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A retinue of worker honey bees in the court 
of a glass pseudo-queen (in centre of photo) 
treated with a five-component synthetic 
queen mandibular gland blend. The blend 
initiates retinue formation , recognized here 
by the body alignment of the workers , head 
towards the stimulus. See page 354. And 
how bees see the third dimension , page 356. 

THIS WEEK 
Serotherapy hope 
By engineering the hypervari­
able regions of a rat antibody 
raised against a human antigen 
into a human antibody seq­
uence, it is possible to produce 
an antibody specific for human 
lymphocytes and with poten­
tial applications in sero­
therapy, page 323. 

Proteins in stereo 
An improvement in resolution 
means that three-dimensional 
NMR spectroscopy can now 
tackle the structures of macro­
molecules such as a 46-residue 
protein, pages 374 and 303. 

Out of register 
Is the present system for regis­
tering endangered species, 
"'!"'~ 

like this tube-nosed fruit bat, 
inadequate? See page 304. 

Risk of quakes 
The traditional methods of 
measuring the magnitudes of 
earthquakes are of only limited 
value, so some estimates of 
seismic risk are suspect. New 
more rigorous scales are now 
needed, page 319. 

Tin in the air 
Decaying algal material in 
naturally reducing environ­
ments like salt marshes may 
volatilize tin as stannane -
and other metals might be lost 
to atmosphere via similar 
routes, pages 339 and 309. 

Microscopy by force 
This colour molecular-reso­
lution image shows the surface 
of a leucine crystal, as seen by 
the atomic force microscope, 
now being used on biological 

molecules. White spots are 
highspots sensed by the atomic 
force probe , page 332. 

A domestic microwave oven 
cooks up superconducting 
material, page 311. More on 
the latest cuprate supercon­
ductors, pages 334 arid 305 . 
And thin film technology , 
page 295 . 

Tree ring dating 
Oak trees from bogs in North­
ern Ireland provide ·an accur­
ate date for the violent vol­
canic eruption of the Aegean 
island Santorini, page 344. 

Author Index 
The Author Index for January 
and February, facing page 380. 
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different paths, and by ensuring that an azimuthally uniform 
coverage of stations is used in the averaging calculation. To 
compensate for other factors, such as focal depth, fault geometry 
and corner frequency would require such a detailed knowledge 
o( the earthquake source that the M . measurement itself would 
be redundant. 

The results of this analysis can be summarized in five points. 
( I) A global average moment- magnitude relationship Ms has 

been defined which can be used to predict M0 over a wide range 
of magnitudes and scalar moments. 

(2) The variance of surface wave measurements for an event 
of a particular scalar moment is ~0.2 magnitude units. 

Received 20 October 1987; accepted 4 February 1988. 
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Reshaping human antibodies for therapy 
Lutz Riechmann t , Michael Clark•, Herman Waldmann· & Greg Winter* 
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK 
* Department of Pathology, University of Cambridge, Tennis Court Road, Cambridge CB2 IQP, UK 

A human lgGI antibody has been reshaped for serotherapy in humans by introducing the six hypervariable regions from 
the heavy- and light-chain variable domains of a rat antibody directed against human lymphocytes. The reshaped human 
antibody is as effective as the rat antibody in complement and is more effective in cell-mediated lysis of human lymphocytes. 

IN 1890 it was shown that resista nce to diphtheria toxin could 
be transferred from one animal to another by the transfer of 
serum. It was concluded that the immune serum contained an 
anti-toxin, later called an antibody' . For many years animal 
antisera were used in the treatment of microbial infections and 
for the neutralization of toxins in ma n2. More recently rodent 
monoclonal antibodies (mAbs)3 have been used as ' magic bul­
lets '4 to kill and to image tumours5·6. The foreign immuno­
globulin, however, can elicit an anti-globulin response which 
may interefere with therapy7 or cause allergic or immune com­
plex hypersensitivity2. Thus ideally human antibodie~ would be 
used. Human immunoglobulins are widely used as both prophy­
lactic and microbicidal agents8

, but it would be far better to 
have available human mAbs of the desired specificity. It has 
proven difficult, however, to make such mAbs by the conven­
tional route of immortalization of human antibody-producing 
cells 9. 

There is an alternative approach . Antibody genes have been 
transfected into lymphoid cells, and the encoded antibodies 
expressed and secreted; by shuffling genomic exons, simple 
chimaeric antibodies with mouse variable regions and human 
constant regions have been made 10-12. Such chimaeric antibodies 

t Address from April 1988: Department of Molecular Biology, The 
Research Institute of Scripps Clini c, North Torrey Pines Road, La Jolla, 
.California 02937, USA 
t To whom correspondence should be addressed. 

have at least two advantages over mouse antibodies. First, the 
effector function s can be selected or tailored as desired . For 
example, of the human lgG isotypes, lgG I and lgG3 appear to 
be the most effective for complement and cell -mediated lysis 13

-
15, 

and therefore for killing tumour cells . Second, the use of human 
rather than mouse isotypes should minimize the anti-globulin 
responses during therapy16·17 by avoiding a nti-isotypic anti­
bodies. The extent to which anti-idiotypic responses to rodent 
antibodies in therapy are dictated by foreign components of the 
variable versus the constant region is not known, but the use of 
human isotypes should reduce the anti-idiotypic response. For 
exa mple, when mice were made tolerant to rat immunoglobulin 
constant-region determinants, administration of rat anti­
lymphocyte antibodies did evoke anti-idiotypic responses, but 
these were delayed and weaker than in animals that had not 
been made tolerant 18

. Nevertheless, it is likely tha t a chimaeric 
antibody would provoke a greater immune response than a 
human mAb. 

We have attempted to build rodent a ntigen binding sites 
directly into human antibodies by transplanting only the antigen 
binding site, rather than the entire variable domain, from a 
rodent antibody. The antigen binding site is essentially encoded 
by the hypervariable loops at one end of the J3- sheet framework. 
The hypervariable regions of the heavy chain of mouse anti­
bodies aga inst a hapten19 or a protein antigen47 were previously 
transplanted into a human heavy chain , and, in association with 
the mouse light chain, the antigen binding site was retained . 
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a 
Hindi 111 
5' ... .... . ... ATGCAAATCCTCTGAATCTACATGGTAAATATAGGTTTGTCTATACC 
~ RNA starts ~ RNA starts 
ACAAACAGAAAAACATGAGATCACAGTTCTCTCTACAGTTACTGAGCACACAGGACCTCA +60 

signal lSpl ice 
(M G W S C I I L F L U A T A T) 

CCATGGGATGGAGCTGTATCATCCTCTTCTTGGTAGCAACAGCTACAGGTAAGGGGCTCA +120 
ATGAAGTTGTGGCTGAACTGGATTTTCCTTTTAACACTTTTAAAT 
(M K L W L N W I F L L T L L N) 

CAGTAGCAGGCTTGAGGTCTGGACATATATATGGGTGACAATGACATCCACTTTGCCTTT +180 
Sp I ice I . oligos 111, IV, VII 

-J, signal 1 5 10 
(G U H S) Q U Q L Q E S G P G L U R 

CTCTCCACAGGTGTCCACTCCCAGGTCCAACTGCAGGAGAGCGGTCCAGGTCTTGTGAGA +240 
GGTATCCAGTGTGAGGTGAAACTGTTGGAATCTGGAGGAGGCTTGGTACAG 
(G I Q C) E U K L L E S . G G G L U 0 

oligo XIII oligo X 
15 20 25 30 CDR I 

p s Q T _L s L T C T u s G s· T F s·jo F vj 
CCTAGCCAGACCCTGAGCCTGACCTGCACCGTGTCTGGCAGCACCTTCAGCGATTTCTAC +300 
CCGGGGGGTTCTATGAGACTCTCCTGTGCAGGTTCTGGATTCACCTTCACTGATTTCTAC 

P G G s M A L s c A G s G F T F T jo F v I 

35 oligo IX 40 45 50 52 a 
[J[JjJ W V R Q P P G A G L E W I G jF I A Dj 
ATGAACTGGGTGAGACAGCCACCTGGACGAGGTCTTGAGTGGATTGGATTTATTAGAGAC +360 
ATGAACTGGATCCGCCAGCCTGCAGGGAAGGCACCTGAGTGGCTGGGTTTTATTAGAGAC 
m=E]w I R Q p AG KA p E w L GjF I R oj 

oligo XI 
b c 53 55 COA 2 60 65 70 

I K A K G v. T T E Y N P s u K Gj R v T M L 
AAAGCTAAAGGTTACACAACAGAGTACAATCCATCTGTGAAGGGGAGAGTGACAATGCTG +420 
AAAGCTAAAGGTTACACAACAGAGTACAATCCATCTGTGAAGGGGCGGTTCACCATCTCC 
I K A K G y T T E y N p s V K Gj R F T I s 

75 80 82 a b c 83 85 
U D T S K N Q F S L R L S S U T A A O T 

GTAGACACCAGCAAGAACCAGTTCAGCCTGAGACTCAGCAGCGTGACAGCCGCCGACACC +480 
AGAGATAATACCCAAAACATGCTCTATCTTCAAATGAACACCCTAAGAGCTGAGGACACT 

R D N T Q N M L Y L Q M N T L R A E D T 
oligo XII 

90 95 COR 3 100 a b101 105 
A U V V C A R j E G H T A A P F O vj W G Q 

GCGGTCTATTATTGTGCAAGAGAGGGCCACACTGCTGCTCCTTTTGATTACTGGGGTCAA +540 
GCCACTTACTACTGTGCAAGAGAGGGCCACACTGCTGCTCCTTTTGATTACTGGGGCCAA 

A T y V C A R jE G H T A A p F D y I w G Q 

oligi°fov, VI, VI\ 13 lSpl ice 
G S L V T U S S 

GGCAGCCTCGTCACAGTCTCCTCAGGT ..... . . . . . . . 
GGAGTCATGGTCACAGTCTCCTCA 

G V M V T U S S 

$amHI 
... .. .. 3' +600 

Oligonucleolides: I: 5 '-GGC CAG TGG ATA GAC-3 ', 111 : 5'-CAG TTT CAT CTA 
GAA CTG GAT A-3', IV : 5'-GCA GTT GGG TCT AGA AGT GGA CAC C-3 ', 
V: 5 '-TCA GCT GAG TCG ACT GTG AC-3 ' , VI: 5'-TCA CCT GAG TCG ACT GTG 
AC-3', VII : 5 '-AGT TTC ACC TCG GAG TGG ACA CCT-3', VIII: 5 '-TCA CCT GAG 
GAG ACT GTG AC-3'; IX : 5'-GGC TGG CGA ATC CAG TT-3', X: 5 '-CTG TCT CAC 
CCA GTT CAT GTA GAA ATC GCT GAA GGT GCT-3' , XI: 5'-CAT TGT CAC TCT 
CCC CTT C AC AG A TGG A TT GT A CTC TGT TGT GT A ACC TTT AGC TTt GTC 
TCT AAT AAA TCC AAT CCA CTC-3', XII : 5 '-GCC TTG ACC CCA GTA ATC AAA 
AGG AGC AGC AGT GTG GCC CTC TCT TGC ACA ATA-3 ', XIII : 5'-AGA AAT 
CGG / C TGA AGG TGA AGC CAG ACA C-3'. 

h 

H~~dl I 
11 ...... ATGCAAATCCTCTGAATCTACATGGTAAATATAGGTTTGTCTATACC 

.__ANA starts ~RNA starts 
ACAAACAGAAAAACATGAGATCACAGTTCTCTCTACAGTTACTGAGCACACAGGACCTCA +60 

ATGA 
([) 

signal 1Spl ice 
(M G W . S C I I L F L V A T A T),!, 

CCATGGGATGGAGCTGTATCATCCTCTTCTTGGTAGCAACAGCTACAGGTAAGGGGCTCA +120 
TGGCTGCACTTCAACTCTTAGGGGTAGCTGCTAGCTCTGGCTCCCAG 

( M A A L Q L L G V A A S S G S Q) 

CAGTAGCAGGCTTGAGGTCTGGACATATATATGGGTGACAATGACATCCACTTTGCCTTT +180 

Sp I i cej, s i gna I 1 5 10 
@UH S)D I QM T Q SPSS LS A 

CTCTCCACAGGTGTCCACTCCGACATCCAGATGACCCAGAGCCCAAGCAGCCTGAGCGCC +240 
GCCATGAGATGTGACATCAAGATGACCCAGTCTCCCTCATTCCTGTCTGCA 
(A M A C) D I K M T Q S P S F L S A 

oligo XIV 
15 20 25 30 CDR 1 

S V G O A V T I T C !K A S Q N I O K V Lj 
AGCGTGGGTGACAGAGTGACCATCACCTGTAAAGCAAGTCAGAATATTGACAAATACTTA +300 
TCTGTGGGAGACAGAGTCACTCTCAACTGCAAAGCAAGTCAGAATATTGACAAATACTTA 

S V G O A U T L N C jK A S Q N I O K Y L j 
oligo XV 

35 40 45 50 CDR 2 
[ill w y Q Q K p G K A p K L L I V jN T N NI 
AACTGGTACCAGCAGAAGCCAGGTAAGGCTCCAAAGCTGCTGATCTACAATACAAACAAT +360 
AACTGGTATCAGCAAAAGCTTGGAGAATCTCCCAAACTCCTGATATATAATACAAACAAT 
[ill w y Q Q K L G E s p K L L I V jN T N NI 

55 60 65 70 
!L Q T!G UPS AF SGS GS GT D FT F 
TTGCAAACGGGTGTGCCAAGCAGATTCAGCGGTAGCGGTAGCGGTACCGACTTCACCTTC +420 
TTGCAAACGGGCATCCCATCAAGGTTCAGTGGCAGTGGATCTGGTACTGRTTTCACACTC 
jL Q T j G I P S A F S G S G S G T O F T L 

oligo XVI 
75 80 85 90 COR 3 

T I S S L Q P E O I A . T v . Y C j L Q H I S j 
ACCATCAGCAGCCTCCAGCCAGAGGACATCGCCACCTACTACTGCTTGCAGCATATAAGT +480 
ACC ATCAGCAGCCTGCAGCCTGAAGATGTTGCCACATATTTCTGCTTGCAGCATATAAGT 

T I s s L Q p E D u A T V F C jL Q H I s I 

95 100 105 108 
I A p A Tj F G Q G T K V E I K A 
AGGCCGCGCACGTTCGGCCAAGGGACCAAGGTGGAAATCAAACGTGAGTAGAATTTAAAC +540 
AGGCCGCGCACGTTTGGAACTGGGACCAAGCTGGAGCTGAAACGG 
I A p A Tj F G T G T K L E L K A 

BamHI 
TTTGCTTCCTCAGTTGGATCC-3' 

Oligonucleotides : 11 : 5 '-TGC AGC ATC AGCC-3 ', XIV : 5'-CTGCTGGTACCA 
GTT TAA GTA TTT GTC AAT ATT CTG ACT TGC TTT ACA GGT GAT GGT-3' , 
XV : 5 '-GCT TGG CAC ACC CGT TTG CAA ATT GTT TGT ATT GTA GAT CAG 
CAG-3' , XVI: 5 '-CCC TTG GCC GAA CGT GCG CGG CCT ACT TAT ATG CTG CAA 
GCA GTA GTA GGT-3' . 

Fig. I Heavy-chain (a) and light-chain (b) sequences of the variable domains of reshaped (upper line) or rat YTH 34.SHL (lower line) 
antibodies. The reshaped heavy-chain variable domain HuVHCAMP was based on the HuVHNP gene 12

•
19

, with the framework regions of 
human NEW (see note) alternating with the hypervariable regions of rat YTH 34.SHL. The reshaped light-chain variable domain HuVLCAMP 
is a similar construct, except with the framework regions of the human myeloma protein REI, with the C-terminal and the 3' non-coding 
sequence taken from a human J. -region sequence36

. The sequences of oligonucleotide primers are given and their locations on the genes are 
marked. 
Methods. Messenger mRNA was purified37 from the hybridoma clone YTH 34.SHL ( y2a, K b). First strand cDNA was synthesized by priming 
with oligonucleotides complementary to the 5' end of the CHI (oligonucleotide I) and the CK exons (oligonucleotide II), and then cloned 
and sequenced as described previously38

•
39

. Two restriction sites (XbaI and Sall) were introduced at each end of the rat heavy-chain variable 
region RaVHCAMP cDNA clone in M13 using mutagenic oligonucleotides III and V respectively, and the Xbal-Sa/1 fragment was excised. 
The corresponding sites were introduced into the M13-HuVHNP gene using oligonucleotides IV and VI , and the region between the sites 
was then exchanged. The sequence at the junctions was corrected with oligonucleotides VII and VIII , and an internal BamHI site removed 
using the oligonucleodde IX, to create the M13-RaVHCAMP gene. The encoded sequence of the mature domain is thus identical to that of 
YTH 34.SHL. The reshaped heavy-chain variable domain (HuVHCAMP) was constructed in an M13 vector by priming with three long 
oligonucleotides simultaneously on the single strand containing the M13-HuVHNP gene 12

•
19

• Each oligonucleotide (X, XI and XII) was 
designed to replace each of the hypervariable regions with the corresponding region from the heavy chain of the YTH 34.SHL antibody. 
Colony blots were probed initially with the oligonucleotide X and hybridization positives were sequenced: the overall yield of the triple mutant 
was 5% . The (Ser27 ➔ Phe) and (Ser27 ➔ Phe, Ser30 ➔ Thr) mutants of M13mp8-HuVHCAMP were made with the mixed oligonucleotide 
XIII . The reshaped light-chain variable domain (HuVLCAMP) was constructe·d in Mi3 from a gene with framework regions based on human 
REI (J. Foote, unpublished data ). As above, three long oligonucleotides (XIV, XV and XVI) were used to introduce the hypervariable regions · 
of the YTH 34.SHL light chain. 
Note: There are discrepancies involving the first framework region and the first hypervariable loop of the NEW heavy chain between the 
published sequence27 used here and the sequence deposited in the Brookhaven data base (in parentheses): Ser27 ( ➔Tor), Thr28 ( ➔ Ser) and 
Ser30 ( ➔ Asp ). Neither version is definitive (R. J . Poljak, personal communication) and the discrepancies do .not affect our interpretations. 
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Fig. 2 Strategy for reshaping a human antibody for therapy. 
Sequences of ra t origin are marked in black, and those of human 
origin in white. The recombinant heavy a·nd light chains are also 
marked using a systematic nomenclature. See text for description 
of stages 1, 2 and 3. The genes encoding the variable domains were 
excised from the M13 vectors as Hindlll-BamHI fragments, and 
recloned into pSV2gpt29 (heavy chains) or pSV2neo30 (light 
chains) , expression vectors containing the immunoglobulin en­
hancer1 2. The human -yl (ref. 40), -y2 (ref. 41), -y3 (ref. 42), -y4 
(ref. 41 ) and K (ref. 36) and the rat -y2b (ref. 43 ) constant domains 
were introduced as BamHI fragments . The following plasmids 
were constructed and transfected into lymphoid cell lines by 
electroporation44

• In stage I , the pSVgpt plasmids HuVHCA MP­
Ra lgG2B, HuVHCAMP(Se r ➔ Phe)- Ral gG2 B, HuVH CA MP­
(Ser27 ➔ Phe, Ser30 ➔ Thr)-RalgG2B were introduced into the 
heavy chain loss variant of YTH 34.SHL. In stage 2, the pSVgpt 
plasmids Ra VH CA MP-Ra lgG2B, RaVHCAM P-HulgGl , 
RaV HC AMP-HulgG2, RaVHCAMP-HulgG3 , RaVHCAMP­
HulgG4 were transfected as above. In stage 3, the pSV-gpt plasmid 
Hu(Ser27 ➔ Phe, Ser30 ➔ Thr)VHCAMP-HulgGl was co-trans­
fected with the pSV-neo plasmid HuVLCAM P-HulgK into the rat 
myeloma cell line YO (Y B2/ 3.0 Ag 20 (ref. 31 ). In each of the 
three stages, clones resistant to mycophenolic acid were selected 
and screened for antibody production by ELISA assays. Clones 
secreting antibody were subcloned by limiting dilution (for YO) or 
the soft aga r method (fo r the loss variant) and assayed aga in before 

1 litre growth in roller bottles. · 

Since, to a first approximation, the sequences of hypervariable 
regions do not contain characteristic rodent or human motifs, 
such ' reshaped' antibodies should be indistinguishable in 
sequence from human antibodies. 

There are rnAbs to many cell-type-specific differentiation anti­
gens, but only a few have therapeutic potential. Of particular 
interest is a group of rat rnAbs directed against an antigen, the 
'CAM PATH- I ' antigen, which is strongly expressed on virtually 
all human lymphocytes and rnonocytes, but is absent from other 
blood cells including the haernopoietic stern cells20

. The 
CAMPATH-1 series contains rat rnAb of lgM, lgG2a and lgG2c 
isotypes21, and more recently lgG I and lgG2b isotypes which 
were isolated as class-switch variants from the lgG2a-secreting 
cell line YTH 34.5HL22

• All of these antibodies, except the rat 
lgG2c isotype, are able to lyse human lymphocytes· efficiently 
with human complement. Also the lgG2b antibody YTH 
34.5HL-G2b, but not the other isotypes, is effective in antibody­
dependent cell-mediated cytotoxicity (ADCC) with human 
effector cells22

. These rat rnAbs have important applications in 
problems of irnrnunosuppression: for example control of graft­
versus-host disease in bone-marrow transplantation20

; the 
management of organ rejection23

; the prevention of marrow 
rejection; and the treatment of various lymphoid malignancies 
(ref. 24 and M. J. Dyer, Hale, G., Hayhoe, F. G . J. and 
Waldmann, H., unpublished observations) . The lgG2b antibody 
YTH 34.5HL-G2b seems to be the most effective at depleting 
lymphocytes in vivo but the use of all of these antibodies is 
limited by the anti-globulin response which can occur within 
two weeks of the initiation of treatment24

• Here we describe the 
reshaping of human heavy and light chains towards binding the 

Table 1 Reshaping the heavy-chain variable domain 

Concentration of antibody 
in µ.g m1- 1 at 

50% 50% 
antigen 

I-Jeavy chain variable domain binding 

RaVHCAMP 0.7 
HuVHCAMP 27.3 
HuVHCAMP (Ser27 ➔ Phe) 1.8 
HuVHCAMP (Ser 27 ➔ Phe, Ser 30 ➔ Thr) 2.0 

complement 
lysis 

2.1 
* 

16.3 
17.6 

Antibodies with the heavy-chain variable domains listed above, rat 
lgG2b constant domains and rat light chains were collected from super­
natants of cells at stationary phase and concentrated by precipitation 
with ammonium sulphate, followed by ion exchange chromatography 
on a Pharmacia MonoQ column. The yields of antibody were measured 
by an enzyme-linked immunosorbent assay (ELISA) directed against 
the rat lgG2b isotype, and each was adjusted to the same concentration35

. 

To measuring binding to antigen, partially purified CAMPATH-1 anti­
gen was coated onto microtitre wells and bound antibody was detected 
via a biotin-labelled anti-rat IgG2b mAb35

, developed with a strep­
tavidin-peroxidase conjugate (Amersham) . Complement lysis of human 
lymphocytes was with human serum as the complement source21 . For 
both binding and complement assays, antibody titres were determined 
by fitting the data to a sigmoid curve by at least squares iterative 
procedure21 . 

* Complement lysis with the HuVHCAMP variable domain was too 
weak for the estimation of lytic titre . 

CAMPATH-1 antigen and the selection of human effector func­
tions to match the lytic potential of the rat IgG2b isotype. 

Strategy 
The amino-acid sequences of the heavy- and light-chain variable 
domains of the rat lgG2a CAMPATH-1 antibody YTH 34.SHL 
were determined from the cloned complementary DNA (Fig. 1), 
and the hypervariable regions were identified according to 
Kabat25

• In the heavy-chain variable domain there is an unusual 
feature in the framework region. In most known heavy-chain 
sequences Pro41 and Leu45 are highly conserved: Pro41 helps 
turn a loop distant from the antigen binding site and Leu45 is 
in the /3 bulge which forms part of the conserved packing 
between heavy- and light-chain variable dornains26

• In YTH 
34.SHL these residues are replaced by Ala41 and Pro45 and 
presumably this could have some effect on the packing of the 
heavy- and light-chain variable domains. Working at the level 
of the gene and using three large rnutagenic oligonucleotides 
for each variable domain, the rat hypervariable regions were 
mounted in a single step on the human heavy- or light-chain 
framework regions taken from the crystallographically solved 
proteins NEW27 and REl28 respectively (Fig. 1). The REI light 
chain was used because there is a deletion at the beginning of 
the third framework region in NEW. The reshaped human 
heavy- and light-chain variable domains were then assembled 
with constant domains in three stage (Fig. 2). This permits a 
step-wise check on the reshaping of the heavy-chain variable 
domain (stage 1), the selection of the human isotype (stage 2), 
and the reshaping of the light-chain variable domain and the 
assembly of human antibody (stage 3). The plasmid construc­
tions were genomic, with the sequences encoding variable 
domains cloned as Hindlll-Bam HI fragments and those encod­
ing the constant domains as BamHl-BamHl fragments in either 
pSVgpt (heavy chain)29 or pSVneo (light chain)30 vectors. The 
heavy-chain enhancer sequence was included on the 5' side of 
the variable domain, and expression of both light and heavy 
chains was driven from the heavy-chain promoter and the heavy­
chain signal sequence. 

Heavy-chain variable domain 
In stage 1, the reshaped heavy-chain variable domain 
(HuVHCAMP) was attached to constant domains of the rat 
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isotype IgG2b and transfected into a heavy-chain loss variant 
of the YTH 34.5 hybridoma. This variant carries two light chains, 
one derived from the Y3 fusion partner3 t. The cloned rat heavy­
chain variable domain (RaVHCAMP) was also expressed as 
above, and the antibodies were purified and quantified (Table 
l). The HuVHCAMP and RaVHCAMP antibodies, each of the 
rat IgG2b isotype, were compared to the CAMPATH-1 antigen 
in a direct binding assay and in complement lysis of human 
lymphocytes (Table l). Compared with the original rat antibody, 
or the engineered equivalent, the antibody with the reshaped 
heavy-chain domain bound poorly to the CAMPATH-1 antigen 
and was weakly lytic. This suggested an error in the design of 
the reshaped domain. 

There are several assumptions underlying the transfer of 
hypervariable loops from one antibody to another47

, in particular 
the assumption that the antigen binds mainly to the hypervari­
able regions. These are defined as regions of sequence25 or 
structural32 hypervariability, the locations of hypervariable 
regions being similar by both criteria except for the first hyper­
variable loop of the heavy chain. By sequence the first hyper­
variable loop extends from residues 31-35 (ref. 25) whereas by 
structure it extends from residues 26-32 (ref. 32). Residues 29 
and 30 form part of the surface loop, and residue 27, which is 
phenylalanine or tyrosine in most sequences, including YTH 
35.5HL, helps pack against residues 32 and 34 (Fig. 3). Unlike 
most human heavy chains, in NEW (see note in Fig. I) the 
phenylalanine is replaced by serine, which would be unable to 
pack in the same way. To restore the packing of the loop, we 
made both a Ser 27 ➔ Phe mutation, and a Ser 27 ➔ Phe, Ser 
30 ➔ Thr double mutation in HuVHCAMP. These two mutants 
showed a significant increase in binding to CAM PA TH -1 antigen 
and lysed human lymphocytes with human complement (Table 
1 ). Thus the affinity of the reshaped antibody could be restored 
by a single Ser 27 ➔ Phe mutation, possibly as a consequence of 
an altered packing between the hypervariable regions and the 
framework . This suggests that alterations in the 'Kabat' 
framework region can enhance the affinity of the antibody and 
extends previous work in which an engineered change in the 
hypervariable region yielded an antibody with increased 
affinity33

. 

Heavy-chain constant domains 
In stage 2 (Fig. 2), the rat heavy-chain variable domain was 
attached to constant domains of the human isotypes IgGl, 2, 3 
and 4, and transfected into the heavy-chain loss variant of the 
YTH 34.5 hybridoma. In complement lysis (Fig. 4a), the human 
IgGl isotype proved similar to the YTH 34.5HL-G2b, with the 
human IgG3 isotype being less effective. The human IgG2 
isotype was only weakly lytic and the IgG4 isotype was non-lytic. 
In ADCC (Fig. 4b) the human IgGl was more lytic than the 

V YTH 34.5HL-G2b antibody. The decrease in lysis at higher 
concentrations of the rat IgG2b and the human lgG 1 antibody 
is due to an excess of antibody, which causes the lysis of effector 
cells. The human lgG3 antibody was weakly lytic, and the IgG2 
and lgG4 isotypes were non-lytic. 

Fig. 3 Loop Phe27 to Tyr35 in the heavy-chain variable 
domain of the human myeloma protein KOL, which has 
been solved crystallographically45

• The backbone of the 
hypervariable region according to Kabat25 is highlighted, 
and a 200% van der Waal surface is thrown around Phe 27 
to show the interactions with Tyr 32 and Met 34 of the 
Kabat hypervariable region. In the rat YTH 34.SHL heavy 
chain, these three side chains are conserved in character, 

but in HuVHCAMP, Phe27 is replaced by Ser. 

We therefore selected the human lgG 1 isotype for the 
reshaped antibody. Other recent work also favours the use of 
IgG 1 isotype for therapeutic application. When the effector 
functions of human isotypes were compared using a set of 
chimaeric antibodies with an anti-hapten variable domain, the 
IgG 1 isotype appeared superior to the IgG3 in both complement 
and cell-mediated lysist 5

• Also, of two mouse chimaeric anti­
bodies with human IgG 1 or IgG3 isotypes directed against cell 
surface antigens as tumour cell markers, only the IgG 1 isotype 
mediated complement lysis 13·t4

. 
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Fig. 4 a, Complement lysis and b, ADCC for antibodies with rat 
light-chain and rat heavy-chain variable domain attached to human 
lgGI ( □), IgG2 (0 ), IgG3 (■), or IgG4 (v' ) isotypes. Lysis with 
the YTH 34.SHL antibody (e) is also shown. 
Methods. Antibody was collected from cells in stationary phase, 
concentrated by precipitation with ammonium sulphate and desal­
ted into phosphate buffered saline (PBS). Antibodies bound to the 
CAMPATH-1 antigen-coated on microtitre plates, were assayed 
in ELISA directed against the rat K light chain35

, and each adjusted 
to the same concentration. The antibodies were assayed in comple­
ment lysis (Table 1) and ADCC with activated human peripheral 
blood mononuclear cells35 .46

. Briefly, 5 x 104 human peripheral 
blood cells were labelled with 5 1Cr and incubated for 30 min at 
room temperature with different concentrations of antibody. Excess 
antibody was removed and a 20-fold excess of activated cells added 
as effectors. After 4 h at 37 °c cell death was estimated by 51 Cr 

release. 
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Fig. 5 a, Complement lysis and b, ADCC of the reshaped human 
(Iii) and rat YTH 34.5HL (e ) antibodies. Antibody HuVHCAMP 
(Ser27 ➔ Phe, Thr30 ➔ Ser)-Hu!GG!, HuVLCAMP-HuIGK was 
purified from supernatants of cells in stationary phase by affinity 
chromotography on protein-A Sepharose. The yield (about 
IO mg,- , ) was measured spectrophotometrically. Complement and 

ADCC assays were performed as in Fig. 4. 

Light chain 
In stage 3 (Fig. 2), the reshaped heavy chain was completed by 
attaching the reshaped HuVHCAMP (Ser27 ➔ Phe, Ser30 ➔ Tor) 
domain to the human IgG 1 isotype. The reshaped light-chain 
domain HuVLCAMP was attached to the human CK domain. 
The two clones were co-transfected into the non-secreting rat 
YO myeloma line. The resultant antibody, bound to CAMPA TH­
I antigen (data not shown), and proved almost identical to the 
YTH 34.SHL-G2b antibody in complement lysis (Fig. Sa) . In 
cell-mediated lysis the reshaped human antibody was more 
effective than the rat antibody (Fig. Sb). Similar results were 
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obtained with three different donors of target and effector cells 
(data not shown). Also, the antibody was as effective as YTH 
34.5HL-G2b in killing leukaemic cells from three patients with 
8-cell lymphocytic leukaemia by complement-mediated lysis 
with human serum. Thus, by transplanting the hypervariable 
regions from a rodent to a human antibody of the IgG 1 subtype, 
we have reshaped the antibody for therapeutic application . 

Prospects 
The availability of a reshaped human antibody with specificity 
for the CAMPATH-1 antigen should permit a full analysis of 
the in vivo potency and immunogenicity of an anti-lymphocyte 
antibody with wide therapeutic potential. Even if anti-idiotypic 
responses are eventually observed, considerable therapeutic 
benefit could be derived from an extended course of treatment. 
Also, it should be possible to circumvent an anti-globulin 
response restricted to idiotype by using a series of antibodies 
with different idiotypes34

. In principle, the idiotype of the 
reshaped CAMPATH-1 could be changed by altering the hyper­
variable regions or the framework regions-evidence from a 
reshaped antibody specific for the hapten nitrophenyl acetate 
suggests that recognition by anti-idiotypic antisera and anti­
idiotypic mAbs is influenced by residues in the framework 
region 19

. Thus, recycling the hypervariable regions on different 
human framework regions should change the idiotype, although 
ultimately it might focus the response directly onto the binding 
site for the CAMP A TH- I antigen. Although such focusing would 
be undesirable for CAMPATH-1 antibodies, it could be an 
advantage for the development of anti-idiotypic vaccines. It is 
likely that the answers to some of these questions will emerge 
from the use of this reshaped antibody in therapy. 
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