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8.1 INTRODUCTION

Rapid advances in molecular biology, protein expression, and protetn purifica-
tion technigues have allowed the preparation of novel chimeric polypetides
with multiple functional domains. Among the most common of these are
immunoglobulin (Ig) fusion proteins. These proteins consist of the constant
regions of immunoglobulin, typically mouse or human, fused to an unrelated
protein or protein fragment, Ig fusion proteins have become valuable labora-
tory reagents for the study of protein structure and function in vitro and in
vivo and in some instances might have applications in a clinical setting. In this
chapter the following topics are covered: (1) design of chimeric genes encoding
Ig fusion proteins, (2) expression, purification, and characterization of the Ig
fusion proteins, and (3) applications of Ig fusion proteins as laboratory tools
andl in the clinic.

8.2 Ig FUSION PROTEINS: DESIGN OF THE CHIMERIC GENES
EMCODING Ig FUSION PROTEINS

The conceptual root of Ig fusion proteins comes from the application of
molecular biclogy techniques to the manipulation of immunoglobulin
genes' "2 and the finding that many cell surface receptors contain extracellular
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fg FUSION PROTEINMS 223

aggrogates, For this reason, care should be taken to characterize the aggrega-
tion of the fusion protein.

822 Species, Isntype, and Functional Properties of the Ig Domain

The first consideration when designing the construction of the chimeric gene
encoding an Ig fusion protein s its intended use(s). The use dictates the species
and isotype of the Ig domain used in the construction of the fusion protein; it
also determines whether the Ig domain should be wild-type or mutated in such
a way that its own functional properties (complement and Fe-receptor binding)
are altered. The choice of Ig domain also impacts the valance of the fusion
protein and the type of Ig binding reagents available for purifving and
manipulating the fusion prowein (Box 8.1} These issues are perhaps best
MHlustrated with a few examples:

8.2.2.1 Identification of Tissues Expressing the Ligand fov a Novel Human Cell
Surface Receprov. In this example, the Ig fusion protein is used to carry out
immunohistology on a number of human tissues in an effort to identify tissues
and cells expressing the receptor’s ligand(s). In this case, the Ig domain should
be derived from mouse IgG. This will ensure the fusion protein can be casily
purified on a Protein A or G column and that the anti-Ig(r reagents used in
the immunohistology study will not cross-react with tgsues containing human
B cells expressing Ig. Conversely, f the immunchistology is done using mouse
tissues, the Ig domain for the fusion protein should be derived from human
Tg(. If binding is detected using the fusion proteins, care should be taken to
demonstrate that this binding is not mediated by the Ig domain. This can be
accomplished by preblocking Fe-receptors or using an Ig fusion protein
containing an Ig domain with an isotype or point mutant that no longer binds
Fe-receptors. BExamples of this application include the identification of cells
expressing the CD6, CD27, CD30, CD44, and CD62E ligands.” 3

8.2.2.2 Blocking Receptor-Ligand Interaction in vive by Injecting Soluble
Recepror. In this example, the physiologic role of the interaction between a
mouse cell surface receptor and its ligand is studied in vivo by interrupting it
with a receptor Tg fusion protein. In this case, the g domain should be derived
from mouse IgG. The mouse IgG domain allows the facile purification of the
fusion protein and is not antigenic when injected into mice. If a human JgG
domain were used: in this instance, the fusion protein would be very antigenic
when injected inty mice. Consequently, multiple dosing of a human IgG
chimera would rapidly result in the gencration of antibuman IgG antibodies
that would dramatically reduce the half-life of the fusion protein in vive and
limit its efficacy. If the fusion protein i3 to be used in vivo, the isotype of the
fusion protein should also be taken into consideration, Is it an isotype that can
fix complement leading to the depletion of the cells expressing the receptor
ligand? Is it an isotype that can bind Fe receptor resulting in unintended Fe
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226 IMMUNOGLOBULIN FUSION PROTEINS

reason, it is important to consider carefully how the protein or protein
fragment to be studied and the lg domains will be joined. If the three-
dimensional structure of the protein to be studied is known or can be predicted
with certainty, this information should be used to generate the fusion protein,
The Ig domain should be placed at either the N- or C-terminus of the protein
depending on which end of the protein is free and does not participate directly
in determining its three-dimensional structure. Consideration should also be
given to the location of the functional regions of the protein, The Ig domain
should be added to the protein in the location least likely to affect the function
of the native protein. However, in most instances nothing is known about the
three-dimensional structure of the protein being studied or the location of its
functional domains. Indeed, in many instances the Ig fusion protein is the tool
used to explore the function of a novel protein. In these instances the following
guidelines should be used.

8.2.3.1 Ig Fusions with the Extracellular Domain of Cell Surface Proteins, If
the goal is to study the extracellular domain of either a type I or type Il
membrane protein, the DNA sequence encoding the Ig domain should replace
those sequences that encode the transmembrane and cytoplasmic domain of
the cell surface protein, In this class of proteins the cytoplasmic membrane is
a sharp boundary separating structural elements on the inside and outside of
the cell. Thus, placing an unrelated protein domain in this location will, most
likely, not perturb the structure of the extracellular domain of the protein being
studied. In the case of type I and II membrane proteins, the cDNA or genomic
fragment encoding the extracellular domain of the protein of interest should be
fused to a eDNA or genomic fragment encoding the constant domain of Iy in
place of the sequences encoding the transmembrane and cytoplasmic domain
of the surface protein. Care should be taken in the design of the nucleotide
sequence at the junction of the extracellular domain and the Ig domain to
ensure that the sequence encoding the Ig domain will be in frame with the
sequences encoding the extracellular domain of the protein of interest, In the
case of Ig fusion proteins with type | membrane proteins, the N-terminal
secretory signal sequence is contained within the nucleotide sequence encoding
the cell surface protein of interest. Unless there is a specific reason to use a
signal sequence derived from another protein (poor protein expression, ete.),
the natural N-terminal secretory signal sequence should be used. Doing so will
ensure that the N-terminal secretory signal sequence is clipped from the mature
protein in the same location as in the native cell surface protein, ensuring that
the N-terminal amino acid sequence of the cell surface receptor and its secreted
Ig fusion counterpart are identical (Fig. 8.1). For type 1 membrane proteins,
an exogenously derived N-terminal secretory signal sequence must be added to
the sequences encoding the constant region of the Ig domain which will in turn
be located 5 of the sequences encoding the extracellular domain of the surface
protein (Fig. 8.1).2%
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Figure 82 Constroction of chimeric genes containing cleavable Ig domaing. Schematic
representation of Ig fusion proteins coniaining throbin cleavage sites upstream or
downstream of the hinge (H) domain. In the former case, treatiment of the fusion protein
with thrombin results in the release of the monomer of the polypeptide fused to the Ig
constant region. In the latter, thrombin treatment results in the release of a dimer of
the polypeptide fused to the Ig constant region.

sequence, profeinase cleavage results in a covalent dimer of the protein of
interest that no longer has the functional activities contained within the CH2
and CH3 domains of the Ig constant domain, Examples of protease recognition
sifes engineered at the junction of Ig fusion proteins domains include throm-
bin*® and Genenase 127 1t should be noted that the hinge region of human
TgG1 contains the sequence E-P-K, which is stimilar to a thrombin cleavage site
in actin?® In some Ig fusion proteins this nonclassical thrombin site is
susceptible to enzyme digestion,?® allowing the separation of the IgG1 domains
from the polypeptide to which it has been fused.

8.2.5 Additional Considerations

While the first concern with the use of the Ig fusion protein to study protein
structure and function is the effect the Ig domain will have on the polypeptide
being studied, consideration should also be given to the mpact that the
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230 IMMUNOGLOBULIN FUSION PROTEINS

addition of a foreign polypeptide will have on the Ig domain structure and
function. To prevent potentially unwanted domain interactions in the chimeric
proteins, small spacers {(typically Ser-Gly rich polypeptides) can be included at
the junction hetween the Ig and the polypeptide fused to it. However, careful
characterization of the Ig domain of the fusion protein should be undertaken
prior to its gse.

826 Summary of Design Considerations

The intended use of the Ig fusion protein is the most important issue to be
considered when designing the chimeric gene encoding the Ig fusion protein,
Use will dictate the species, isotype, and functional properties of the Ig domain
to be used in the construction. This choice affects the type of reagents available
to study and manipulate the fusion protein, as well as the overall activity of
the protein. Then consideration should be given to the placement of the Ig
domain in the fusion protein. The Ig domain should be placed in the location
where it is least likely to perturb the structure and {unction of the protein being
studied. When an Ig fusion of a type 1 cell surface protein or a secreted protein
is designad, it is preferable to use the endogenous N-terminal signal sequence
to ensure that the fusion protein will have N-terminal sequence identical to
that of the native protein. Just as the presence of the Iy domain can perturb
the structure and function of the polypeptide to which it is fused, it is possible
that the additional sequence might perturb the structure and function of the Ig
domain of the fusion protein. Thus, it is fmportant that this domain be fully
characterized to ensure that the fusion protein has the expected activities
(binding Protein A, complement, Fe receptors, ete.)

8.3 Ig FUSION PROTEINS: EXPRESSION, PURIFICATION, AND
CHARACTERIZATION

This section reviews the methods used to produce small quantities of profeins
for research use, Details of the techniques required for lurge-scale expression
are discussed in Chapter 10.

8.3.1 Expression of the Ig Fusion Protein

The chimeric gene encoding the Iy fusion protein is typically subcloned inlo a
mammalian expression vector designed for either transient andfor stable
expression in mammalian celi lines (Fig. 8.3). Regardless of the final method of
protein production, it is always prudent to test the construct by transient
expression in an easily transfected cell line such as the SV40 transformed
African green monkey kidney cell line (COS). The goal of this test is to ensure
that the expression vector directs the expression of an Ig fusion protein of the
expected molecular weight, Also, if the fusion protein iz expected to be secreted,
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Figure 8.3  Production, purification, and use of the Iy fusion protein. Flow diagram
showing how the plasmid encoding the Ig fusion protein directs either the stable or
transient expression of the fusion protein. The fusion protein is purified from the spent
supernatant of these cells and used as indicated.

a sample of spent tissue culture media can be tested for the presence of protein
with reagents directed to the Ig moiety,

In a typical experiment, 48 h following the transfection of cells with the
‘mammalian expression vector, the cells are fixed, permeabilized, and the
intracellular expression of the Ig fusion protein examined by immuno-
fluoresence using fluorescein conjugated anti-Ig antibodies. If the fusion
protein cannot be detected intracellularly, the most likely explanation is that
there is a problem with the chimeric gene, the sequence of which should be
checked to ensure that the gene fragments that make up the chimeric gene are
in frame and correctly located between the promoter and sequences required
for mRNA polyadenylation. Less likely, but possible, is that the fusion protein
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234 IMMUNGGLOBULIN FUSION FROTEINS

used. Regardless of the affinity matrix used to purify the fusion protein,
whenever possible mild elution conditions should be used to avoid denatura-
tion of the fusion proteins. Once the protein has been prepared and purified,
it is important that as many aspects of its structure and function be examined.
Also, as the protein will be used over time, it is prodent to test its stability.
Often Ig fusion proteins will aggregate over time affecting both their in vitro
and in vivoe properties. :

84 Ig FUSION PROTEINS: APPLICATIONS

The use of the Ig fusion protein technology to study protein structure and
function has been very successful and growing steadily since this technology
was introduced almost 10 years ago. However, while there was early excitement
about the possible application of this technigue to develop novel drugs, it has
only been recently that these fusion proteins are showing promise as potential
drugs in the clinic. This section reviews the use of the Ig fusion protein as &
laboratory tool and in the clinic,

8.4.1 Ig Fusion Proteins as Laboratory Tools

To date, the fusions of >70 different proteins with Ig constant domains have
been reported m the literature. In most of these cases, the Ig fusion proteins
have been used to identify novel receptor ligand interactions, map the binding
determinants of proteins, and study the funstional consequences of a receptor
ligand interaction.

84.1.1 Use of Iy Fusion Proteins to Tdentify Novel Receptor Ligand interac-
tions. Ig fusion protein technology has probably had its most significant
sclentific impact in this application. Ig fusion proteins of cell surface receptors
or secreted proteins have been used to identify tissues or cells expressing
molevules that can bind to the non-Ig moiety of the fusion protein, leading in
many cases to its molecular characterization. The namber of cases in which this
technology has been successfully applied continues to grow steadily.”® The
initiad application of this technology for this purpose was in the identification
of tissue distribution and molecular identification of the ligands for the cell
adhesion molecules known as the selecting’? and CD44.° In these cases, Ig
fusion proteing of the extracellular domains of E-selectin, L-selectin and
P-selectin and CD44 were used to identify cells and tissues that express the
ligands. These studies were then extended to identify their carbohydrate Hgands
as well as proteins that are decorated with these carbohydrates. These same
fusion proteins were also used to determine which domains of the selectin
proteins wers required for ligand binding, demonstrating that this technology
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236 IMMUNOGLOBULIN FUSION PROTEINS

identify residues that are key to the interaction between these receptors and
their ligands. ¥~ 42

8.4.1.3 Use of Ig Fusion Proteins to Study Protein Function, Ig fusion proteins
have been used to study protein function. Examples include the use of CD80
and CD86 fusion proteins to characterize the signals sent by the two counter
receptors for these proteins, CD28 and CTLA4, respectively.*® Similarly, an Ig
fusion protein of VCAM-1 was used to show that the interaction between
VCAM-1 and its receptor VLA-4 results in the trigger leukocyte activation.
The wse of Ig fusion proteing to study protein function has now become a
widely implemented technique that has been applied to study the function of
Heregulin, and Trk A, B, and C, among others,?%:%¢

8.4.1.4 Heterodimeric Ig Fusion Proteins. The ability of Ig fusion proteins to
assemble in the cell to form a homodimer can be exploited to generate
heterodimeric Ig fusion proteins. In this case plasmids encoding two different
1g fusion proteins can be cotransfected into a mammalian cell line. These cells
then direct the expression of three different proteins: the two homodimeric Ig
fusion proteins encoded by each of the chimeric genes and the heterodimer in
which the two arms of the fusion protein are encoded by the two different
transfected chimeric genes. These heterodimeric fusion proteins can be nsed to
study the effects of cross-linking the molecules that bind to each of the two
proteins fused to the Ig domains. Examples of this type of heterodimeric Ig
fusion protein include LFA-3/VCAM-1-Ig and LFA-3/ICAM-1-Ig4® Similar
technigues can be used to generate heterodimers between an Ig fusion protein
and an immunoglobulin heavy and light chain. An example of such a hispecific
molecule is the anti-CD3/CD4-1g fusion protein, In this heterodimeric con-
struct, one arm of this is derived from the heavy and light chain of a humanized
anti-CD3 mAb. The other arm is derived from a CD4-Ig. This heterodimeric
fusion protein was designed to redirect CD8* CTLs to kill the remaining
human immunodeficiency virus (HIV) infected cells in an HIV-infected pa-
tient,*?

8.4.2 Ig Fusion Proteins as Therapeutics

The use of Ig fusion proteins in a clinical setting has vet to be realized; however,
there are indications that in the pear future some Ig fusion proteing will become
pharmaceutical agents (seg, for example, Chapter 10, Table 10.1). This expec-
tation comes from the very promising results obtained in human clinical trials
of the tumor necrosis factor receptor {TNFR) and CTLA4-Ig. Recently it has
been reported that an Ig fusion of the p75 subunit of the TNFR has shown
significant beaefit in the treatment of rheumatoid arthritis,*® while an Ig fusion
of the p53 subunit of the TNFR is being tested in patients with severe sepsis
and septic shock®® for a detailed discussion of pSSTNFR-IgG, see Chapter 9).
Also, an Ig fusion of CTLA4 has shown efficacy in alleviating clinical
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