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ABSTRACT: Natural systems use weak interactions and avidity
effects to give biological systems high specificity and signal-to-noise
ratios. Here we describe design principles for engineering fusion
proteins that target therapeutic fusion proteins to membrane-
bound signaling receptors by first binding to designer-chosen co-
receptors on the same cell surface. The key design elements are
separate protein modules, one that has no signaling activity and
binds to a cell surface receptor with high affinity and a second that
binds to a receptor with low or moderate affinity and carries out a
desired signaling or inhibitory activity. These principles are
inspired by natural cytokines such as CNTF, IL-2, and IL-4 that bind strongly to nonsignaling receptors and then signal through
low-affinity receptors. Such designs take advantage of the fact that when a protein is anchored to a cell membrane, its local
concentration is extremely high with respect to those of other membrane proteins, so a second-step, low-affinity binding event is
favored. Protein engineers have used these principles to design treatments for cancer, anemia, hypoxia, and HIV infection.

Recombinant DNA technology and synthetic biology have
created the potential for multicomponent therapeutics

that mimic the complexity of natural systems. This potential
has gone unrealized, in part due to the lack of conceptual tools
for developing such products. Most of the protein drugs that
are currently on the market are either naturally occurring
proteins or monoclonal antibodies. This Perspective will
discuss engineered fusion protein therapeutics with two or
more binding domains that are not naturally attached to each
other, specifically focusing on proteins in which each of the
two domains binds to different receptors on the same cell
surface at the same time (Figure 1).
When researchers have tried to develop more complex

artificial biological systems involving two or more components,
their design has posed novel challenges. Consider the
repressilator, a transcriptional system in which three repressors
turn each other off such that the system should oscillate among
three states. In the initially designed repressilator,1 the actual
system behaved quite randomly. Only when Pottvin-Trottier et
al.2 performed a thorough analysis of the quantitative
parameters in the system was it possible to construct a
repressilator that oscillates in a reproducible manner.
The same challenges exist with engineered proteins. For

example, immunocytokines are engineered proteins in which
an immunostimulatory cytokine is fused to an antibody
element that typically binds to a tumor-specific antigen.3,4

The concept is that the antibody element will bind to the
tumor cell surface and concentrate the cytokine in the tumor.
In practice, the slow entry of large proteins into solid tumors
means that the cytokine can first bind to its receptor on
immune cells in the periphery. Tzeng et al.5 studied antitumor

antibodies fused to IL-2 and found that in a mouse tumor
model, the biodistribution of an antibody−IL-2 fusion protein
was governed by the IL-2 element rather than the antibody V
regions. Ribba et al.6 found that in cancer patients, a similar
antitumor antibody fused to IL-2 induced expansion of
peripheral T cells, which created a sink for the drug in
subsequent doses. These examples illustrate how an engineered
protein with an appealing qualitative design may fail due to
quantitative problems.
Protein and cell engineers have generated a variety of fusion

proteins for treatment of cancer and other diseases. Examples
of approved therapeutics include bispecific T-cell engagers
(BiTEs) and CAR-T cells. The initially approved versions of
these drugs use naturally occurring domains as components of
their fusion proteins, without regard to whether the
quantitative properties of each domain are optimal in the
engineered context.
Blinatumomab (Blincyto) consists of an scFv that binds to a

tumor antigen, attached to a another scFv that binds to T
cells.7 Specifically, the first element of this bispecific T-cell
engager binds to CD19, an abundant protein on the surface of
B cells, including B-cell lymphomas. The second antibody
element binds to the ε subunit of the T-cell receptor.8
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This mechanism works well when the target cell is a B-cell-
derived lymphoma and the BiTE protein has easy access to
tumor cells from the blood. However, application of BiTE
technology to solid tumors is challenging because of poor
penetration of protein drugs into such tumors.9 In this
situation, binding to T cells may occur first, resulting in
nonspecific activation, cytokine production, and side effects.
In this case, the problem could be corrected by mutating the

anti-TCRε antibody element so that it has an even weaker
affinity. Several research groups have pursued this approach in
developing next-generation BiTEs for the treatment of solid
tumors.10,11 This example illustrates how naturally occurring
domains may have quantitative properties that are not optimal
in the context of an engineered fusion protein.

■ OPTIMIZATION IN A MULTIDIMENSIONAL
DESIGN SPACE

We see the central conceptual challenge as being how to
explore a multidimensional parameter space. In traditional
drug development, once a target has been identified, the typical
strategy is to create a small molecule or antibody that will bind
very tightly to the target; the parameter space is one-
dimensional (setting aside bioavailability issues). The goal is
always to increase affinity. In the case of immunocytokines,
BiTEs, and chimeric activators, there is a two-dimensional
parameter space (Figure 2). In the case of the repressilator,
there are numerous quantitative parameters: the affinity of
each repressor for its operator, the strength of cooperative
effects if there are multiple operators, the strength of each
promoter and ribosome binding site, the stability of each
mRNA, etc. Most of these can be rationally engineered.
Promoters and ribosome binding sites are well understood, and
the affinity of a protein−protein interaction can be systemati-
cally weakened; increasing affinity is usually more difficult but
possible with established technology.
Two examples from the literature on protein drug

development illustrate optimization of proteins with two or
more binding elements that act in cis on a cell surface.
“Chimeric activators” direct signal transduction to cell types
that mediate therapeutic effects and away from cells that cause
side effects.12−14 “Adnectins” are antibody-like binders that can

be oligomerized to create protein drugs with multiple binding
specificities.15 Wensel and colleagues have created a multi-
specific inhibitor of HIV infection with four elements: two
adnectins, an α-helical HIV-cell fusion inhibitor, and albumin
to improve plasma half-life.16−18 This molecule is similar to
chimeric activators in that it acts in cis, being first localized to a
cell surface to concentrate binding elements near a second
target. In the development of each type of molecule,
researchers needed to optimize the quantitative and spatial
characteristics of their molecules.

■ CHIMERIC ACTIVATORS
Natural hormones and cytokines often act on a wide variety of
cells. In a therapeutic context, signaling on some cells may be
beneficial while action on other cells may lead to side effects.
For example, interferon α has been used to treat certain
cancers and viral infections but has serious side effects,
including flu-like symptoms and suicidal and homicidal
ideation.19 Similarly, erythropoietin (EPO) binds to receptors

Figure 1. Quantitative aspects of two-component signaling protein design. (a) Signaling by the natural cytokines LIF and CNTF. LIF binds to a
heterodimer of the LIF receptor and gp130, both of which have intracellular signaling domains. CNTF has a very low affinity for LIF-R/gp130 but
a high affinity for the nonsignaling CNTF receptor, which is expressed on a subset of LIF-R/gp130-expressing cells. When CNTF binds to CNTF-
R, the CNTF is positioned to interact with LIF-R and gp130 because of its high concentration on the cell surface.24 (b) A “Chimeric activator”, an
engineered protein consisting of a targeting element (typically an scFv or a nanobody) and an activity element (typically a hormone or cytokine)
connected by a linker. The activity element has a mutation that decreases its affinity for its receptor. Relative to the natural hormone/cytokine on
which it is based, a chimeric activator is analogous to CNTF relative to LIF; i.e., a chimeric activator is a modified form of a signaling protein with
weakened affinity for its receptor but can bind to a nonsignaling transmembrane protein present on a subset of cells, so that signaling occurs on
those cells. (c and d) Cell-specific signaling of a chimeric activator. (c) On a target cell, the targeting element first binds to a cell-specific surface
protein (light blue). Because it is now present at a high local concentration on the cell surface, the activity element then binds to its receptor in
spite of its low affinity. (d) On a nontarget cell, there is no receptor for the targeting element, and the activity element does not have a sufficiently
high affinity to bind and signal.

Figure 2. Parameter space for a chimeric activator. To be effective, the
level of binding of the activity element to its receptor should have an
intermediate value. If the affinity is too high, signaling will occur on
nontarget cells. If the affinity is too low, no signaling occurs. The
overall level of binding of the targeting element should be greater than
for the mutated activity element. This may be achieved if the on rate
or affinity constant of the targeting element for its receptor is greater
than that of the activity element for its receptor, or if the number of
receptors for the targeting element on the cell is much higher than the
number of receptors for the activity element, or both.
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on red blood cell precursors to stimulate production of mature
red blood cells (useful for treating anemia) but also stimulates
production of activated platelets and pro-thrombotic effects
generally.20 Clinically, high erythropoietin use is associated
with increased incidence of heart attacks and stroke,21,22 so
reduction of EPO-induced thrombosis could have great clinical
benefit.
Several groups have independently developed the idea of

targeting the activity of a hormone or cytokine to a subset of
cells to limit side effects.3,4,12−14,23 In the chimeric activator
configuration, a “targeting element” (such as an scFv) is fused
via a peptide linker to an “activity element” (a hormone/
cytokine) that has been mutated to reduce but not eliminate
receptor binding (Figure 1b). The linker length is adjusted so
that the scFv and the hormone/cytokine can simultaneously
bind to their respective receptors on the same cell surface.
Cells that mediate a therapeutic effect should express the
antigen bound by the targeting element, while cells that
mediate side effects should not.
Several natural cytokines use this principle (Figure 1a).24

For example, the LIF protein (leukemia inhibitor factor) binds
strongly to a heterodimeric receptor and signals through both
subunits. The structurally homologous CNTF protein (ciliary
neurotrophic factor) signals through the same receptor
subunits but has a very low affinity for this heterodimer.
Signaling occurs only on cells that also express CNTF-Rα,
which has a high affinity for CNTF but has no cytoplasmic
domain and does not contribute to cytoplasmic signaling
events; the only purpose of CNTF-Rα is to localize CNTF to
the cell surface, where it will be present in such a high effective
concentration that it will bind to LIF receptor subunits in spite
of its low affinity for the LIF receptor.24 Other cytokines,
including IL-2, IL-4, IL-6, and IL-15, have analogous high-
affinity receptor subunits, without cytoplasmic signaling
elements, whose sole purpose appears to be to localize the
cytokine to a subset of cells. Such nonsignaling receptor
subunits are analogous to the receptor for the targeting
element in the chimeric activator proteins described here
(Figure 1c).
The design space for a chimeric activator includes

parameters such as the binding, the on rates and off rates of
the targeting element and the activity element for their
receptors, and the length of the linker separating these

elements. A key design feature of a chimeric activator is the use
of a mutation in the activity element that weakens but does not
abolish binding to its receptor. If the activity element binds too
efficiently to its receptor, this binding will not depend on the
targeting element and cell specificity will be lost, but if it binds
too poorly, there will be no activity at all (Figure 2).
Fortunately, within the overall parameter space, the subspace
of working designs is large.

■ CONCENTRATION EFFECT FROM PREBINDING TO
A CELL SURFACE

Prebinding of a chimeric activator protein to a cell surface
results in a profound increase in the effective concentration of
the signaling element. Consider a fusion protein with an
antibody and a signaling element, connected by a peptide
linker of five amino acids (Figure 3). When the antibody
element binds to its antigen on a cell surface, the signaling
element will be constrained to lie in a volume defined by the
surface of the cell and the distance from the cell surface within
which the peptide linker allows movement; the diffusion of the
prebound complex is in effect limited to two dimensions.
The typical surface area of a mammalian cell is in the range

of 1000 μm2, and the length of a fully extended five-amino acid
linker is ∼2 nm. Thus, the signaling element of this fusion
protein sits in a volume of 4 μm3, or 4 fL, and the
concentration of only one signaling molecule in this volume
is ∼400 pM. If using a short linker is possible, this increases the
effective concentration of the signaling molecule in the
neighborhood of its receptor on the cell surface. For this
calculation to be relevant, either the targeting receptor, the
activity receptor, or both must be able to move by two-
dimensional diffusion through the cell membrane to be in the
proximity (see below).
The choice of a mutation in the hormone/cytokine moiety

of a chimeric activator is governed by the following
considerations. We want cell binding to be driven by binding
to the nonsignaling targeting receptor. In practice, a minimum
requirement is that either NTkon,T > NAkon,A or NTKeq,T >
NAKeq,A (or preferably both), where NT is the number of
targeting receptors per cell, NA is the number of activity
receptors per cell, kon,T is the on rate for the targeting element
to bind to its receptor, kon,A is the on rate for the activity
element to bind to its receptor, Keq,T is the equilibrium binding

Figure 3. High local concentration of an activity element achieved through anchoring by a targeting element. “Targeted EPO” example. (a) Design
of a targeted EPO.26 The targeting element is a nanobody that binds to glycophorin A, which is abundant on late red blood cell precursors; the KD
for this interaction is 30 nM.46 The linker is five amino acids in length, such that when fully extended into a β-strand, it is ∼2 Å long. The activity
element is erythropoietin (EPO) with a mutation that weakens binding to the EPO receptor by ∼13-fold, so that for this interaction is ∼80 nM.36
(b) Estimation of the local concentration of the EPO-based activity element when prebound to the cell surface by the anti-glycophorin A targeting
element. When the anti-glycophorin nanobody binds to its epitope, the EPO element is constrained to lie in a volume defined by the surface area of
the cell and the distance from the membrane in which the linker allows the EPO element to diffuse. In this case, the volume is ∼4 μm3, which
means that a single EPO activity element will have an effective concentration of ∼400 pM in the neighborhood of its receptor. Schmick and
Bastiaens47 perform a similar calculation for intracellular proteins that associate with the cytoplasmic face of the plasma membrane.
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constant for the targeting element to bind to its receptor, and
Keq,A is the equilibrium binding constant for the activity
element to bind to its receptor. In some situations, the
equilibrium constants may be dominated by a very slow off
rate, such that dissociation of a ligand−receptor complex is
slower than termination of a binding reaction by receptor-
mediated endocytosis. Mutations that change only the off rate
may have no effect on signaling, and mutational reduction of
kon such that NTkon,T > NAkon,A is more relevant.
For example, the chimeric activators of Cironi et al.12 consist

of EGF as a targeting element and IFNα as an activity element
and are designed to bind to cells expressing the EGF receptor
and to activate type I IFN signaling specifically on those cells.
The kon values for EGF and IFNα and their receptors are 106
and 3.7 × 106 M−1 s−1, respectively (i.e., approximately the
same), and the Keq values for their receptors are both ∼3 × 108
M. Cironi et al. used Daudi cells engineered to express EGFR,
in which there were ∼5600 EGFRs/cell and 3600 IFNAR2s/
cell. In this situation, NTkon,T = NAkon,A and NTKeq,T = NAKeq,A
(roughly) so no enhancement of IFNα signaling is expected as
a result of fusion to EGF, and none was observed. However,
when weakening mutations were introduced into IFNα,
EGFR-dependent signaling was observed.
The rate of internalization of the targeting receptor should

be as low as possible. EGF/EGFR signaling complexes are
internalized within a few minutes as a consequence of signaling
itself, while nonsignaling EGFR is passively internalized as part
of bulk membrane turnover, which occurs on an ∼10-fold
slower time scale.25 Thus, it is generally advisable to use an
inhibitory antibody as a targeting element, and not a signaling
molecule. Moreover, EGF generally promotes tumor pro-
gression and so would never be used as part of an anticancer
therapeutic.
A striking fact is that once a chimeric activator binds to its

targeting receptor, its local concentration is very high within a
small volume around the cell surface (Figure 3). It is important
to note that in metabolically active cells, there will generally be
two-dimensional diffusion of either the targeting receptor, the
activity receptor, or both. Such a calculation of the effective
concentration of a partially bound fusion protein assumes that
two-dimensional diffusion is rapid compared to the time scale
of the biological event being measured. These conditions are
met in assays in which a fusion protein stimulates cell
proliferation in vitro or in vivo on a time scale of several days,
because diffusion of a membrane receptor across a significant
portion of a cell surface occurs in ≤1 h.
In the absence of such diffusion and if the number of

receptors is low, most targeting receptors may be too far from
an activity receptor for meaningful stimulation to occur. TF-1
erythroleukemia cells, which are used to test chimeric
activators based on erythropoietin and anti-glycophorin A,
have ∼3900 glycophorin A molecules per cell.13 Assuming a
cell surface area of 150 μm2, there will be a glycophorin A
approximately every 200 nm, so each EPO receptor will be on
average approximately 50−100 nm from a glycophorin. The
linker in the optimized anti-GPA/EPO chimeric activator of
Lee et al.26 was only five amino acids in length (with an
extended length of ∼20 nm), so the initial binding to
glycophorin A would generally not be productive in the
absence of lateral diffusion. Moreover, systematically changing
the length of the flexible glycine-serine from five to 35 amino
acids had no discernible effect on the potency of this type of
chimeric activator.26

Two-dimensional diffusion is rapid compared to the off rate
of a typical antibody−antigen interaction that might be used in
a chimeric activator. Glycophorin A is a relatively slowly
diffusing protein; most of this protein has a two-dimensional
diffusion constant of 5 × 10−3 μm2/s.27 Some EPO-containing
chimeric activators used the anti-glycophorin antibody 10F7,
which has a monovalent KD of 10−7 M and an estimated off
rate of 1/100 s (i.e., this is a weakly binding antibody28). Using
the two-dimensional diffusion equation ⟨r2⟩ = 4Dt, where r is a
typical distance traveled in time t, we find that in 100 s,
glycophorin A with its bound chimeric activator would travel,
on average, ∼1.4 μm within a cell membrane. In this time, the
chimeric activator would have ample opportunity to be in the
proximity of an EPO receptor so that a second-step binding
could occur. The glycophorin A/10F7 combination is a worst-
case scenario. For example, unliganded EGFR has a two-
dimensional diffusion constant of 0.11 μm2/s29 and the koff of a
typical anti-EGFR antibody, cetuximab, is ∼1.1 × 10−3 s−1,30

together giving an end-to-end travel distance of ∼20 μm in the
time frame of an EGFR−cetuximab complex.
(This is in contrast to a situation in which avidity effects of

antibodies are measured with immobilized antigens on plates
or on cells maintained at 4 °C. In these cases, two immobilized
antigens are close enough to allow divalent binding or are not.
In such cases, description of divalent binding requires knowing
⟨r⟩, the average distance between two ligands on a surface,
which has been modeled by Crothers and Metzger31 and
Kaufman and Jain.32)
It is important to consider the spatial configuration of the

active signaling complex when designing a targeted fusion
protein. One key parameter is the length of the linker between
the targeting element and the activity element, which must be
long enough that both elements can simultaneously bind to
their targets. When the targeting element is first bound to its
receptor, the activity element will undergo constrained
Brownian motion, with the linker forming a random coil.
Simple entropic considerations indicate that the linker will
almost never be fully extended.33 Coarse-grained molecular
dynamics simulations and theoretical considerations indicate
that the average distance from one end of the linker to the
other will increase roughly with a less-than-linear function of
the linker length, characteristic of a volume-excluded random
walk in three dimensions.33,34 However, course-grained
molecular dynamics also showed that in many simulations of
a chimeric activator with a bound targeting element and an
unbound activity element, the linker tended to spend much
time wrapped around the activity element, such that its binding
to the activity receptor could be sterically blocked; this effect
may occur because rotational Brownian motion is significant
relative to translational Brownian motion of globular proteins,
so that the linker is pulled around a rotating protein.34 In any
case, it is best to have a linker that is somewhat longer than is
required to simply bridge the distance between the receptor-
bound states of the targeting and activity elements.

■ SPECIFIC EXAMPLES OF TARGETED CYTOKINES
AND HORMONES

The group of Silver and the group of Tavernier and Uze have
developed targeted forms of interferon α, erythropoietin
(EPO), and leptin in which a mutant, reduced-function
signaling protein is fused to a targeting scFv or nanobody.12−14

(In a coincidental convergence, both groups independently
developed fusion proteins using the interferon α mutation
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Arg149Ala, which reduces receptor binding activity by ∼200-
fold.35)
Choosing a mutation in the activity element is a

straightforward matter. It is not necessary to construct large
libraries of fusion proteins, and typically, it is sufficient to test a
handful of mutations. Taking advantage of an extensive site-
directed mutagenesis study of IFNα,35 the Silver group showed
that when EGF was used as a targeting element and IFNα was
used as an activity element, IFNα mutations Lys133Ala,
Arg144Ala, and Arg149Ala all showed enhanced signaling on
cells expressing the EGF receptor.12 These mutations reduce
the affinity of IFNα for its receptor by 9-, 40-, and 200-fold,
respectively.35 Similarly, Garcin et al. used an anti-leptin
receptor nanobody to target IFNα to cells expressing the leptin
receptor.14 They found that the IFNα mutations Met148Ala,
Arg149Ala, and Leu153Ala all led to enhanced IFNα signaling
of 100−1000-fold, while a corresponding fusion with wild-type
IFNα showed an ∼10-fold targeting effect. Taylor et al.13

constructed a set of fusions between mutant erythropoietin
proteins and an scFv that targets glycophorin A and found that
the three EPO mutations tested all showed enhanced
glycophorin-dependent signaling relative to a fusion with
wild-type EPO. Xu et al.23 constructed a form of IL-15 targeted
to PD1-expressing T cells by fusion of an anti-PD1 antibody to
a low-affinity form of IL-15. These groups used mutations that
replace wild-type side chains with smaller or equal-sized
variants; thus, there is no steric hindrance in binding and only
a loss of a contact.
Animal studies confirm that chimeric activators exhibit

enhanced cell-type specificity in vivo. Burrill et al.36 performed
an in vivo structure−function analysis and showed that an anti-
glycophorin A (scFv)−EPO(Arg150Ala) chimeric activator
(“targeted EPO”) specifically stimulated production of red
blood cells but not platelets in mice. The experiments were
performed using a transgenic mouse expressing human
glycophorin A on its late red blood cell precursors and mature
red blood cells. The late red blood cell precursors thus co-
express the EPO receptor and human glycophorin A, allowing
for simultaneous binding of the chimeric activator to these two
surface proteins and activation of maturation into red blood
cells, in spite of the weakening Arg150Ala mutation. Mice
treated with an anti-glycophorin A−EPO(wild type) showed a
stimulation of both red blood cell and platelet production,
while nontransgenic mice (whose endogenous glycophorin A is
not recognized by the antibody element) did not produce extra
red blood cells in response to anti-glycophorin A−EPO-
(Arg150Ala). A loss of function mutation in the anti-
glycophorin scFv portion of this fusion protein also blocked
stimulation of red blood cell production. Thus, the anti-
glycophorin A−EPO(Arg150Ala) chimeric activator showed in
vivo activity and specificity exactly as predicted: cell-type
specificity depended on the weakening mutation in EPO, and
erythropoietic activity depended on binding of the scFv to its
receptor.
Xu et al.23 constructed a chimeric activator that used anti-

PD1 to target T cells in the tumor microenvironment. IL-15
binds to the same signaling receptors as IL-2 but has a different
nonsignaling receptor α subunit. IL-15 binds with a moderate
affinity to the IL-2Rβ/γ signaling receptor, so there is a risk
that an IL-15-based cancer treatment would bind to peripheral
immune cells and be drained into this pharmacokinetic sink
before being distributed into a solid tumor. Xu et al. used the
fact that PD1 is upregulated on tumor-infiltrating lymphocytes.

IL-15 was mutated to eliminate binding to the IL-15α receptor
subunit and to weaken binding to IL-2Rβ/γ, so that signaling
activity depends on prior binding to PD1 via the attached
antibody element. In mouse experiments, PD1-targeted IL-
15(mutant) localized to solid tumors, unlike the IL-2
immunocytokines discussed above,5,6 and induced less
cytokine release than a comparable nontargeted form of IL-
15. PD1-targeted IL-15 also showed a superior therapeutic
index for tumor inhibition versus weight loss when compared
to the nontargeted IL-15 control.
Pogue et al.37 constructed an anti-CD38 antibody fused to

attenuating mutants of IFNα. CD38 is a marker of multiple
myeloma. Previously, IFNα alone had been clinically tested for
treatment of multiple myeloma, but its side effects were severe.
Similarly to other targeted IFNα fusions,12,14 significant
targeting effects were seen in vitro. In a mouse xenograft
model, good control of tumor growth was observed, but
because human IFNα does not interact well with mouse IFN
receptors, no inference could be made about a therapeutic
index. To address this, the authors treated cynomolgus
monkeys with wild-type IFNα and mutant fusion proteins;
not surprisingly, the mutant fusions induced lower levels of
IFNα-inducible biomarkers. Together, these results indicate
that genuine improvements in specificity in vivo can be
achieved with chimeric activators.
A spatial consideration in the design of chimeric activators is

that the targeting and activity elements in the fusion protein
may mediate adhesion between different cells. A chimeric
activator is designed to bind to receptors on the same cell
surface, but it is sometimes possible for fusion protein
consisting of two ligands connected by a flexible linker to
bridge two cells. The bispecific T-cell engagers deliberately
take advantage of this principle; these proteins are a single
polypeptide chain with a flexible linker connecting two scFvs:
one scFv binds to T cells, and the other binds to tumor cells, so
that the two cells become cross-linked.
Lee et al.26 found that undesired cell−cell interaction

appeared to be a potential problem with the “targeted EPO”
chimeric activator described above.13,36 The goal for this
molecule is to treat anemia, but without the prothrombotic
side effects of erythropoietin. The scFv−EPO fusion protein
was designed to bind to glycophorin A on late red blood cell
precursors and activate EPO receptors on those cells. A bonus
feature of targeted EPO is that it also binds to mature red
blood cells, which have approximately 800 000 glycophorin A
proteins on their surface. There is no EPO receptor on mature
red blood cells and thus no signaling, but these cells act as a
pharmacokinetic reservoir: most of the fusion protein binds
noncovalently to the RBCs and is slowly released. As a result,
the plasma half-life of targeted EPO is profoundly improved.
The first-generation targeted EPO stimulated production of

red blood cells but not platelets, unlike EPO itself, which
stimulates production of both cell types.36 Platelets were taken
as a surrogate marker for blood clotting. Even though targeted
EPO did not stimulate platelet production in vivo, treatment of
mice with the first-generation protein led to an enhancement
of blood clotting (as did EPO itself). Lee et al.26 hypothesized
that the binding of the fusion protein to glycophorin A on
mature red blood cells could cause adherence to cells with
EPO receptors, such as macrophages or vascular endothelial
cells. Such adhesion was demonstrated in vitro: red blood cells
adhered to tumor cells expressing the EPO receptor in the
presence of the first-generation targeted EPO.
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To correct the problem of protein-mediated cell−cell
adhesion, Lee et al. took advantage of the fact that glycophorin
A forms a dense canopy on red blood cells; at 800 000 copies
per cell, the average distance between between glycophorin A
molecules is <200 Å, and it extends approximately 90−130 Å
from the red cell surface. The glycophorin binding element in
targeted EPO was changed from an scFv that binds ∼35 amino
acids from the membrane-distal tip of glycophorin A to a
nanobody that binds 55 amino acids from the tip. In addition,
the linker was shortened from 35 to only five amino acids. The
targeted EPO with the short linker and membrane-proximal
binding site no longer mediated adhesion between red blood
cells and EPO receptor-bearing tumor cells, presumably
because when this protein is bound to RBCs, the EPO
element is effectively hidden within the forest of glycophorin
A.

■ A TARGETED FUSION PROTEIN THAT RETAINS
TWO ACTIVITIES WHILE ELIMINATING A THIRD

In addition to inducing the production of red blood cells,
erythropoietin also promotes survival of neurons, cardiac cells,
and other cells in response to hypoxia and other insults. This
protective response is thought to be mediated by a
heterodimeric receptor consisting of EPO-R and CD131.38

In the complex of EPO with its homodimer receptor, one face
of EPO strongly interacts with the receptor, with a KD of ∼1
nM, and the other face of EPO interacts weakly, with a KD of
∼1 μM.39 When EPO binds to the EPO-R/CD131
heterodimer, by comparison to the EPO/(EPO-R)2 complex,
the CD131 receptor replaces the weakly interacting EPO
receptor. On the basis of its design, the targeted EPO
described above is not expected to have the tissue-protective
activity, because the activity-reducing mutation in EPO lies in
the interface that strongly interacts with EPO receptor, and
this mutation would also weaken formation of the EPO-R/
CD131 signaling complex.
To treat hypoxia, it would be ideal to have an engineered

protein that would retain both the red blood cell-producing
and tissue-protective activities of erythropoietin, while
eliminating the blood-clotting activity. To achieve this, Lee
et al.39 took advantage of the fact that mutations on the “weak
face” of EPO that weaken activation of (EPO-R)2 often have
no effect on signaling through EPO-R/CD131; i.e., such

mutations disrupt interaction with the second EPO-R but not
with CD131. These authors constructed a chimeric activator
consisting of the anti-glycophorin nanobody and an EPO
element with a mutation on the weak face (Figure 4).
According to this design, on red blood cell precursors the poor
activation of (EPO-R)2 receptors will be rescued by prior
binding to glycophorin A (Figure 4B), signaling will still occur
through EPO-R/CD131 heterodimers (Figure 4C), but
signaling will not occur via (EPO-R)2 receptors on cells
mediating thrombosis (Figure 4D). The resulting fusion
protein protected neuroblastoma cells against a hypoxia-
mimetic challenge in vitro and induced production of red
blood cells but not platelets in vivo, indicating that the protein
behaves as designed.29

■ A MULTICOMPONENT INHIBITOR OF HIV FUSION
TO TARGET CELLS

HIV treatment is a challenge because of the high rate of
mutation of the virus. Combination therapy is the norm.
Typically, approximately three different drugs are combined, so
that in a person with a high viral load, the probability of any
virus simultaneously mutating to resist all three drugs is low.
The initial small molecule-based combination therapies
involved a complex regimen of pills taken with different
schedules over a day, because each drug had different
pharmacokinetic properties. The development of once-a-day
pills such as Biktarvy (Bictegravir/Emtricitabine/Tenofovir
Alafenamide) has taken many years and represents a triumph
of formulation, allowing slow and coordinated release of three
different drugs.40 The same challenges around resistance
mutations and pharmacokinetics apply to protein drugs.
However, engineered fusion proteins allow for the possibility

of combining multiple activities in a single protein. Thus,
simultaneous mutation to resistance to different elements can
be greatly reduced, and the pharmacokinetics of the different
elements will be uniform because they are all attached to each
other.
Wensel et al.16−18 developed a remarkable four-component

fusion protein with an element that binds to CD4, two
elements that bind to gp41 of the HIV envelope, and an
albumin moiety to extend the plasma half-life (Figure 5). This
group developed binding elements (“adnectins”) derived from
the fibronectin repeat FnIII10,

15 a small, tightly folded β-strand

Figure 4. Targeted fusion protein for treatment of hypoxia. This engineered protein takes advantage of the fact that red blood cell production and
thrombosis mediated by EPO are mediated by EPO receptor homodimers, while protection of cells against hypoxia-induced death is mediated by a
heterodimer of the EPO receptor and CD131. (a) Molecular design of a fusion protein that stimulates red blood cell production and protection of
cells against hypoxia-induced death, but without inducing thrombosis.39 This protein consists of an anti-glycophorin A nanobody,46 a short linker,
and erythropoietin containing the Leu108Ala mutation. This mutation is on the face of EPO opposite from Arg150 and weakens its binding to the
more weakly interacting EPO receptor. (b) On red blood cell precursors, the protein is anchored to the cell surface by binding of the nanobody to
glycophorin A, so that it will bind to EPO-R homodimers in spite of the mutation that weakens this interaction. (c) On cells such as neurons and
heart cells, the EPO element binds to an EPO-R/CD131 heterodimer that signals cells to survive in spite of hypoxia. The Leu108Ala mutation does
not affect signaling through EPO-R/CD131 heterodimers. (d) The fusion protein does not bind to EPO-R homodimers on cells that mediate
thrombosis, due to the Leu108Ala mutation.
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protein domain. It is possible to construct display libraries of
FnIII10 in which the loops at one end are varied and then select
variants that bind to an arbitrarily chosen target. Wensel et al.16

first identified an adnectin that bound to a region of CD4 that
was not needed for the immunological function of this protein
but still inhibits binding of the gp120 subunit of the HIV
envelope (IC50 = 6 nM).
Wensel et al. then identified adnectins that bind to gp41.17

Just to recall, the HIV envelope proteins gp120 and gp41 are
derived from the large homotrimeric precursor gp160 by a
cleavage event. On the free virus, before it binds to a target cell,
gp120 sits on top of gp41 and holds it in a metastable state.41

When gp120 interacts with CD4 and a chemokine receptor,
gp120 comes off of the virus and gp41 rearranges to a fusion-
promoting conformation. This process takes some time, and
drugs that bind to and stabilize non-rearranged gp41 are used
clinically (e.g., enfuvirtide42). These anti-gp41 adnectins
efficiently inhibit HIV infection in vitro (IC50 = 5 nM), but
the virus can mutate to resistance in a single step. However,
when the anti-CD4 and anti-gp41 adnectins are fused, the
resulting inhibitor is extremely potent, with an IC50 of 1 pM.
The synergistic effect is not seen when the two inhibitors are
mixed; they must be attached to each other. The authors
hypothesize that the anti-CD4/anti-gp41 fusion protein binds
rapidly to CD4 and becomes concentrated on the surface of
the target cell, so that when the virus is undergoing the
infection process, the anti-gp41 adnectin is at a high local
concentration and binds rapidly to gp41 before it rearranges.
The anti-CD4/anti-gp41 double adnectin was further

improved by addition of an α-helical region that binds to
gp41. Here the design was based on rational and/or structural
considerations. Others had characterized how various α-helical
peptides could bind to gp41 and stabilize the non-rearranged
state. Wensel and colleagues knew where their anti-gp41
adnectin bound, because this was part of the selection process.
On the basis of the gp41 structure, they fused the anti-gp41
adnectin to an α helix predicted to bind to an adjacent segment

of gp41, to achieve synergistic binding. The resulting protein
binds tightly to gp41, and its binding is relatively resistant to
mutations. Finally, addition of serum albumin to the fusion
protein increases the plasma half-life of the drug; this is a
standard part of the protein engineering tool kit.43

■ CONCLUSION
In 1968, Adam and Delbruck44 proposed that biological
processes could be accelerated by “reduction of dimension-
ality”. An initial rapid binding to a large structure would be
followed by constrained diffusion on that structure to find a
target. One example is the binding of proteins such as the Lac
repressor to its operator; the protein first binds nonspecifically
to DNA (driven by phosphate contacts) and then undergoes
one-dimensional diffusion until it finds the specific sequence to
which it binds tightly.45 In natural signaling systems, it is
common for cytokines to bind to receptors that have no
apparent purpose except to position the cytokine on the cell
surface, at the proper distance from the membrane and
orientation to interact with low-affinity receptors that actually
signal. It is possible for biological engineers to mimic these
processes in constructing new systems, and the good news is
that while a great deal of thought and design may be required,
the amount of lab work needed for implementation is often
modest.
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