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Biologic TNFo-inhibitors that cross the human blood-brain barrier
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Tumor necrosis factor (TNF) o inhib-
itors (TNFI) are a major class of
biologic therapeutics, and include decoy
receptor and monoclonal antibody (MAb)
therapeutics that block TNFo action.
TNFo is a pro-inflammatory cytokine
in brain disease, such as stroke, brain or
spinal cord injury, or Alzheimer disease.
However, the biologic TNFIs cannot be
developed for the brain, because these
large molecules do not cross the blood-
brain barrier (BBB). Brain penetrating
forms of TNFa decoy receptors or anti-
TNFo antibody therapeutics can be re-
engineered as IgG fusion proteins with a
BBB molecular Trojan horse, such as the
mAb against the human insulin recep-
tor (HIR). The HIRMAb undergoes
receptor-mediated transport across the
BBB via the endogenous insulin receptor,
and carries into brain the fused biologic
TNFI. A fusion protein of the HIRMAb
and the type II TNF receptor (ITNFR)
extracellular domain, designated the
HIRMAD-TNER fusion protein, has been
engineered and expressed in stably trans-
fected Chinese hamster ovary (CHO)
cells. The HIRMAb-TNFR fusion pro-
tein binds both the HIR and TNFo with
low nM affinity. The HIRMAD cross
reacts with the Rhesus monkey insulin
receptor, and the HIRMAb-TNFR is
rapidly, and selectively, taken up by pri-
mate brain at concentrations that inhibit
TNFo. In addition, a fusion protein of
the HIRMAD and a therapeutic single
chain Fv (ScFv) antibody has been engi-
neered and also expressed in stably trans-
fected CHO cells. The BBB molecular
Trojan horse platform technology allows
for the engineering of brain-penetrating
recombinant proteins as new biologic
therapeutics for the human brain.
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Tumor necrosis factor (TNF)ol is an
inflammatory cytokine that plays a patho-
logic role in acute and chronic disease of
peripheral organs. TNFo. action is sup-
pressed by the administration of biologic
TNFo-inhibitors (TNFI), which are one
of two classes of recombinant proteins:
decoy receptor drugs or monoclonal anti-
body (mAb) therapeutics. In the case of
the decoy receptor drug, the extracellu-
lar domain (ECD) of the type II TNFa
receptor (TNFR) is fused to the amino
terminus of the human IgGl Fc region.'
In the case of the mAb drugs, both chime-
ric and humanized mAb’s directed against
TNFo are FDA approved drugs.?

TNFa also plays a pathologic role in
the central nervous system (CNS) includ-
ing both acute disorders, such as stroke,’
4> or spinal cord injury
(SCI),° as well as chronic diseases of the
brain, such as Alzheimer disease (AD)” or
depression.® However, the biologic TNFIs
cannot be developed as drugs for the
brain, because the biologic TNFIs do not
cross the blood-brain barrier (BBB). The
development of small molecule TNFIs is
not likely to be successful. Even if a small
molecule TNFI was developed, it would
most likely not cross the BBB. Only lipid
soluble small molecules with a molecular
weight <400 Da cross the BBB in phar-
macologically significant amounts, and
98% of all small molecules do not cross
the BBB.?

Diseases of the brain can be treated
with biologic TNFIs if these large mole-
cule drugs are re-engineered as fusion pro-
teins with a BBB molecular Trojan horse."’

brain trauma

The latter is an endogenous peptide, or
peptidomimetic mAb, which penetrates
the BBB via receptor-mediated transport
on an endogenous BBB receptor, such as
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Figure 1. (A) The HIRMAb-TNFR decoy receptor fusion protein is formed by fusion of the amino
terminus of the TNFR ECD to the carboxyl terminus of the heavy chain of the engineered HIRMAb.
(B) The HIRMAb-ScFv fusion protein is formed by fusion of the amino terminus of the ScFv to the
carboxyl terminus of the heavy chain of the engineered HIRMAb. The HIRMAb-decoy recep-

tor and HIRMAb-ScFv fusion proteins are bi-functional molecules. The top part of either fusion
protein binds the HIR, at the BBB, to mediate transport into the brain, and the bottom part of
either fusion protein binds TNFo, to suppress the inflammatory properties of the cytokine in brain

the BBB insulin receptor or transferrin
receptor (TfR). The most potent Trojan
horse for the human brain is a geneti-
cally engineered MAb against the human
insulin receptor (HIR)." The engineering
of the chimeric or humanized HIRMAb
enables the subsequent genetic engineer-
ing of IgG fusion proteins, wherein the
biologic drug, which is normally not
transported across the BBB, is fused to the
HIRMADb. Figure 1 illustrates the struc-
ture of two classes of HIRMAb fusion
proteins that have been re-engineered to
cross the human BBB. The TNFR ECD
is fused to the carboxyl terminus of the
heavy chain of the genetically engineered
HIRMAD to form an IgG-decoy receptor
fusion protein (Fig. 1A). Alternatively, a
single chain Fv (ScFv) form of MAD ther-
apeutic is fused to the carboxyl terminus
of the genetically engineered HIRMAb
to form an IgG-ScFv fusion protein
(Fig. 1B). In either case, the IgG fusion
protein is bi-functional . The HIRMAb
part of the fusion protein triggers recep-
tor-mediated transport across the human
BBB. The TNFR ECD part of the fusion
protein (Fig. 1A), or the ScFv part of the
fusion protein (Fig. 1B), binds and neu-
tralizes the target molecule within the
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brain behind the BBB. The IgG-decoy
receptor fusion protein structure places
the TNFR ECD in a dimeric configura-
tion, which mimics the dimeric structure
of the endogenous TNFR. The IgG-ScFv
fusion protein structure places the ScFv
in a dimeric configuration, which mimics
the bivalency of an IgG molecule.

IgG-Decoy Receptor Fusion
Protein

The HIRMADb-TNER is the first biologic
TNFI ever engineered to penetrate the
BBB of any species, much less the human
BBB.!*" This IgG-decoy receptor fusion
protein is a bi-functional molecule and
bindsboth the HIR on the BBB, to mediate
brain penetration, and binding of TNFo
within the brain behind the BBB. The
structure of the HIRMAD-TNFR fusion
protein departs from all prior structures of
decoy receptor-IgG fusion proteins, where
the decoy receptor is uniformly fused to
the amino terminus of the human IgG Fc
fragment.! Fusion of the decoy receptor
to the amino terminus of the human Fc
serves to stabilize the decoy receptor in a
dimeric configuration and to prolong the
blood residence time of the decoy receptor
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pharmaceutical. However, the only recep-
tor targeted by a decoy receptor:Fc fusion
protein is the Fc receptor. IgG fusion
proteins do not penetrate the BBB from
blood via transport on a BBB Fc receptor.
Although the neonatal Fc (FcRn) recep-
tor is expressed at the BBB,"” the BBB Fc
receptor only mediates the reverse trans-
cytosis of IgG molecules from brain to
blood, and does not mediate the influx of
IgG molecules from blood to brain.' In
contrast to the design of the typical decoy
receptor: Fc fusion protein, the HIRMAb-
TNEFR fusion protein incorporates the
fusion of the amino terminus of the decoy
receptor to the carboxyl terminus of the
CH3 region of the heavy chain of the
HIRMADb (Fig. 1A). This design places
the TNFR ECD in a dimeric configura-
tion, which mimics the native state of the
receptor, which crystallizes as a dimer."”
Fusion of the decoy receptor to the amino
terminus of the HIRMADb heavy chain
would most likely impair binding of the
antibody to the HIR, as demonstrated
previously for a HIRMAb-enzyme fusion
protein.”® Therefore, the design of the
HIRMAbB-TNFR fusion protein allows
for retention of both functionalities of the
fusion protein, i.e., high affinity binding
to the HIR, for mediation of BBB trans-
port, and high affinity binding to human
TNFa., for suppression of the cytotoxic
effects of this cytokine. Both HIR and
TNFo binding properties of the fusion
protein are high affinity characterized by
KD values <1 nM for both targets."

The HIRMAb-TNFR fusion protein
is a hetero-tetrameric protein comprised
of two heavy chains (HC) and two light
chains (LC) (Fig. 1A). Given this com-
plex structure, a eukaryotic host cell,
the Chinese hamster ovary (CHO) cell,
was chosen for the production of a sta-
bly transfected cell line."¥ DG44 CHO
cells were electroporated with a tandem
vector, which encodes on a single DNA
plasmid separate and tandem expression
cassettes for the HC, the LC, and for
the selection gene, dihydrofolate reduc-
tase (DHFR). DG44 cells do not express
DHFR. Therefore, incorporation of the
DHFR gene in the expression plasmid
allows for selection of high producing
CHO lines with methotrexate treatment.
The CHO line is adapted to serum free
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medium (SFM), and high producing
clones are isolated by two rounds of lim-
ited dilutional cloning. The HIRMAb-
TNER fusion protein is affinity purified
from conditioned SFM by protein A
chromatography.'*

The initial HIRMAb-TNFR phar-
macokinetics and brain uptake studies
were performed in the adult Rhesus mon-
key."" The HIRMAD cross reacts with the
insulin receptor in Old World primates,
such as the Rhesus monkey, but does
not cross react with the insulin receptor
of New World primates or with lower
animals such as rodents. The HIRMAb-
TNFR was radiolabeled with [PH]-N-
succinimidyl propionate, in
with the radio-iodination of a Fc fusion
protein of the TNFR ECD, designated
TNFR:Fc. The [PH]-HIRMAb-TNFR
and ["®I]-TNFR:Fc fusion proteins were
co-injected in the Rhesus monkey. The
brain uptake of the HIRMAb-TNFR
fusion protein, 3.0 + 0.1% 1.D/100 gram
brain, is high compared to the brain
uptake of the TNFR:Fc fusion protein,
0.23 £ 0.06% 1.D/100 gram." This low
level of brain uptake of the TNFR:Fc
fusion protein is no greater than the

parallel

brain uptake of a brain plasma volume
marker, human IgG1, which indicates the
TNEFR:Fc fusion protein does not cross
the BBB." Normalization of the organ
uptake (%ID/gram) by the plasma area
under the plasma concentration curve
(AUC) allows for computation of the
organ permeation-surface area (PS) prod-
uct for brain and peripheral organs. This
analysis demonstrated the brain target-
ing properties of the HIRMAb Trojan
horse, as the ratio of the PS product for
the HIRMAD-TNEFR fusion protein, rela-
tive to the PS product for the TNFR:Fc
fusion protein, is 30 for brain, but near
unity for peripheral organs. These obser-
vations highlight the selective targeting of
the brain by the HIRMAb Trojan horse.t

The pharmacokinetic and brain
uptake data for the primate allow for ini-
tial dosing considerations of therapeutic
interventions with the HIRMAb-TNFR
fusion protein. The brain uptake, 3.0%
ID/100 gram, at an injection dose of
0.2 mg/kg, produces a brain concentration
of the HIRMAD-TNFR fusion protein

www.landesbioscience.com

of 1.1 pmol/gram fusion protein, which
is equivalent to 2.2 pmol/gram, since
there are 2 TNFR moieties per individual
fusion protein (Fig. 1A). The concentra-
tion of immunoreactive TNFo in normal
brain is undetectable, but increases to 0.4
pmol/gram in traumatic brain injury.’
Since the affinity of the HIRMAb-TNFR
fusion protein for TNFo is high, a low
dose of the HIRMAb-TNER fusion pro-
tein of 0.2 mg/kg will sequester most of
the cerebral TNFa in brain in traumatic
brain injury. Higher doses of the fusion
protein would sequester essentially 100%
of the TNFo in brain in pathologic
conditions. HIRMADb fusion protein,
at doses as high as 20 mg/kg, has been
administered intravenously to Rhesus
monkeys chronically without side effects
or changes in glycemic control in either
plasma or cerebrospinal fluid.”

Decoy receptors, other than the
TNEFR, could also be re-engineered as
HIRMAD fusion proteins for brain con-
ditions, such as the vascular endothelial
growth factor receptor for brain cancer,?
the TNF-like weak inducer of apoptosis
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receptor for stroke,?' or the lymphotoxin

B receptor for multiple sclerosis.??
IgG-ScFv Fusion Protein

mADbs that bind and inactivate TNFo. can
also be developed as a biologic TNFI for
the brain, providing the anti-TNFo MAb
is re-engineered as a fusion protein with a
BBB molecular Trojan horse such as the
HIRMAD. This becomes a problem of
engineering a single fusion protein com-
prised of the variable region of the heavy
chain (VH) and the variable region of the
light chain (VL) from two antibodies. In
addition, the four genes encoding the 2
VH regions and the 2 VL regions must be
spliced on to genes encoding the constant
(C)-region of an IgG heavy chain and
light chain. This was accomplished with
the engineering of the HIRMAb-ScFv
fusion protein shown in Figure 1B. In
this case, a ScFv against the Abeta amy-
loid peptide of Alzheimer disease (AD)
was fused to the carboxyl terminus of the
heavy chain of the engineered HIRMAD,
which incorporates the C-region of
human IgG1 and the C-region of human
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kappa.”” The genes encoding the heavy
chain and the light chain of the hetero-
tetrameric HIRMADb-ScFv fusion protein
were placed in separate expression cas-
settes on a single tandem vector (TV).
Given the complex structure of the
HIRMADb-ScFv fusion protein, which is
glycosylated at the heavy chain C-region,
CHO cells were chosen as the host cell.
Following electroporation of the CHO
cells with the TV encoding the HIRM Ab-
ScFv fusion protein, a high producing
stably transfected line was cloned.”® The
CHO-derived HIRMADb-ScFv
protein was homogeneous on both non-
reducing and reducing SDS-PAGE. The
HIRMADb-ScFv fusion protein was bi-
functional and demonstrated high affin-
ity binding to the HIR, with an ED, of
1.9 £ 0.1 nM, and to the Abeta amyloid
peptide, with an ED, of 2.0 £ 0.8 nM."
The HIRMAD-ScFv fusion protein was
radiolabeled with the '*’I-Bolton-Hunter
reagent, and administered by intravenous

fusion

(IV) injection into the adult Rhesus mon-
key for a plasma pharmacokinetics and
brain uptake study. The systemic clear-
ance of the HIRMAb-ScFv fusion pro-
tein was 1.7 £ 0.1 mL/min/kg and 1.32
+ 0.03 mL/min/kg, respectively, after
injection of 0.2 and 1.0 mg/kg fusion
protein. There was a linear relationship
between the plasma AUC and dose, as the
AUC was 118 = 5 ug-min/mL and 759 *
18 ug-min/mL, respectively, after the IV
injection of 0.2 and 1.0 mg/kg HIRMAb-
ScFv fusion protein."?

In conclusion, the BBB molecular
Trojan horse platform technology enables
the re-engineering of biologic TNFIs as
brain penetrating neuropharmaceuticals.
Tandem vectors have been engineered
with allow for the production of high
producing, stably transfected eukaryotic
host cells lines. CHO lines have been
propagated in serum free medium, and
the IgG fusion proteins are purified by
conventional protein A affinity chroma-
tography. Without such re-engineering
to enable brain penetration, the biologic
TNFlIs, or any other class of recombinant
protein therapeutic, cannot be developed
for diseases of the brain, owing to lack of
transport of these large molecules across

the BBB.
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