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5.6. Leucine zipper and other fusions

Heterodimeric coiled coils can be used to ex-
tend the formation of multivalent miniantibodies
to bispecific miniantibodies. This strategy was first
applied to Fab fragments [96-98], which were
extended either with a jun or a fos helix. Because
Fab fragments have two unlinked chains, this
strategy would lead to mixed HL assemblies in a
single host. Two different hosts were therefore
used and the homodimeric Fab fragments were
dissociated from homodimers and reassociated to
heterodimers. These fragments have been pro-
duced in eukaryotes, even though certain engi-
neered Fab fragments can be produced in good
yield in E. coli [50]. Recently, the same strategy
has been used for scFv fragments [164], using the
miniantibody format [81], with the two scFvs
expressed individually and reassociated to het-
erodimers in vitro. The co-expression of fos- and
jun-based miniantibodies (Table 1) in one cell
leads mainly to separate jun—jun and fos—fos
homodimers and partial degradation of the fos
sequence [165]. Quantitative heterodimerization of
assoclation domains or peptides based on wild-
type-fos and jun sequences requires prolonged
incubation at temperatures greater than 37°C
[166] and therefore creates problems with the
folding and stability of the scFv part of the
miniantibodies. Ongoing research (Miiller et al.,
unpublished) is directed at obtaining quantitative
heterodimeric in vivo assembly 1n a single host
and temperatures suitable for E. coli growth. The
improvement of such heterodimerization domains
requires the careful modification of the coiled coil
sequences, but will offer a very fast approach to
producing heterodimers at high yield without fur-
ther temperature treatments or in vitro manipula-
tions.

A two-step approach to cell targeting has been
tested, in which a scFv fragment with a peptide
tag was used. The tag was recognized by a second
bispecific antibody, which was to bind to an effec-
tor cell via the second arm [167]. It will be inter-
esting to directly compare this approach with the
use of bifunctional molecules, where the anti-tu-
mor site and the anti-effector cell activity are
directly linked.

5.7. Bispecific ‘Di-Bi miniantibodies’

All the recombinant bispecific molecules de-
scribed so far have only one binding domain of
either type, and are therefore only monovalent for
either epitope. However, the arguments made for
bivalent binding as a means for increasing func-
tional affinity, and perhaps selectivity for particu-
lar cell types carrying densely clustered antigens,
are of course also valid in applications where two
different cell types are to be crosslinked. Thus,
molecules have been constructed which are both
bispecific and bivalent (Muller et al., manuscript
in preparation). This has been achieved by using
miniantibodies of the scFv-hinge-helix-turn-helix
type, to which another, different scFv was fused
at the C-terminus. By dimerizing via the helix-
turn-helix motif, the molecular assembly carries
two scFvs of specificity A at the N-terminus and
two scFvs of specificity B at the C-terminus.

6. Production of miniantibodies and diabodies by
fermentation

The secretion and folding of many of the frag-
ments described i this review has been demon-
strated 1n E. coli. It 1s very difficult to judge the
expression performance of a particular format in
general terms, as 1t primarily depends on the
antibody sequence. However, as pointed out
above, various strategies are available to reengi-
neer the fragments. Such favorable sequences
(Section 2.2) have lead to excellent expression
performances as Fab or Fab’ fragments [50], biva-
lent miniantibodies [49,51] and diabodies [156],
which have all been obtained in amounts ap-
proaching or exceeding 1 g/l of functional protein
(see Section 3.1), not requiring any refolding.

These high yields are accessible by high cell
density fermentation of E. coli. Several successful
promoter/operator systems have been described
[50,51,94] and 1t may be pointed out that E. coli
appears currently to be the most powerful host of
all 1n terms of volume yield, reaching up to 3-4
g/l of a fully functional miniantibody [51] which
would correspond to 8-10 g IgG 1n molar yield.
Using unlimited growth rates of E. coli and
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regulating glucose levels by a feed-back control
loop, these amounts are obtained in only 24-36
h [51] and this is a factor often overlooked in
comparing different production hosts.

7. In vivo properties of bivalent antibody
fragments

The pharmacokinetic properties of a number
of bivalent fragments have been investigated up
to now. The bivalent miniantibody formats
scdHLX and scZIP (Fig. 3) where tested in mice
and compared with those of the corresponding
scFv fragment and complete, monoclonal anti-
body [83]. Both miniantibody formats, which are
of the size of a monovalent Fab fragment, ex-
hibit a serum half life intermediate between that
of monoclonal antibodies and the well known
rapid clearance of monovalent scFv fragments
[149—151] (Table 2). They are almost quantita-
tively excreted via the kidneys and do not show
proteolysis of the potentially sensitive hinge re-
gions [83]. Similar results have been obtained by

Table 2

Pharmacokinetic properties of miniantibodies
Antibody construct? {,, @ (min)® i B (h)®
sCFv© 8.1 +2.6 2.8 +0.3
scd HLX* 17.5+ 3.8 3.4+0.3
scZIP° 11.9:4.3 4.1 T 1.3
McPC6034 84.0 +7.3 21.1 +£0.7

Data are from [83], where further details can be found, and
serve to illustrate the differences between the various molecu-
lar species. Similar studies have been carried out with other
bivalent molecules (see Section 7) and data can be found in
references [91,93,94,110,168].

* Models of scFv, scdHLX and scZIP are shown in Fig. 4 b, d
and e or schematically in Fig. 3; the whole antibody McPC603
1s an IgA. All species carry the same variable domains, specific
for phosphorylcholine.

® Mean + S.D., mice (n = 6) were given intravenous injections
of 2.5 mg of '*’I-MADb or MAb-fragments.

© 1, o (time mnterval: 0—15 min) and ¢,,, f (time mterval: 1-7
h). '

41, a (time interval: 0—120 min) and ¢,,, # (time interval:
4-120 h).

testing functionality of the miniantibodies as a
function of time after injection into mice [82].
Qualitatively similar data have been obtained for
other bivalent fragments. The clearance kinetics
of a scFv-cys, fragment was found slightly
slower than the monomer, most evident in the
fast phase [91]. '

Tumor localization studies with a variety of
dimeric forms of recombinant antibody frag-
ments have been reported. They gave favorable
results with respect to the monomers for scFv-
cys, fragments [93], a scFv with short linker
(monospecific diabody) [168] and a scFv-Cy3 fu-
sion [110], especially when equipped with a hinge
region as discussed above for the miniantibodies.
Very good tumor to blood ratios were seen al-
ready at short times, making these molecules in-
teresting for 1maging. Adams et al. [93] also
noted a better tumor localization of a scFv-cys,,
compared with a Fab fragment of the same MW.
This comparison thus directly demonstrates the
beneficial effect of bivalency, since both
molecules gave very similar pharmacokinetics.
This 1s a more meaningful comparison than the
usual comparison to a scFv fragment which has
a lower MW and somewhat faster clearance
rates. Nevertheless, in a comparison of mono- bi-
and trivalent scFvs and Fabs, King and co-work-
ers [94] found better tumor to blood ratios for
the multivalent Fab fragments. These discrepan-
cies demonstrate that the question of optimal
localization is very complicated and may require
a modular approach to tuning the system empiri-
cally.

8. Potential applications of multimeric fragments

While many of the therapeutic applications
have centered around tumor immunology, the
advent of recombinant antibody technology may
also bring a renaissance of passive immunother-
apy with mproved molecules of human origin.
Such approaches have been taken by converting
recombinant molecules, obtained as Fab frag-

ments from phage display libraries, back to the
whole antibodies [169,170].



A. Pliickthun, P. Pack /Immunotechnology 3 (1997) 83—105 101

More recently, 1t was investigated in a mouse
model whether monomeric scFv and dimeric
dHLX miniantibodies would be protective against
vesicular stomatitis virus, a brain specific mouse
pathogen related to rabies virus [82]. While mono-
valent scFv (preincubated with virus before injec-
tion) was not able to protect against the virus,
bivalent miniantibody was protective. Using
highly virus-sensitive, interferon «f -receptor defi-
cient knockout mice, both species were protective
against a low virus titer, demonstrating that nei-
ther the Fc part nor bivalency are necessary for
protection, but most likely the functional affinity
has to be high enough that no virus particle
escapes into the central nervous system. These
monomeric and dimeric species are not yet protec-
tive 1n passive immunotherapy, probably because
of the short in vivo half-life (see above). However,
second generation miniantibodies with higher
oligomerization states and improved in vivo sta-
bilities may be able to solve this problem.

At the present time it may be difficult to draw
definitive conclusions about the general merits of
the various formats for applications such as pas-
sive immunization, screening and targeting of infl-
ammation and cancer. The use of a certain design
may depend on the available intrinsic affinity as
well as on the location, vascularization, accessibil-
ity and density of the antigens on the targeted
cells. The future will lie in a modular approach to
size, combining an optimal functional affinity
with the best achievable compromise between
small molecular weight (for efficient penetration)
and a tunable serum lifetime. It has been sug-
gested that during penetration of the tumor, the
antibodies arriving first bind to the target, but by
doing so may create a barrier preventing further
molecules from entering [171]. It 1s possible that
this effect 1s also related to molecular size, but it
may require a fine-tuning of affinities as well. One
has to find the right compromise between long
enough serum lifetime, which also translates into
a high enough serum steady state, to actually
reach the antigen 1n vivo and deliver sufficient
amounts, but short enough to clear unbound
molecules. It appears that this goal can only be
reached by systematic, comparative studies.

In addition, future designs will not be restricted
to the combination of one or two specificities in a
single multimeric complex. Immunogenicity will
be reduced by the exclusive use of human se-
quences and the avoidance of chemical linkers
and unnatural peptidic linker sequences. The
combination of bispecific and/or multivalent
molecules with additional effector functions
[172,173] such as cytokines, toxins, enzymes or
metal binding sites in a multifunctional complex
may bring us closer to the ‘magic bullet’.
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