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Designing CD4 immunoadhesins for AIDS therapy
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A newly-constructed antibody-like molecule containing the gp120-binding domain of the receptor for human
immunodeficiency virus blocks HIV-1 infection of T cells and monocytes. Its long plasma half-life, other antibody-like
properties, and potential to block all HIV isolates, make it a good candidate for therapeutic use.

DESPITE the exquisite ability of the immune system to distin-
guish between self and non-self, and to put forth an impressive
diversity in its antigen-recognizing repertoire, it can still be
outflanked by a rapidly changing pathogen. Human
immunodeficiency virus type 1 (HIV-1) is an example of such
a pathogen, and, as a result, its consequences are devastating.
Every individual infected with the virus is expected to develop
a serious or life-threatening illness'; no protective state has been
shown to be generated in natural infections. It has not yet been
possible to generate a protective response by immunizing chim-
panzees with gp120, the HIV-1 envelope glycoprotein®*, or to
confer passive immunity to chimpanzees using human IgG*.
Even neutralizing antibodies made in experimental animals can
block the infectivity of only a few HIV-1 isolates®’. Thus, the
prospects for eliciting protective immunity against HIV-1, or
for using antibodies as therapeutic agents to control HIV-1
disease are bleak. Anti-retroviral chemotherapy using dideoxy-
nucleosides such as AZT does help some patients, but the
toxicity is such that new strategies are needed®.

We have therefore attempted to block HIV-1 infectivity with
soluble derivatives of CD4, the receptor for HIV-1, with the
rationale that the CD4-binding domain of gp120 is the only part
of gp120 that the virus cannot afford to change’. CD4 is a
cell-surface glycoprotein found mostly on a subset of mature
peripheral T cells that recognize antigens presented by class II
MHC molecules®®. Antibodies to CD4 block HIV-1 infection
of T cells'™'" and human cells not susceptible to HIV-1 infection
become so after transfection with a CD4 ¢cDNA'2. Gp120 binds
CD4 with high affinity (K~ 107°M), suggesting that it is this
interaction which is crucial to the entry of virus into cells”".
Indeed, we” and others'*"'® have shown that soluble rCD4,
lacking the transmembrane and cytoplasmic sequences of CD4,
can block HIV-1 infectivity, syncytium formation, and cell kill-
ing by gp120 (ref. 19). rCD4 blocks the infectivity of diverse
HIV-1isolates (R.B., J.G., H.M. and S.B., unpublished results),
and in theory should block all. At best, however, soluble rCD4
offers only a passive defence against the virus.

Active immunity requires a molecule such as an antibody,
which can specifically recognize a foreign antigen or pathogen
and mobilize a defence mechanism. Antibodies comprise two
functionally independent parts, a rather variable domain (Fab),
which binds antigen, and an essentially constant domain (Fc),
providing the link to effector functions such as complement or
phagocytic cells. It is almost certainly the lack of an antigen-
binding domain which can neutralize all varieties of virus that
hampers the development of humoural immunity to HIV-1. We
reasoned that the characteristics of CD4 would make it ideal as
the binding site of an antibody against HIV-1. Such an antibody
would bind and block all HIV-1 isolates, and no mutation the
virus could make, without losing its capacity to infect CD4*
cells specifically, would evade it. We therefore set out to con-
struct such an antibody by fusing CD4 sequences to antibody

domains.

We had two major aims for our hybrid molecules; first, as
pharmacokinetic studies in several species predict that the half-
life of soluble CD4 will be short in humans (30-120 min; J.M.,
unpublished results) we wished to construct a molecule with a
longer half-life; second, we wanted to incorporate functions
such as Fc receptor binding, protein A binding, complement
fixation and placental transfer, all of which reside in the Fc
portion of IgG. The Fc portion of immunoglobulin has a long
plasma half-life, like the whole molecule, whereas that of Fab
is short, and we therefore expected to be able to fuse our
short-lived CD4 molecule to Fc and generate a longer-lived CD4
analogue. Because CD4 is itself part of the immunoglobulin
gene superfamily, we expected that it would probably fold in a
way that is compatible with the folding of Fc. We have therefore
produced a number of CD4-immunoglobulin hybrid molecules,
using both the light and the heavy chains of immunoglob-
ulin, and investigated their properties. We have named one
particularly interesting class of these CD4-immunoglobulin
hybrids ‘immunoadhesins’, because they contain part of an
adhesive molecule® linked to the immunoglobulin Fc effector
domain.

Synthesis of CD4 immunoadhesins

CD4is an integral membrane protein with an extracellular region
comprising four domains with homology to immunoglobulin
variable domains®'*? (Fig. 1). Soluble CD4 derivatives consist-
ing of this extracellular region bind gp120 with the same affinity
as cell-surface CD4 (ref. 7). CD4 variants containing only
domains 1 and 2 also bind gp120'""', but the affinity of this
interaction is not known. We constructed a series of hybrid
molecules consisting of the first two or all four immunoglobulin-
like domains of CD4 fused to the constant region of antibody
heavy and light chains (Fig. 1).

We investigated the synthesis and secretion of these hybrids
using transient expression in a human embryonic kidney-derived
cell line. As shown in Fig. 2, immunoglobulin light and heavy
chains are efficiently expressed in these cells, and light chain is
efficiently secreted, but heavy chain is not unless a light chain
is coexpressed. Thus the rules governing immunoglobulin chain
secretion in these cells are the same as those for plasma or other
lymphoid cells®. We first constructed hybrids that fused CD4
with the constant regions of murine - or yl-chains. These
hybrids contained either the first two or all four immuno-
globulin-like domains of CD4, linked at a position chosen to
mimic the spacing between disulphide-linked cysteines seen in
immunoglobulins (Fig. 1). As expected, the CD4-« hybrids were
secreted well, whereas hybrids between CD4 and mouse y1-
chain were expressed but not secreted unless a «-chain or a
CD4-« hybrid was present.

A different and unexpected picture emerged when analogous
CD4-heavy-chain hybrids were constructed using the constant
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Fig. 1 Structure of cell surface CD4, human IgG1 (1), soluble
rCD4, and CD4 immunoadhesins (2yl and 4y1). The
immunoglobulin-like domains of CD4 are numbered 1 to 4, T™M
and CYT refer to the transmembrane and cytoplasmic domains.
Soluble rCD4 is truncated after proline 368 of the mature CD4
polypeptide. This results in a secreted, soluble polypeptide with
an affinity for gp120 similar to that of cell surface CD4 (ref. 7).
The vertical division within IgG1 indicates the junction of the
variable (VH) and constant (CHI, hinge, CH2, and CH3) regions.
Disulphide bonds formed within IgGl domains and the
immunoglobuiin-like domains of CD4 are indicated by (S-S). The
positions of cysteine residues that form intermolecular disuiphide
bridges connecting the IgG1 heavy-chain hinge to light and heavy
chains are indicated by (S). CDd-derived and IgGl-derived
domains of 2y1 and 4v1 are indicated by shaded and unshaded
regions, respectively. The 2yl and 4yl immunoadhesins consist
of residues 1 to 180 and residues 1 to 366 of the mature CD4
polypeptide, respectively, fused to the first residue (serine 114) of
the human IgG1 heavy-chain constant region.

Methods. For the expression of CD4 immunoadhesins, the sequen-
ces of CD4 and human IgG1l were fused by oligonucleotide-
directed deletional mutagenesis after their insertion into a mam-
malian expression vector used for soluble rCD4 expression’. A
human [gG1 heavy-chain ¢cIDNA, obtained from a human spleen
¢DNA library using probes based on the published sequence*’,
was inserted at a unique Xbal site found immediately 3’ of the
CD4 coding region in the same reading orientation as CD4. Syn-
thetic 48-mer oligodeoxynucleotides, complementary to the 24
nucleotides at the borders of the desired CD4 and IgG1 fusion
sites, were used as primers in the mutagenesis reactions using the

plasmid described above as the template™®.

region of human IgGl heavy chain instead of mouse heavy
chain. Such hybrids, containing either the first two or all four
immunoglobulin-like domains of CD4 (named 2yl and 4yl
respectively), were secreted in the absence of wild-type or hybrid
light chains (Fig. 2a). Both 2y1 and 4y1 could be directly
immunoprecipitated using Staphylococcus aureus protein A,
which binds the Fc portion of [gG1, indicating that the protein
A-binding sites of these constructs are fully functional. [ndeed,
both molecules can be purified to near homogeneity on protein
A columns (Fig. 2b).

Structure of CD4 immunoadhesins

We examined the subunit structure of these immunoadhesin
molecules using SDS-polyacrylamide gels (Fig. 2b). Without
any reducing agent, the apparent relative molecular mass (M,)
of each construct doubled, demonstrating that both immuno-
adhesins are disulphide-linked dimers. The hinge region of each
immunoadhesin contains three cysteine residues, one normally
involved in disulphide bonding to light chain, the other two in
the intermolecular disulphide bonds between the two heavy
chains in [gG. As the molecules are dimers at least one, and

perhaps all three, of these cysteine residues are involved in
intermolecular disulphide bonds. We examined the capacity of
2yl and 4yl to form disulphide links with light chains. When
an immunoadhesin construct was cotransfected with a light
chain, the light chain produced could be precipitated by protein
A. Mutagenic substitution of the first hinge-region cysteine with
alanine abolished light-chain bonding, but did not affect
dimerization (data not shown), indicating that this cysteine
bonds the light chain in these hybrids, as in normal 1gG. Thus
the disulphide bond structure of these immunoadhesins seems
to be analogous to that of immunoglobulins.

gp120 binding

To determine whether our immunoadhesins retain the ability to
bind gpl20 with high affinity, and whether the first two
immunoglobulin-like domains are sufficient, we carried out
saturation binding analyses with radioiodinated gp120. Binding
is saturable, showing a simple mass action curve (Fig. 3a). The
dissociation constant (K,) for the interaction of each
immunoadhesin with gp120, calculated by Scatchard analysis
(Fig. 3a, inset), was indistinguishable from that of soluble rCD4
(~107° M) (Table 1). Thus, the N-terminal 170 amino acids of
CD4 are sufficient for high-affinity binding. As these immuno-
adhesins are homodimeric, they should each have two gp120-
binding sites. We examined this possibility by coating plastic
microtitre wells with gp120, then adding soluble CD4 or
immunoadhesins. Both immunoadhesins could bind added
labelled gp120, whereas soluble rCD4, with only one gp120
binding site, could not (J. Porter and S. C., unpublished results).
To confirm the bivalent nature of 2y1 and 4y1, we examined
their ability to agglutinate sheep red blood cells coated with
gp120. Again, both CD4 immunoadhesins, but notsoluble rCD4,
agglutinated the cells, showing that binding to gp120 molecules
on different cells is not sterically hindered.

In vivo plasma half-life

We examined whether the immunoadhesins share the long in
vivo half-life of antibodies. Studies of rCD4 in rabbits provide
clearance data that extrapolate well to other species, including
humans (J.M., unpublished results). The change in plasma con-
centration with time for each of the three CD4 analogues in
rabbits is shown in Fig. 4. Analysis of these data reveals that
soluble rCD4 has a terminal half-life in rabbits of ~15 min,
whereas 4y1 and 2yl have terminal half-lives of ~7 and 48 h,
respectively (Table 1). Thus the half-life of 2y1 in rabbits is
nearly 200 times longer than that of rCD4 and comparable to
that of human IgG in rabbits (4.7 days)?*. The half-life of 2y1
in humans is expected to be longer than that in rabbits, because
of the decreased proportional blood flow to eliminating organs
as species increase in size®, and should be comparable with
that of human [gG1 (21 days).

Our results confirm our initial hypothesis that, as in the case
of immunoglobulin itself, one can increase the stability of a
rapidly cleared molecule (Fab or rCD4) by fusing it to a long-
lived molecule, Fc. The swift clearance of rCD4 is probably
largely due to its size, M, 55,000, which means it is just small
enough to be cleared efficiently by renal filtration. One com-
ponent in the increased halt-lives of these molecules is therefore
probably their larger size; but this cannot be the whole story as
4y1, although larger than 2y1, has a shorter haif-life. Both 4y1
and rCD4, but not 2y, contain two CD4-derived Asn-linked
carbohydrate sites which are glycosylated in rCD4 (R. Harris
and M. Spellman, unpublished results); these sugar moieties
may facilitate clearance by receptors in the liver. The charge of
the molecule may also be important, as the CD4 portion of 4y1
contributes a net excess of eleven positively charged amino acids
on 4yl, but only three on 2yL. This may increase uptake of
rCD4and 4yl onto anionic surfaces, accelerating their clearance
from the circulation.

Fe receptor and complement binding
Two major mechanisms for the elimination of pathogens are
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Fig. 2 Expression, secretion and subunit structure of CD4 immunoadhesins and soluble rCD4. q, Expression and secretion of mouse
immunoglobulins, soluble rCD4 and CD4 immunoadhesins expressed in mammalian cells. Cells were transfected with vectors directing the
expression of murine «-light chain (lanes ) or yl-heavy chain (lanes y1) individually or together {lanes « + y1), vectors encoding soluble
rCD4 (lanes rCD4), and the CD4 immunoadhesins 2y1 (lanes CD4.y,) or 4y1 (lanes CD4,y,). After metabolic labelling with [**S]methionine,
cell supernatants and cell lysates were analysed by immunoprecipitation. Lanes U, untransfected cells. b, Subunit structure of secreted CD4
immunoadhesins and soluble rCD4. Soluble rCD4, 21 and 4y were purified from culture supernatants of transfected cells and analysed by
electrophoresis on a 7.5% SDS-polyacrylamide gel. Samples were prepared in buffer with 10 mM dithiothreitol (DTT) (reducing conditions)
or without DTT (non-reducing conditions). The positions of relative molecular mass standards are indicated (in thousands). Both immuno-
adhesins behaved as disulphide-linked dimers; in contrast, soluble rCD4 which is monomeric, displayed only a minor change in mobility
upon reduction of its intra-molecular disulphide bonds.

Methods. a, Cells were transfected by a modification of the calcium phosphate procedure, labelled with [>3S]methionine, and cell lysates
prepared as described . Immunoprecipitation analysis was carried out as previously described’, with the exception that no preadsorbtion with
Pansorbin (Calbiochem) was done, and the precipitating antibodies used were 2 1 of rabbit anti-mouse [gG serum (Cappell) for mouse IgG
heavy and light chains, 0.25 ug of OKT4A (Ortho) for soluble rCD4, and no added antibody (Pansorbin only) for the CD4 immunoadhesins.
Immunoprecipitated proteins were resolved on 10% SDS-PAGE gels, and visualized by autoradiography. b, CD4 immunoadhesins were
purified from transfected cell supernatants by protein A affinity chromatography followed by ammonium sulphate precipitation. Purified

proteins were subjected to SDS-PAGE under both reducing and non-reducing conditions and visualized by silver staining.

mediated by the Fc portion of specific antibodies. Fc activates
the classical pathway of complement, ultimately resulting in
lysis of the pathogen, whereas binding to cell Fc receptors can
lead to ingestion of the pathogen by phagocytes or lysis by killer
cells. The binding sites for Fc cell receptors and for the initiating
factor of the classical complement pathway, Clq, are found in
the constant region of heavy chain®® (the CH2 domain for C1g*’
and the region linking the hinge to CH2 for Fc cell receptors™®).
We aimed to incorporate both of these functions into the
immunoadhesins. We chose the IgG1 subtype to supply the Fc
domain because IgGl is the best compromise between Fc bind-
ing, Clq binding, and long half-life. We show below that the
immunoadhesins bind FcR well, but do not bind Clq.

Three types of Fc cell receptors are known to be expressed
on a variety of leukocytes. Of these FcRI, principally expressed
on mononuclear phagocytes, is the only one which binds

monomeric human IgG1 with high affinity?. We used competi-
tion binding analysis with FcRI receptors on the U937
monocyte/ macrophage cell line to characterize the Fc receptor
binding of 2y1 and 4y1. Direct saturation binding analysis with
human 1gG1 gave a K, of ~3x107° M. In competition bind-
ing analyses, the two CD4 immunoadhesins, but not rCD4,
bound to Fc receptors on U937 cells to the same extent and
with an affinity indistinguishable from human IgG1 (Fig. 3b,
Table 1).

We examined the ability of the immunoadhesins to bind to
the first component of the classical pathway of complement,
Clq, by saturation binding analysis. Because binding of Clq
increases with the aggregation state of the antibody, with an
affinity of ~10™* for monomers and ~107% for tetramers of
1gG™, we first aggregated the immunoadhesin using gpl20
linked to Sepharose. As a positive control, we measured Clg

Table 1 Properties of CD4 immunoadhesins and soluble rCD4

gpl20 Blocks Plasma half-{ife )

Calculated Subunit binding infectivity in rabbits F¢ binding Complement Prglelln A

M, structure (nM)* T cells My (hours)T (nM)* binding binding
rCD4 41,000 monomer 23504 Yes  Yes 0.25+0.01 - No No
4yl 154,000 dimer 1.2 £0.1 Yes Yes 6.7+1.1 23+0.7 No Yes
2yl 112,000 dimer 1.4 £0.1 Yes Yes 48.0 £8.6 26£03 No Yes
1gGl 146,000 tetramer — —_— — 113% 3.2+0.2 Yes Yes

(H,L,)

* Standard error of the mean was determined using the [nplot and Scatplot programs (see Fig. 3 legend). t Standard deviation indicated in hours.

f Determined in rel. 24 (IgG1 has a half-life of 21 days in humans).



Fig. 3 Binding properties of CD4 immuno- a
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results and from binding studies of gpl20 to Sacidian [ ‘o s:ou,::?n;f" 200
soluble rCD4 performed in parallel are given - : ( : —_—
in Table . b, Binding of CD4 immunoadhesins : : ‘

to Fcy receptors on U937 cells. Competition
binding analysis was carried out by mixing
0.1 pg ml™" of "*[-labelled human 1gG1 (Cal- b . ¢
biochem) with increasing concentrations of 100w e -
purified human IgG1 (solid circle), 2y1 (solid
square), 4yl (solid triangle), or soluble rCD4
(open circle) proteins. Curves drawn represent
the best (it as determined by unweighted least-
squares nonlinear (IgG1,2yl and 4y1) orlinear
(rCD4) regression analysis. Dissociation con-
stants calculated from these results are shown
in Table 1. ¢, Clq saturation binding analysis
of CD4 immunoadhesins. Purified anti-gp120 /i .
IgG2a mouse monoclonal antibody (solid 20 = |/ -~ .
circle), 2y1 (solid square), or 4yl (solid ; . |/ ol ~
triangle) proteins were aggregated by binding - ; ; s . - e,
to gpl20-coupled Sepharose, and incubated 0 1070 1070 1073 10-7 1078 10 0 &g 0 53
with increasing concentrations of purified [Competitor] (M) Total Cig (nM)

human C1q (Calbiochem) radioiodinated with

lactoperoxidase. The curve drawn for the anti-gp120 monoclonal antibody (mAb) represents the best fit as determined by least-squares nonlinear
regression analysis; the dissociation constant for C1q binding to this gpl20-aggregated anti-gp120 mAb was ~1.8 x 1073 M.

Methods. a, Gp120 saturation binding analysis was carried out as described’ except that gp120-CD4 immunoadhesin complexes were collected
directly onto Pansorbin: binding was comparable to that observed when complexes were collected with OKT4A as for soluble rCD4. Specifically
bound '**I-labelled gp120 was determined from the difference in binding in the presence or absence of a 1,000-fold excess of unlabelled
1gp120 and is plotted against the total '**I-labelled gp120 concentration. b, FcR binding analysis was done essentially as described®’ except
that after centrifugation free IgG1 was removed by aspiration of the aqueous and oil layers. Mixtures of '**I-labelled human IgG1 and IgG1,
CD4 immunoadhesins or soluble rCD4 were incubated with U937 cells (2 x 10° cells per tube) for 60 min at 4 °C. Specific binding was calculated
by subtracting residual nonspecific binding (<25% of specific binding) which could not be competed out by a 1,000-fold excess of unlabelled
human IgG1. ¢, Clq binding analysis was done essentially as described?’, except that gp120 coupled to CNBr-activated Sepharose 6B (Pharmacia)
was used as the solid support to aggregate CD4 immunoadhesins or the anti-gp120 mouse mAb. Proteins were adsorbed to gp120 coupled-beads,
incubated with varying concentrations of '*I-labelled Clq, and bound and free Clq were then separated by centrifugation through 20%
sucrose. Specific binding was determined from the difference in binding in the presence or absence of added antibody or immunoadhesin. All
data analysis was carried out using the Inplot and Scatplot programs (R. Vandlen, Genentech). Scatplot was modified from the Ligand program
(P. Muncy, NTH).
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Fig. 4 Pharmacokinetics of CD4 immunoad- i b
hesins and soluble rCD4. Shown are the mean 1000
plasma concentrations (ngml™') for 2yl ;
(triangles), 41 (squares), and rCD4 (circles) |
following a single intravenous administration |
in rabbits. a, Time course of plasma clearance
over the first 120 minutes; b, time course over
8 days after injection of the CD4 analogues.
Methods. Ten female New Zealand white rab- 100
bits (Rabbitek, Modesto, California) were \
injected intravenously (via an ear vein catheter) | 1
with a single bolus dose (40 pg kg ™" ina volume | 1
of | ml) of either rCD4 (n=2), 4yl (n=4), or i [
2yl (n=3). Blood samples were obtained from

an arterial catheter in the opposite ear; after 24 |ol 0
hours, blood samples were obtained by |

venipuncture. Plasma concentrations of each
protein were determined by an enzyme-linked |
immunosorbent assay, This capture assay used o 20 a0 50 60 00 120 0 5 B 3

two antibodies, including an anti-CD4 mono- Tinve i) Tima (days)

clonal directed against the gpl20-binding site

(and capable of blocking gpt20 binding), and thus provided a sensitive assay for CDd-containing molecules that are still capable of binding
gp120. Exponential equations were fitted to the data of individual rabbits using a nonlinear least squares regression program NONLINS4®
(Statistical Consultants, Lexington, Kentucky). The concentration (C,ng ml™'") versus time (/) data for rCD4 were best described by a
biexponential equation C =541 ¢™'*' +620e™ """ where time is in minutes; the average terminal half-life was 4.7 min, and the average
clearance was 3 mi min ™' kg ™'. The 4y data were best described by a triexponential equation, C =546 ¢ "'V + [93 ¢ 723! 1 46.8 ¢ 2% where
time is in hours. The average terminal half-life was 6.7 hours, and the average clearance was 0.91 ml min~' kg~'. The 2yt data were best
described by a triexponential equation, C =153 ¢ " * + 342 ¢ 74" + 183 ¢ ™"V where time is in hours. The average terminal half-lite was
48 hours, and the average clearance was 0.039 ml min ™' kg '

=)
=)
-t

/

Concenlration (ng ml ™"




Fig. § Inhibition of HIV-1 infectivity by CD4
immunoadhesins and soluble rCD4. 4, [nhibi-
tion of the cytopathic effects on ATHS cells by
HIV-1 was examined as described'® with the
HTLV-I11B isolate'. The number of viable cells
at day 10 alter infection is shown lor varying
concentrations of each molecule in the presence
(solid bars) or absence (shaded bars) of added
virus. The absence of an effect of such CD4
analogue on cell number in the absence of virus
indicates that none of these molecules inhibited
cell growth. b, Inhibition of infection of HY
cells by HIV-1 was carried out as described’
with the HTLV-IIIB isolate. Reverse transcrip-
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Inhibition of infection of U937 cells by HIV-1 5 & | 2 20+

(HTLV-IIIB isolate) was carried out as §g 60+ 1 £

described above for H9 cells. d, Inhibition of 3§ 1 @ 20+

infection of fresh human monocytes by the £ 5 “0‘] 5

monocytotropic HIV-1 isolate Ba-L (ref. 35). S 3 1 2 10+

HIV-1 replication was determined by measur- 2 20] =3

ing the level of p24 gag antigen syathesis 10 gll ; @ 04 3—-?1."'_--@_55_,,
days after infection using a commercial assay 001 01 10 100001 O | 0 100 0 05 2 5 10 20

kit (Dupont). Circles, inverted triangles and
triangles represent inhibition of p24 synthesis
by soluble rCD4, 2¥1 and 4y1, respectively.

binding to an anti-gp120 mouse IgG2a monoclonal antibody,
(which like human IgG1 binds Clq with high affinity”) aggre-
gated by the same gp120-Sepharose. The affinity of the mouse
antibody for Clq determined by Scatchard analysis was 1.8 x
10 M (Fig. 3¢), comparable to that observed for other mouse
IgG2a and for human IgG1l antibodies. In contrast, neither
immunoadhesin bound Clq to any detectable extent (Fig. 3¢),
although both did bind the gp120-Sepharose matrix in amounts
comparable to the control antibody.

Thus, our immunoadhesins bind well to Fc receptors. It is
perhaps surprising that they do not bind C1q. As far as is known,
all the critical contact residues for Clq binding reside in the
CH2 domain of the heavy chain®, and are conserved among
all the human IgG isotypes. However, these have varying
abilities to mediate complement fixation. Thus steric hindrance
or other aspects of protein conformation (for example, the
segmental flexibility of antibodies’®) may be important.

Infectivity studies

Two systems were used to study the in vitro ability of CD4
immunoadhesins to block infection of CD4-bearing T cells by
the HIV-1 T-lymphotrophic isolate HTLV-IIIB (ref. 31). Infec-
tion with HIV-1 exerts a profound cytopathic effect on the
human T-cell clone ATHS, with more than 98% of the cells
being killed by day 10 after infection®® (Fig. 5a). Both CD4
immunoadhesins blocked cell killing with the same potency as
soluble rCD4, without inhibiting cell proliferation; each CD4
analogue completely abolished cell killing at a concentration of
~0.05 uM (Fig. 5¢). Complete protection was also observed at
comparable concentrations with a different HIV-1 isolate,
HTLV-IIT RF, which is not neutralized by sera from animals
immunized with rgp 120 from the 11IB isolate®. We also examined
the production of HIV-1 reverse transcriptase activity after infec-
tion ot the HY human T-cell line. Again, both immunoadhesins
completely blocked virus production by day 7 (Fig. 5h), at
concentrations comparable to rCD4 (data not shown): moreover
the potency of each CD4 analogue was murkedly higher
(~fivetold) than that observed in the ATHS assay.

Monocyte infection

Because it has been suggested that antibodies present in sera
from HIV-{ inlected individuals may enhance the infectivity of
HIV-1in Fe receptor (FeR)-bearing cells such as primary blood

[Inhibitor] ug mi~! [Inhibitor] ug mi~"

monocytes>®, and monocyte cell lines®®, we examined the effect
of rCD4 and CD4 immunoadhesins on HIV-1 infection of
FcR-expressing cells of monocyte/macrophage origin. Both
CD4 immunoadhesins completely blocked HIV-1 IIIB virus
production in U937 cells at similar concentrations to those found
to be effective on H9 cells (Fig. 5¢), with a potency comparable
to that of soluble rCD4 (data not shown). In another system,
the replication of a monocytotrophic HIV-1 isolate, Ba-L*, in
fresh monocytes was monitored by the production of p24 anti-
gen. Soluble rCD4 completely blocked infection, indicating that
infection of monocytes by the Ba-L isolate does involve CD4.
Both CD4 immunoadhesins also completely blocked p24 pro-
duction, at concentrations equal to or lower than rCD4 (Fig.
5d). Thus the CD4 immunoadhesins are at least comparable to
soluble rCD4 in their ability to prevent infection of
monocyte/ macrophages by HIV; no evidence was found for
enhancement of infection by immunoadhesins (or by soluble
rCD4) in cells which express high affinity Fc receptors.

Implications for treatment of HIV-1 disease

Because the hallmark of HIV-1 disease is the specific destruction
of CD4" T cells, and the progression of infected individuals to
AIDS closely parallels their decline in CD4™ T-cell number®®,
it is reasonable to believe that the interaction of gpl20 with
CD4, either by direct HIV-1 infection of CD4" cells or otherwise,
underlies the killing of CD4" cells. Therefore, if this interaction
can be stopped it may be possible to prevent disease progression.
But despite the logic of this hypothesis, the observation that
only a very few lymphocytes are actively infected with HIV-1
in vivo® has posed a problem to those attempting to explain
the causative role of HIV-1 in the aetiology of AIDS™. Two
observations may explain the ‘catalytic' ability of HIV-1 to
deplete CD4" lymphocytes: first, a single infected cell can fuse
many uninfected CD4"% cells to itself, creating an inviable
mass***"; and second, gp120 is shed from the surface of HIV-1-
infected cells and virions*', as its link to gp41, its anchor protein
partner, is prabably non-covalent. This shed gpl20 binds to
surtuce CD4 on uninfected cells with high affinity, and can result
in their functional alteration**** or death by one of twa pathways
shown to operate in vitro. Bystander cells couted with gpl?.‘O
bound to their CD4 surfuce molecules become targets for anti-
gp 120 antibodies produced by HIV-1 inlected individuals and
can be killed via antibody-dependent cell-mediated cytotoxic-



ity™. Also, MHC class [1-positive CD4" T cells can internalize
gpt20 bound tightly to CD4 on their surface, process it, and
present peptides derived from it on their class [ molecules, thus
becoming sensitive, even at low gp!20 concentrations, to lysis
by gp120-specific cytotoxic T cells'**5*%, The important common
factor in all these proposed mechanisms of cell destruction is
that gp120 must bind specifically to cell-surface CD4. If these
mechanisms are important in vivo, this would imply that soluble
rCD4 could intervene.

But to affect the disease noticeably, one would expect to need
to maintain a high concentration of rCD4, which is hampered
by its rapid clearance. Our approach to this problem was to
fuse the gp120-binding domain of CD4 to a molecule well
designed to avoid the clearance mechanisms of the body. Indeed,
the Fc domain and CD4 sequences are structurally compatible,
as the hybrid molecules have important properties of both
parents. Thus, they bind gp120 and block infection of T cells
by T-lymphotrophic HIV-1 and of monocytes by mono-
cytotrophic HIV-1. They are also comparable to antibodies in
their long plasma half-life and their ability to bind Fc receptors
and protein A. This combination of properties allows both a
better passive defence, due to the higher plasma concentrations
attainable even with infrequent injection, and the possibility of
actively attacking HIV-1 and infected cells. A high steady-state
level also makes it more likely that effective concentrations will
be attained in lymph and lymphatic organs, where HIV may be
most active.

The high-affinity binding of the immunoadhesins to Fc recep-
tors implies that mechanisms of pathogen elimination, such as
phagocytic engulfment and killing by antibody-dependent cell-
mediated cytotoxicity, may be recruited by these immuno-
adhesins to kill HIV-1 infected cells and virus. As it is possible
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that antibody-dependent cell-mediated cytotoxicity in an infec-
ted individual may be more a mechanism ot pathology in HIV-{
infection than a protective response™, it is important to note g
ditference between CD4 immunoadhesins and the patients’ own
anti-gp120 antibodies: the immunoadhesin, in contrast to anti-
body, cannot recognize gp120 bound to an uninfected CD4*
bystander cell, as gp120 has only a single binding site for CD4,
Because placental transfer of antibody, unique to the [gG sub-
class, also proceeds through an FcR-dependent mechanism,
CD4 immunoadhesins may also be transferred in utero. This
may have implications for the prevention of perinatally transmit-
ted HIV-1 infection.

Although it is not yet clear which of the functions of
immunoglobulins will be advantageous when applied to HIV
infection, we have taken the approach of trying to add all
possible functions to our immunoadhesins. Once the structural
requirements for the optimal molecule are established, functions
can be tailored at will, as the parent antibody molecule is so
well understood.
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