys-
tems (reviewed in Korthius and Granger (1994)), while
C5b-9 deposition can result in cell activation due to cal-
cium influx (Morgan, 1989), upregulation of cell surface
adhesion molecules (Hattort er al., 1989) or in cell lysis.
The complement cascade is regulated by endogenous
inhibitors which act at numerous points including C1,

*Author to whom correspondence should be addressed.
fCurrent address: Women’s Health Research Institute, Wyeth-
Ayerst Research, Radnor, PA 19087, U.S.A.

C4, C3 convertase activity, C5 convertase activity and
the formation of C5b-9 (Lachmann, 1991). Development
of a soluble form of complement receptor type 1 (sCR1),
an inhibitor of C3 convertase activity, has provided a
means to examine the potential of complement inhibition
for the amelioration of several disease processes includ-
ing xenotransplant rejection (Pruitt et al., 1994), lung
and dermal immune complex-mediated injury (Mulligan
et al., 1992), experimental allergic encephalomyelitis
(Piddlesden et al., 1994), cardiopulmonary bypass (Moat
et al., 1992; Gillinov et al., 1993) and reperfusion injury
(Weisman et al., 1990; Smith et al., 1993; Pemberton et al.,
1993). However, inhibition of the complement cascade by
sCR1 at the level of C3 convertase activity may be
predicted to have significant clinical side effects. Gener-
ation of C3b is essential for the normal phagocytosis of
bacterial and fungal pathogens as well as the clearance of
circulating immune complexes (Liszewski and Atkinson,
1993). In fact, humans genetically deficient in C3 are
subject to recurrent life-threatening infections and also
suffer from a greatly increased incidence of autoimmune
diseases such as systemic lupus erythrematosus and glo-
merulonephritis (Ross and Densen, 1984).

To avoid these complications, we have focused on the

1389
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inhibition of the complement cascade at the level of CS5,
thereby blocking formation of the proinflammatory
complement activation products C5a and C5b-9, while
preserving the generation of C3b. Patients with a genetic
deficiency of CS5 suffer only from an increased incidence
of Neisserial infections, which are in fact milder than
infections in patients having normal levels of C5 (Ross
and Densen, 1984). As there are no endogenous inhibitors
specific for the CS convertases, monoclonal antibodies
were developed, which bind human C5 and prevent its
cleavage by CS5 convertase (Wiirzner ef al., 1991; Khro-
shus et al., 1995). These antibodies inhibit complement-
mediated acute cardiac tissue injury occurring in perfused
heart models of xenotransplantation (Kroshus e al.,
1995) and block leukocyte and platelet activation in an
ex vivo recirculation model of cardiopulmonary bypass
(Rinder et al., 1995). Additionally, in pigs, a monoclonal
antibody against C5a reduces myocardial infarct size by
35% (Amsterdam et al., 1995). Finally, a monoclonal
antibody against mouse C5 (Frei et al., 1987) blocks
progression of established arthritis in a murine collagen-
induced arthritis model (Wang et al., 1995) and prevents
development of glomerulonephritis in a murine model of
systemic lupus erythromatosis (Wang er al., 1995).

The desired pharmacological properties of comp-
lement inhibitors are dramatically different for acute ver-
sus chronic settings. In acute settings, a complement
inhibitor should have a relatively short serum half-life,
coupled with a rapid rate of tissue penetration, since
complement activation occurs within the tissue (Schéfer
et al., 1986; Hugo et al., 1990). Large molecules such as
monoclonal antibodies have very slow rates of tissue
penetration as compared to smaller molecules such as
Fab fragments (Covell et al., 1986) or single chain Fv
(scFv) molecules (Yokota et al., 1992). A complement
inhibitor used in chronic settings should have a prolonged
serum half-life and not provoke an immune response. In
humans, murine monoclonal antibodies have a half-life
of approximately 1 day (LoBuglio er a/., 1993) and uni-
formly provoke an immune response (Khazaeli et al.,
1994). These problems have been addressed by the
development of humanized monoclonal antibodies which
have serum half-lives of several days (LoBuglio et al.,
1989; Khazaeli et al., 1991; Saleh et a/., 1992; Schiipbach
et al., 1993) as well as greatly diminished immunogenicity
(LoBuglio et al., 1993)

In this study, variants of the 5G1.1 monoclonal anti-
body have been engineered, which can be used in either
acute or chronic settings. Firstly, the 5G1.1 variable
regions were humanized using the CDR-grafting tech-
nique (Riechmann ez al., 1988). The humanized variable
regions were then used to construct humanized antibody,
Fab and scFv molecules which all maintained a high
affinity for human CS5 and blocked the generation of both
C5a and C5b-9.

MATERIALS AND METHODS
Cloning of 5G1.1 variable region genes

For N-terminal amino acid sequencing, 75 ug 5G1.1
mAb was subjected to SDS-PAGE under reducing con-

T. C. THOMAS et al.

ditions and transferred to ProBlott membrane (Applied
Biosystems, Foster City, CA, U.S.A.) as previously
described (Evans et al., 1995). Protein bands were local-
ized by staining with Ponceau S, excised and subjected to
amino acid sequence analysis using Edman chemistry,
performed on a pulsed liquid protein sequencer (ABI
model 477A) with the PTH amino acids analysed using
an on-line microbore HPLC system (ABI model 120A).

To deblock the amino terminus of the 5GI1.1 heavy
chain, 10 mg 5G1.1 monoclonal antibody was exchanged
into reducing buffer (SM guanidine-HCI, 50 mM Tris—
HCI, 10mM dithiothreitol, pH 8.5), using a PD-10 col-
umn (Pharmacia, Piscataway, NJ, U.S.A.). After incu-
bation for lhr at room temperature, 50mM
iodoacetamide was added and the incubation allowed to
continue for 30 min. The carbamidomethylated light and
heavy chains were then separated by size exclusion chro-
matography on a Superose 12 (Pharmacia) column equi-
librated with 5M guanidine-HCl, 50 mM Tris-HCI (pH
8.5). The purified light chain was exchanged into 50 mM
sodium phosphate (pH 7.0), using a PD-10 column,
digested using 0.5mU pyroglutamate aminopeptidase
(PanVera, Madison, WI, U.S.A.) per nmol of heavy chain
protein and sequenced as previously described. For deter-
mination of internal amino acid sequence, the isolated
light chain was exchanged into 2M urea, 25mM Tris—
HCI, 1 mM EDTA (pH 8.0) and incubated at 37"C over-
night with endoproteinase Lys-C (Promega, Madison,
WI, U.S.A.) at a protease:protein ratio of 1:40. The
digested material was run on a C18 reversed phase HPLC
column (Beckman Instruments, Fullerton, CA, U.S.A))
and eluted using a linear acetonitrile gradient (0-50%) in
0.1% trifluoroacetic acid. Peaks were subjected to amino
acid sequence analysis as previously described.

Cloning of the 5G1.1 heavy chain variable region (VH)
and light chain variable region (VL) was initially per-
formed using a set of commercially available primers
(Mouse Ig-Primer Set, catalogue number 69831-1;
Novagen, Madison, WI, U.S.A.) essentially as previously
described (Evans et al., 1995). Comparison to the
obtained peptide sequences confirmed that the correct
VH had been cloned, whereas neither of the two light
chain amino acid sequences were present in the cloned
VL. To isolate the 5G1.1 VL, the UWGCG program
TFASTA was used to search the GenBank rodent sub-
directory with the amino acid sequence obtained from
the purified light chain (IQMTQSPASLSASVGETVT).
An exact match to this sequence was located in the murine
germline gene encoding the v-kappa k2 variable region
(Seidman er al., 1978). The DNA sequence of this germ-
line gene was used to design an oligonucleotide for use
as a variable region 5-primer for isolation of the correct
VL gene.

Humanization of 5G1.1 variable regions

Two humanized variants of the 5G1.1 VL and VH
regions were constructed by CDR grafting (Reichmann
et al., 1988). For CDR grafting, the 5G1.1 heavy and
light complementarity determining regions were intro-
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Humanized antibody and scFv block complement activation

duced into the human heavy variable region H20C3H
(Weng et al., 1992) to yield h5G1.1VHC (Fig. 1A) or the
human light variable region 1.23 (Klein ez al., 1993) to
yield hSG1.1VLC (Fig. 1B), respectively. Construction
of each CDR-grafted variable region was performed by
PCR amplification, using two synthetic overlapping oligo-
nucleotides of approximately 200 nucleotides in length.
The cloned PCR products were sequenced on both
strands in their entirety to ensure the absence of PCR-
introduced errors. Murine amino acids were introduced
into the human framework regions at position 71 in the
light variable region and positions 71 and 78 in the heavy
variable region by PCR mutagenesis.

Expression und purification of Fab

Expression of chimeric and humanized 5G1.1 Fab mol-
ecules was achieved using the mammalian 293-EBNA
expression system essentially as previously described
(Evans et al., 1995b). Briefly, a plasmid capable of pro-
ducing a chimeric Fab was constructed by fusion of the
murine VL to the human kappa (/nv3 allele) constant
region and fusion of the murine VH to the human IgG1
(G1m(17) allele) Fd in the expression plasmid pAPEX-
3P. Since the cloning strategy for the SG1.1 VL did not
obtain the leader sequence, the leader sequence of the
human CDS59 protein was cloned in frame to allow
secretion of the chimeric light chain cDNA. Similarly, a
plasmid capable of expressing the CDR grafted Fab.
h5G1.1 Fab (CDR), was constructed by cloning the vari-
able regions h5G1.1VHC and h5G1.1VLC into pAPEX-
3P. Finally, a plasmid capable of expressing the CDR
grafted Fab containing framework changes, h5G1.1 Fab
(CDR + FW), was constructed by cloning the variable
regions hS5Gl.IVHC+F and h5G1.IVLC+F into
pAPEX-3P. 293-EBNA cells (Invitrogen, San Diego, CA,
U.S.A.) were transfected with the pAPEX-3P expression
plasmids and selected using | ug/ml puromycin. Secreted
Fabs were purified using protein G Sepharose chromato-
graphy as described (Evans et al., 1995b), dialysed into
PBS, and stored at 4'C. Protein concentrations were
determined by the Bradford assay (Bio-Rad, Melville,
NY.US.A).

Construction of a humanized scFv

Two scFv proteins were constructed by the overlapping
PCR technique. The h5G1.1 scFv (CDR) contained the
h5G1.1VLC variable region, linked to the hSG1.1VHC
variable region; while the h5G1.1 scFv (CDR + FW)
contained the h5G1.1VLC+F variable region, linked to
the h5G1.1VHC+ F variable region. These scFv cDNAs
were cloned into a plasmid in which expression is driven
by the trc promoter. Escerichia coli strain ME1 was trans-
formed with the resulting expression plasmids. Trans-
formants were grown at 37°C in 21 Applikon glass vessel
fermentors containing Terrific Broth (1.2% (w/v) bacto-
tryptone, 2.4% (w/v) bacto-yeast extract, 0.4% (v/v) gly-
cerol, 90mM potassium phosphate, pH 7.0), sup-
plemented with 100 ug/ml ampicillin. The production of
recombinant scFv was induced by the addition of 1 mM
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isopropylthio-f-D-galactoside when the 0Dss, of the cul-
ture reached 10. After an additional 3 hr incubation at
37°C, the cells were harvested by centrifugation and the
cell pellets stored at —20°C. Cells were resuspended in
I mM EDTA (pH 5.0), at 10 ml/g weight and lysed by a
single pass through a microfluidizer M110-T (Micro-
fluidics Corp., Newton, MA, U.S.A.). After centri-
fugation at 17500g for 15min, the resulting inclusion
body pellet was resuspended in 20mM Tris-HCIl (pH
8.0), 1mM EDTA, 100mM NacCl, 0.15% (w/v) deoxy-
cholate at 10 ml/g inclusion body, using a Tekmar poly-
tron. The inclusion bodies were again pelleted by
centrifugation at 17 500g for 15 min and resuspended in
20 mM Tris—HCI (pH 9.0) and 8 M urea at 10 ml/g. After
stirring for 1 hr, the sample was centrifuged at 14000g
for 30min to pellet remaining insoluble material. The
resulting supernatant was diluted 10-fold with 20 mM
Tris—HCI (pH 9.0), 7M urea and 50 uM cupric sulfate.
and allowed to stir for at least 16 hr at 4 C to refold the
scFv. Biocryl BPA-1000 (TosoHaas, Montgomeryville,
PA, U.S.A.) was then added as a flocculation agent at
3 ul/ml (or at 10 ul/ml for the anti-mouse C5 scFv). After
stirring for S min, the sample was centrifuged at 15000g
for 10 min to pellet insoluble material. The supernatant
was exchanged into 20mM Tris (pH 9.0), I mM EDTA
by diafiltration and concentrated by ultrafiltration using
a stirred cell, fitted with a YM10 membrane (Amicon,
Beverly, MA, U.S.A.). Properly refolded scFv was separ-
ated from aggregated material and contaminating pro-
teins by anion exchange chromatography using Q
Sepharose Fast Flow (Pharmacia). Bound scFv was
eluted with 20 mM Tris-HCL (pH 9.0) and | mM EDTA
containing a linear NaCl gradient (0-0.5M). The frac-
tions containing the scFv were combined, concentrated
by ultrafiltration using a stirred cell fitted with a YM10
membrane and applied to a Sephacryl S200 HR 26/100
column (Pharmacia) equilibrated in 20mM Tris-=HCI,
pH 9.0, 1 mM EDTA and 150 mM NacCl. Fractions con-
taining the scFv were combined, exchanged into PBS
by diafiltration, concentrated by ultrafiltration, filtered
through a 0.22 mm Millex-GV filter (Millipore, Bedford.
MA, U.S.A\) and stored at 4 C. Protein concentration
was determined by the Bradford assay.

ELISA binding assays

For detection of recombinant Fab binding to human
C5, F96 PolySorp microtiter plates (Nunc, Naperville,
1L, U.S.A.) were coated overnight at 4"'C with 0.1 mg/well
human C5 (Quidel, San Diego, CA, U.S.A.) at a con-
centration of 2mg/ml in 0.1 M Na,CO,, pH 9.6. The
plates were then washed three times with 100 ul/well wash
buffer (PBS containing with 0.5% (v/v) Tween 20) and
blocked with 100 pl/well blocking buffer (PBS sup-
plemented with 1% (w/v) bovine serum albumin, fraction
V and 0.5% (v/v) Tween 20) at 37°C for 1 hr. The plates
were again washed three times with wash buffer and
incubated with 50 ul/well blocking buffer, containing
30ng/ml murine 5G1.1 mAb, plus the indicated con-
centrations of inhibitor, at 37°C for 2 hr. The plates were
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again washed three times with wash buffer, and incubated
with 50 ul/well blocking buffer, containing peroxidase-
conjugated goat anti-mouse IgG Fc antibody, at a 2000-
fold dilution (Sigma, St. Louis, MO, U.S.A.), at 37°C for
1 hr. After three final washes, the plate was developed
with 50 ul/well substrate buffer (0.05M phosphate-
citrate buffer, pH 5.0, containing 0.3mg/ml sodium
perborate and 0.4mg/ml o-phenylenediamine di-
hydrochloride). Reactions were stopped by the addition
of 50 ul/well 1 M sulfuric acid and quantified using a Bio-
Rad model 3550 plate reader set at 490 nm.

Hemolytic and C5a generation assays

The antibody, Fab, or scFv was pre-incubated with the
indicated percent (v/v) human serum in 0.1 ml veronal
buffered saline containing 1% gelatin (GVBS**) for
30 min at room temperature. Chicken erythrocytes (Lam-
pire Biological, Pipersville, PA, U.S.A.) were washed four
times with GVBS** and resuspended at 5 x 107 cells/ml
in GVBS**, containing 1 ug/ml anti-chicken erythrocyte
IgG (Inter-cell Technologies, Hopewell, NJ, U.S.A.).
After incubation at 4°C for 15 min, the cells were washed
twice with GVBS** and 3 x 10° cells were added to the
pre-incubated human serum. After further incubation for
30 min at 37°C, the cells were pelleted by centrifugation
at 10000g for 2 min and the supernatant was assayed for
released hemoglobin by measurement of the absorbance
at 415nm, and for C5a content by sandwich ELISA as
described (Wiirzner et al., 1991).

Porcine aortic endothelial cell (PAEC) lysis assays

PAEC were obtained from Cell Systems (Kirkland,
WA, US.A)) at passage | and maintained in M199
medium, supplemented with 20% fetal calf serum, 20 mM
HEPES, 10 pg/ml heparin (Sigma) and 5ug/ml ECGF
(Biomedical Technologies, Stoughton, MA, U.S.A)).
PAECs at passage 3 were plated at 10000 cells/well in a
96-well Falcon flat-bottomed microtiter plate. The fol-
lowing day, cells were washed twice with Hank’s balanced
salt solution, containing 1% (w/v) bovine serum albumin
(HBSS/BSA) and incubated with 10 uM calcein AM
(Molecular Probes, Eugene, OR, U.S.A.) in HBSS/BSA
for 30min at 37°C. Wells were washed twice with
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HBSS/BSA and incubated with 0.85 mg/ml rabbit anti-
PAEC antibody (Kennedy er al., 1994) for 30min at
37°C. Wells were again washed twice with HBSS/BSA
and incubated with HBSS containing 20% (v/v) human
serum plus various concentrations of inhibitors for
30 min at 37°C. The supernatant was then transferred to
a new 96-well Falcon flat-bottom microtiter plate and
the remaining cells were solubilized with 1% SDS. The
fluorescence of the supernatants and solubilized cells was
determined using a Cytofluor 2350 (Millipore) with an
excitation wavelength of 485 nm and an emmision wave-
length of 530 nm. Percentage dye release was defined as
the ratio of supernatant fluorescence to total (supernatant
plus cell) fluorescence. Supernatant fluorescence in the
absence of human serum was subtracted as background
release.

RESULTS
Humanization of 5G1.1

The variable regions of the anti-C5 monoclonal anti-
body 5G1.1 were cloned by PCR amplification using 5’
primers, based on amino acid sequencing (for the light
variable region) or degenerate 5 primers (for the heavy
variable region), coupled with 3’ primers specific for
murine constant region sequences. Amino acid sequence
analysis confirmed that the appropriate heavy and light
variable regions had been cloned (Fig. 1). The 5G1.1
heavy variable region was most similar to Vy genes
belonging to the V1/J558 family (Kofler ez al.. 1992)
and utilized the Jy1 gene. The most similar cloned murine
Vy region was from the IgM secreting hybridoma 19.1.2
(Akolkar et al., 1987). The 5G1.1 Vy differed from this
clone at positions 20, 37 and 68 in framework regions, as
well as at positions 28, 31 and 35 in CDR-HI, positions
58 and 65 in CDR-H2 and positions 95, 96 and 97 in
CDR-H3. The 5G1.1 light variable region was most simi-
lar to the NYC V, gene (Jack er al., 1992) and utilized
the mouse J,.5 gene (Hieter ef al., 1980), with amino acid
differences present at framework position 72 in frame-
work region 3 and at position 93 in CDR-L3.

For humanization, the 5G1.1 heavy variable regions
CDRs were transposed into the human variable region

Fig. 1. Sequence of the 5G1.1 heavy (A) and light (B) variable regions. The DNA sequence and the
translated amino acid sequence of the cloned 5G1.1 variable regions are shown. Amino acid position
is numbered according to Kabat ez al. (1992), with the complementarity determining regions according
to the hypervariable sequence definition (Kabat et al., 1992) or the structural variability definition
(Chothia and Lesk, 1987) underlined and overlined, respectively. Lower case letters indicate nucleotide
sequences derived from primers used for cloning. Amino acid sequences obtained from protein
sequencing are indicated by double underlines. The protein sequences of the human variable regions
H20C3H and 1.23 are shown below the appropriate 5G1.1 variable regions. hSG1.1VHC and
h5G1.1VLC denote humanized heavy and light variable regions constructed by grafting the CDRs
from 5G1.1 on to the H20C3H and 1.23 human framework regions. The variable regions h5G1.1
VHC +F and hSG1.1VLC+F contain murine amino acids at framework positions 71 and 78 in the
heavy variable region and position 71 in the light variable region in addition to the murine CDR
sequences. Amino acids in the human variable regions and the humanized 5G1.1 variable regions
which differ from the murine 5G1.1 sequences are boxed.
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H20C3H (Weng et al., 1992). This human Vi was derived
from the human genomic V4 gene HG3 (Rechavi et al.,
1983), belonging to the V1 family and the human geno-
mic J45 gene, and contains no changes in the framework
regions from these genomic genes. The 5G1.1 light vari-
able region CDRs were grafted into the human light
variable region 1.23 (Klein et al., 1993). This human V
region was derived from the human VI family gene O12
(Klein et al., 1993) and the genomic J, 1 gene, with the
introduction of an Arg residue in framework region 2 at
position 38 in the 1.23 ¢cDNA as compared to the Gln
residue encoded in the O12 genomic gene. Initial human-
ized 5G1.1 variable heavy and light regions were con-
structed by introducing the 5G1.1 CDRs into these
human frameworks and are designated as h5G1.1 VHC
and 5G1.1 VLC (Fig. 1).

Computer modeling of antibody variable regions has
indicated that amino acid residues within the framework
regions of a variable region can influence the structure of
the CDRs. Comparison of the murine 5GI1.1 variable
region with the human acceptor variable regions
H20C3H and 1.23 suggested that the murine and human
framework regions differed at three positions important
for CDR structure. In the light chain, the presence of
either Phe or Tyr at framework position 71 determines
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the canonical structure of CDR-L1 (Chothia and Lesk,
1987; Foote and Winter, 1992). Since 1.23 contains a
Phe residueat position 71, whereas 5G1.1 contains a Tyr
residue, the Phe residue in h5G1.1 VLC was changed to a
Tyr residue to create the variable region h5G1.1 VLC+F
(Fig. 1). Similarly, the human H20C3H and murine
5G1.1 Vy regions differ at framework positions 71 and
78, which have been suggested to be important for main-
taining the function of humanized antibodies (Carter et
al., 1992; Chothia et al., 1989; Tramontano et al., 1990;
Foote and Winter, 1992). The murine amino acids were,
therefore, introduced at these positions to create the vari-
able region h5G1.1 VHC+F (Fig. 1).

Since choice of human antibody isotype can influence
antibody avidity whereas isotype choice does not influ-
ence Fab affinity (Morelock et al., 1994), initial analysis
of the humanization procedure was performed using
humanized Fab fragments. The murine 5G1.1 V_ and
its humanized variants h5G1.1VLC and h5G1.1VLC+F
were fused to the human kappa constant region (Inv3
allele), to create an intact light chain. The 5G1.1 V4
and its humanized variants h5G1.1VHC and
h5G1.1VHC+F were fused to constant region 1 of
human IgGl (Glm(17) allele) to create an intact Fd.
Three humanized Fabs were produced in 293-EBNA cells
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Fig. 2. SDS-PAGE analysis of purified recombinant proteins. (A) Fab fragments from the murine
5G1.1 mAb (m5G1.1 Fab) were produced by papain digestion of the m5G1.1 mAb followed by
protein A chromatography to remove undigested antibody and Fc fragments. Recombinant chimeric
Fab (ch5G1.1 Fab), CDR-grafted Fab (h5SG1.1 Fab (CDR)), or CDR-grafted Fab containing murine
framework amino acids (h5G1.1 Fab (CDR + FW)) were produced in 293 cells and purified from
conditioned, serum-free medium using protein G-sepharose chromatography. Protein samples (10 mg)
were subjected to SDS-PAGE under reducing (lanes 1-4) or non-reducing conditions (5-8) and
stained with Coomassie R-250. (B) scFv molecules containing the murine variable regions (m5G1.1
scFv), the CDR-grafted variable regions (h5G1.1 scFv (CDR)), or the CDR-grafted variable regions
containing murine framework amino acids (h5G1.1 scFv (CDR + FW)) were produced in E. coli
and purified, as described in Materials and Methods. Ten micrograms of each purified scFv was
subjected to SDS-PAGE under reducing (lanes 1-3) or non-reducing (lanes 4-6) conditions and
stained with Coomassie R-250.
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by co-expression of light chain and Fd: (1) ch5G1.1 Fab,
a recombinant chimeric Fab containing the murine 5G1.1
variable regions; (2) h5G1.1 Fab (CDR), a recombinant
humanized Fab containing the h5GL.IVHC and
h5G1.1VLC variable regions; and (3) h5G1.1 Fab (CDR
+ FW), a recombinant humanized Fab containing the
h5G1.1VHC+F and h5G1.1VLC+F variable regions.
SDS-PAGE analysis of the purified recombinant Fabs
revealed a single band, which comigrated with Fab pro-
duced from 5G1.1 under non-reducing conditions and
resolved into stoichiometric amounts of Fd and light
chain bands. under reducing conditions (Fig. 2).

Binding of recombinant Fab and scFv to human C5

The affinities of Fab produced by papain digestion of
the 5G1.1 mAb and the recombinant humanized Fabs
were initially compared in a competitive binding ELISA,
in which increasing concentrations of test Fab were used
to displace murine 5G1.1 mAb binding to human C5 (Fig.
3). Biochemically produced Fab (m5G1.1 Fab) inhibited
binding with an 1Cy, of approximately 2nM. Similarly,
the recombinant ch5G1.1 Fab, h5G1.1 Fab (CDR) and
h5G1.1 (CDR+ FW) all inhibited binding by 50% at
approximately 2 nM.

Although the humanized Fabs retained biological
activity, neither the hSG1.1 Fab (CDR) nor the h5Gl1.1
Fab (CDR + FW) could be produced in significant quan-
tities in E. coli (data not shown). Three scFv molecules
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Fig. 3. Inhibition of 5G1.1 mAb binding to human C5 by
recombinant Fab. 5G1.1 (0.2nM) mAb plus the indicated con-
centrations of recombinant Fab were incubated together, for
2hr at 37'C in microtiter plates coated with human CS5. After
washing, bound 5G1.1 mAb was detected using peroxidase-
conjugated goat anti-mouse IgG (Fc specific) with quantitation
performed by monitoring hydrolysis of o-phenylenediamine
dihydrochloride at 490 nm. One hundred percent binding was
defined in each experiment as the signal produced by binding
of 5G1.1 mAb in the absence of competitor Fab. Data shown
are mean values obtained from four to eight independent assays,
with each datum point assayed in duplicate in each experiment.
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were, therefore, constructed (Fig. 4); (1) m5G1.1 scFv,
containing the murine variable light region and murine
variable heavy region joined by a linker; (2) h5G1.1 scFv
(CDR), containing the h5G1.1VHC and h5G1.1VLC
variable regions; and (3) h5G1.1 scFv (CDR + FW),
containing the h5G1.IVHC+F and h5Gl.1VLC+F
variable regions. These scFv molecules were produced as
inclusion bodies in E. coli, refolded, and purified by anion
exchange and sizing chromatography (Fig. 2). Gel fil-
tration chromatography coupled with light scattering
analysis demonstrated that at a concentration of
2.0 mg/ml (75 uM) the purified h5G1.1 scFv (CDR) was
predominantly in the form of dimers. However, dilution
of the h5G1.1 scFv resulted in a rapid shift of the equi-
librium towards the monomer state (Thomas et al., 1996).
In the competition ELISA analysis, the m5GL.1 scFv
inhibited binding of 5G1.1 mAb to human C5 with an
ICso value of 2 nM (Fig. 5), identical to the value obtained
for the chimeric Fab (Fig. 3). Similarly, both the h5G1.1
scFv (CDR) and h5Gl.1 scFv (CDR + FW) inhibited
5G1.1 mAb binding with 1C5, values of 1.5 and 2nM,
respectively. In contrast, an scFv specific for mouse C5
(anti-mCS35, Fig. 5) did not inhibit 5G1.1 binding, even at
the highest concentrations assayed. Together these results
indicated that the refolded scFv molecules bound to
human C5 with an affinity equivalent to the Fab mole-
cules produced in mammalian cells. Furthermore, no
effect of the framework alterations could be discerned,
based on the binding affinity of either the Fab or scFv
molecules.

Inhibition of C5b-9 formation by humanized Fab and scFr

The ability of the humanized Fab and scFv proteins
to inhibit the formation of the C5b-9 membrane attack
complex was evaluated using a hemolytic assay, in which
the deposition of membrane attack complex on antibody-
sensitized chicken erythrocytes is assessed by measuring
hemoglobin release. Hemolysis was inhibited by greater
than 90% when 0.25puM of biochemically prepared
murine 5G1.1 Fab, or each of the recombinant Fab mole-
cules were added to the assay (Fig. 6A). This concen-
tration corresponds to an approximate three-fold molar
excess of Fab, as compared to the predicted human C5
concentration (0.08 uM) present in the assay. As with
the Fab molecules, the scFv molecules also inhibited
chicken erythrocyte hemolysis when present at a three-
fold molar excess (Fig. 6B). The inhibition curves
obtained with the scFv molecules were identical to those
obtained with the Fab (Fig. 6B). The ability of the scFv
to protect mammalian cells from complement-mediated
damage was assessed by measuring their ability to block
the lysis of antibody-coated porcine aortic endothelial
cells (PAEC) by 20% human serum. The m5G1.1 scFv.
h5G1.1 scFv (CDR) and h5G1.1 scFv (CDR + FW)all
inhibited lysis of the PAEC when present at a three-fold
molar excess, while the scFv specific for mouse C5 did
not inhibit lysis, even at the highest concentration tested
(Fig. 7A). The specificity of the 5G1.1 mAb for human
C35 was maintained by the scFv, as neither the 5G1.1
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Fig. 4. Sequence of scFv molecules constructed using the 5G1.1 murine variable regions (m5G1.1) or
humanized variable regions. The h5G1.1 (CDR) scFv contains the variable regions h5G1.1 VLC and
h5G1.1 VHC, while the h5G1.1 scFv (CDR + FW) contains the variable regions h5G1.1 VLC+F
and h5G1.1 VHC+F. The positions of the CDRs, as defined by Kabat ez a/. (1992), are indicated.
Amino acid sequence analysis indicated removal of the initiator methionine, with the alanine residue
at position two being the amino terminal residue of the bacterially produced scFv molecules. Amino
acids in the humanized 5G1.1 variable regions which differ from the murine 5G1.1 sequences are
boxed.

scFv, the h5G1.1 scFv (CDR) nor the h5G1.1 scFv (CDR
+ FW) could inhibit the lysis of PAEC by rat serum
(Fig. 7B).

A critical parameter for use of an scFv as a CS inhibitor
is retention of the ability to block CSa generation. Pre-
viously, it has been found that a chimeric Fab, con-
structed from the monoclonal antibody N19-8 retained
the ability to block both the formation of C5b-9 and
generation of C5a, whereas an scFv constructed using the
N19-8 variable regions retained the ability to block the
formation of C5b-9, but only weakly inhibited the gen-
eration of C5a (Evans er al., 1995). In contrast, analysis
of supernatants obtained from the chicken erythrocyte
hemolytic assays for CS5a content (Fig. 8) indicated that
equivalent concentrations of the humanized 5G1.1 Fab
or scFv molecules blocked the generation of CSa. The
concentration of inhibitor required for inhibition of C5a
generation (Fig. 8) was comparable to the concentration
of inhibitor required for inhibition of lysis (Fig. 6B).

Constuction of a humanized h5G1.1 antibody

Having demonstrated the effective humanization of the
5G1.1 variable regions, an intact humanized antibody

(IgG4 isotype) was constructed and produced in 293-
EBNA cells. The avidity of this humanized antibody
(h5G1.1 HuG4) for human CS5, was compared to the
murine 5G1.1 mAb by determining the ability of each to
compete binding of biotinylated 5G1.1 mAb to C5 (Fig.
9). The humanized h5G1.]1 mAb had a two-fold lower
avidity than the murine antibody. However, the human-
ized h5G1.1 HuG4 antibody was equipotent with the
murine antibody at protecting PAEC from lysis by
human serum, with a 0.5-fold molar ratio of antibody to
C5 (1:1 ratio of antibody binding sites to C5) completely
inhibiting lysis of the PAEC (Fig. 10).

DISCUSSION

This article describes the successful humanization of
the anti-human CS5 specific monoclonal antibody 5G1.1,
utilizing the CDR-grafting technique. Although the origi-
nal description of the CDR-grafting technique described
the maintenance of antibody specificity by the transfer of
the CDRs alone (Riechmann et al., 1988), in most cases
the transfer of a number of murine framework amino
acids in addition to the CDRs has been found to be
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Fig. S. Inhibition of 5Gl.1 mAb binding to human CS5 by
recombinant scFv. 5G1.1 mAb (0.2 nM) plus the indicated con-
centrations of recombinant scFv were incubated together for
2hr at 37°C, in microtiter plates coated directly with human
CS5. After washing, bound 5G1.1 mAb was detected using per-
oxidase-conjugated goat anti-mouse IgG (Fc specific) with
quantitation performed by monitoring hydrolysis of o-phenyl-
enediamine dihydrochloride at 490 nm. One hundred percent
binding was defined in each experiment as the signal produced
by binding of 5G1.1 mAb in the absence of competitor scFv.
Data shown are mean values obtained from four to 10 inde-
pendent assays, with each datum point assayed in duplicate in
each experiment.

necessary for retention of high affinity binding to the
antigen (Winter and Milstein, 1991). These framework
amino acids are believed to influence the structure of the
CDRs. In particular, heavy variable region framework
amino acid 71 determines the canonical structure of
CDR-H2 (Tramontano et al., 1990), while light variable
region framework amino acid 71 determines the canoni-
cal structure of CDR-L1 (Chothia and Lesk, 1987; Foote
and Winter, 1992). The human variable regions chosen
for grafting of the 5G1.1 CDRs differed from the murine
variable regions at heavy region framework position 71
and light region framework position 71. Therefore,
humanized variable regions were constructed and desig-
nated h5G1.1 (CDR + FW), which maintained the
murine amino acids at both of these positions.

The importance of these framework amino acids on
the humanization process was initially assessed using
recombinant Fab produced in 293 cells. Both the Fab
containing the framework changes, h5G1.1 Fab (CDR
+ FW) and the Fab with unmodified human framework
regions, h5G1.1 Fab (CDR), had the same binding affin-
ity as murine Fab, when assayed by competition ELISA
(Fig. 3). Similarly, no difference could be discerned
between h5G1.1 Fab (CDR), h5G1.1 Fab (CDR + FW)
and the murine Fab in their ability to inhibit human
complement-mediated lysis of chicken erythrocytes (Fig.
6A). The h5G1.1 Fab (CDR) and h5G1.1 Fab (CDR +
FW) were also equivalent in their ability to block the
generation of C5a (Fig. 8). Similarly, bacterial-produced,
refolded scFv, containing either human (h5G1.1 scFv
(CDR)) or murine (h5G1.1 scFv (CDR + FW)) amino
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Fig. 6. Inhibition of chicken erythrocyte lysis by recombinant
Fab and scFv. Twenty percent (A), or 40% (B), human serum
in GVBS™** was pre-incubated for 30 min at room temperature,
with the indicated concentrations of competitors. Chicken
erythrocytes, precoated with rabbit anti-chicken erythrocyte
antibody, were added and the incubation was continued for
30min at 37°C. The erythrocytes were then pelleted and the
supernatants assayed for released hemoglobin by spectro-
photometry (A,s). The A,;s absorbance value obtained in the
absence of inhibitor was defined as 100% hemolysis. Data
shown are the average results of two to four independent deter-
minations. The predicted hCS concentrations in 20% and 40%
serum are indicated by arrows.

acids at these framework positions, had identical affinities
as measured by ELISA (Fig. 5) and inhibited chicken
erythrocyte lysis (Fig. 6), porcine aortic endothelial cell
lysis (Fig. 7) and C5a generation (Fig. 8) with equivalent
potencies. Therefore, although computer modeling sug-
gests the importance of these framework amino acids in
CDR canonical structure, amino acid changes at these
positions had no effect on the functional activity of the
humanized 5G1.1 molecules.

A clinically useful C5 inhibitor must block generation
of both C5a and C5b-9, as both of these molecules have
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Fig. 7. Protection of porcine aortic endothelial cells (PAEC)
from human serum complement by scFv. Calcein-labeled
PAEC were incubated with HBSS containing 1% BSA and
0.85 mg/ml purified rabbit anti-PAEC polyclonal antibody for
30 min at 37°C. The cells were washed and incubated with HBSS
containing 1% BSA plus 20% human serum (A), or 20% rat
serum (B), and the indicated concentrations of inhibitor for
30min at 37°C. Calcein dye release and retention were deter-
mined by measurement of the fluorescence of supernatants and
SDS-solubilized cells, respectively, with dye release in the
absence of human serum subtracted from all values. Results
shown are the average of four to five independent deter-
minations. The arrow denotes the predicted concentration of
hCS in 20% serum.

potent pro-inflammatory effects. An scFv has been pre-
viously constructed from the variable regions of the mono-
clonal antibody N19-8 (Wiirzner et al., 1991). The N19-
8 antibody binds to human C5 with an avidity com-
parable to 5G1.1 (data not shown) and blocks generation
of both C5b-9 and CS5a. Although the N19-8 scFv has a
high binding affinity for human C5 and inhibits the ability
of human serum to lyse chicken erythrocytes, it only
weakly inhibits C5a generation (Evans et al., 1995). These
findings suggest a model in which binding of the N19-
8 mAb sterically blocks interaction of C5 with the C5
convertases. The N19-8 scFv may be too small to block
cleavage by the CS5 convertases, but remains bound to
C5b and blocks formation of the C5b-9 complex. In
contrast, the h5G1.1 scFv completely blocked generation
of C5a when present at only a three-fold molar excess,
relative to human C5 (Fig. 8). The 5G1.1 epitope may,
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Fig. 8. Inhibition of C5a generation by recombinant Fab and
scFv. Supernatants from chicken erythrocyte hemolytic assays
performed using 40% human serum, as described in Fig. 5,
were assayed for C5a content by ELISA. The C5a concentration
obtained in the absence of inhibitor was defined as 100%. Data
shown are from a representative experiment of several per-
formed. The predicted hC5 concentration in 40% serum is
indicated by the arrow.
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Fig. 9. Inhibition of 5G1.1 mAb binding to human C5 by
recombinant humanized h5G1.] HuG4 mAb. Biotinylated
5G1.1 mAb (0.2 nM), plus the indicated concentrations of un-
labeled murine 5G1.1 mAb, recombinant h5G1.1 HuG4 mAb
or a negative control recombinant HuG4 mAb (ch3F4 HuG4
mAb), were incubated together for 2 hr at 37°C in microtiter
plates coated with human C5. After washing, bound biotin-
ylated 5G1.1 mAb was detected using peroxidase-conjugated
streptavidin, with quantitation performed by monitoring
hydrolysis of o-phenylenediamine dihydrochloride at 490 nm.
Absorbance values obtained in the presence of recombinant
inhibitor were normalized in each individual experiment, to the
value obtained in the absence of competitor. Results shown are
mean values of four determinations.

therefore, be more directly involved in the interaction of
CS with the C5 convertases, than is the N19-8 epitope.
Additionally, the h5G1.1 scFv maintains the ability to
block the induction of both C5a- and C5b-dependent
pro-inflammatory events in a closed loop model of
cardiopulmonary bypass (S. A. Rollins, unpublished
results).

Three important attributes of the humanized h5G1.1
scFv suggests its value as a therapeutic. Firstly, it main-
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Fig. 10. Protection of porcine aortic endothelial cells from
human serum complement by h5G1.1 HuG4 mAb. Calcein-
labeled PAEC were incubated with HBSS containing 1% BSA
and 0.85 mg/ml purified rabbit anti-PAEC polyclonal antibody
for 30 min at 37°C. The cells were washed and incubated with
HBSS containing 1% BSA plus 20% human serum and the
indicated concentrations of inhibitor for 30 min at 37°C. Calcein
dye release and retention were determined by measurement
of the fluorescence of supernatants and SDS-solubilized cells,
respectively, with dye release in the absence of human serum
subtracted from all values. Results shown are the mean of three
independent determinations. The arrow denotes the predicted

concentration of hCS5 in 20% serum.

tains the essential ability to block cleavage of C5 while
preserving the immunoprotective properties associated
with C3b generation. Secondly, it can be readily produced
in large quantities in E. coli. Finally, the pharmaco-
kinetics of scFv molecules are well matched to the time
frame necessary for complement inhibition in acute set-
tings where complement activation contributes signifi-
cantly to the inflammatory process, such as cardio-
pulmonary bypass or myocardial infarction. Clearance
of scFv molecules from the blood has previously been
found to be extremely rapid with half lives of only a few
minutes (Colcher et al., 1990; Milenic et al., 1991). At
least two features of scFv molecules are likely to result in
a rapid clearance rate, as compared to intact antibodies.
Firstly, the prolonged plasma half-life of IgG is mediated
through binding of the Fc region to specific *“protection
receptors”, which have recently been demonstrated to
be identical to the neonatal intestinal transport receptor
(Ghetie et al., 1996; Junghans and Anderson, 1996). Sec-
ondly, the small size of the scFv is well below the M,
60000 cut off of the glomerular basement membrane,
resulting in the loss of the scFv into the urine. However,
the binding of the scFv to C5 in the blood results in
its incorporation into a high molecular weight scFv-C5
complex of nearly 220000. Loss of bound scFv through
glomerular filtration is, thus, dependent on the dis-
sociation rate of the scFv from C5. Calculations based
on the competitive ELISA data (Fig. 5), as well as direct
measurements of h5G1.1 scFv (CDR) binding to human
CS5 by surface plasmon resonance (data not shown), indi-
cated a very high affinity of the scFv for C5 (K= 100 pM)
and a slow dissociation rate (k,s=1.0 x 10~ %/sec). This

1399

dissociation rate corresponds to an scFv—-C5 complex
half-life of approximately 2 hr. The 5G1.1 monoclonal
antibody recognizes only human C5, precluding a direct
assessment of h5G1.1 scFv pharmacokinetics in primates.
In contrast, the N19-8 monoclonal antibody, which binds
to human C35 with an avidity equivalent to 5G1.1, does
bind to rhesus monkey C5. A single 100 mg bolus injec-
tion of N19-8 scFv into rhesus monkeys inhibits serum
hemolytic activity for approximately 2 hr (Evans er al.,
1995b), further suggesting that the h5G1.1 scFv will have
in vivo kinetic properties sufficient for use in acute clinical
settings.

Complement activation has been suggested to be
involved in the pathogenesis of several chronic human
diseases including allograft rejection (reviewed by Bald-
win et al. (1995)), systemic lupus erythematosus (reviewed
by Mills (1994)), myasthenia gravis (reviewed by
Drachman (1994)) and rheumatoid arthritis (reviewed
by Morgan (1990)). Recently, it has been shown that
prolonged treatment with an antibody to mouse C5 both
blocks onset and disease progression in a collagen-
induced arthritis model (Wang et al., 1995), as well as
inhibits development of glomerulonephritis in NZB/W
mice (Wang et al.. 1996). As the half-life of the h5G1.1
scFv is likely to be too short to allow for chronic use
in humans, a full length humanized antibody was also
constructed. The human IgG4 isotype was chosen, as this
isotype does not activate human complement (Tao et al.,
1993) and there is only one known allotype of 1gG4
(Ghanem et al., 1988), precluding the potential develop-
ment of allo-antibodies in patients. The humanized
hSG1.1 (CDR) HuG4 antibody bound to human C5 with
a similar avidity as the murine antibody when assayed
by ELISA (Fig. 9) and inhibited lysis of porcine aortic
endothelial cells as effectively as the murine antibody,
with a 1:1 molar ratio of antibody binding sites to human
CS5 being sufficient for inhibition (Fig. 10). Little infor-
mation is available on the immunogenicity of CDR-graf-
ted antibodies in humans. Repeated administration of
chimeric antibodies containing intact murine variable
regions, has induced an immune response directed against
the murine variable regions in nearly all trials (reviewed
in Khazaeli er al. (1994)). In this regard, it is significant
that introduction of murine amino acids in the framework
regions was not essential for maintenance of high affinity
binding to C5. The h5G1.1 antibody is, therefore, likely
to be minimally immunogenic in patients.

The recent successes of complement inhibitors in mod-
ulating numerous ir vivo models of inflammation, suggest
a great potential for complement inhibitors in the treat-
ment of human inflammatory disease. The development
of distinct C5-specific complement inhibitors with phar-
macokinetic parameters, tailored for use in either acute
or chronic settings, should facilitate the clinical assess-
ment of the role of complement in such diseases.
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