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Purpose. The ability of monoclonal antibodies against the human insulin receptor to undergo transcy-
tosis through the blood-brain barrier (BBB) was examined in the present studies. Methods. Two murine
monoclonal antibodies (MAb83-7 and MAb83-14) which bind different epitopes within the a-subunit of
the human insulin receptor were examined using isolated human brain capillaries, frozen sections of
primate brain, and in vivo pharmacokinetic studies in anesthetized Rhesus monkeys. Results. Both
antibodies strongly illuminated capillary endothelium in immunocytochemical analysis of frozen sec-
tions of brain from Rhesus monkey but not squirrel monkey. Both monoclonal antibodies, in the
todinated forms, bound to human brain microvessels, although the binding and endocytosis of MAb83-
14 was approximately 10-fold greater than MAb83-7. The active binding of MAb83-14 to the human
insulin receptor was paralleled by a very high rate of transport of this antibody through the BBB in vivo
in two anesthetized Rhesus monkeys. The BBB permeability-surface area (PS) product in neocortical
gray matter was 5.4 = 0.6 pL/min/g, which is severalfold greater than previous estimates of the PS
product for receptor-specific monoclonal antibody transport through the BBB. The brain delivery of
MADbS83-14 to the Rhesus monkey brain was high and 3.8 = 0.4% of the injected dose was delivered to
100 g of brain at 3 hours after a single intravenous injection. In contrast, there was no brain uptake of
the mouse IgG,, isotype control antibody. Conclusions. These studies demonstrate an unexpected high

degree of transcytosis of a monoclonal antibody through the primate BBB in vivo.
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INTRODUCTION

The delivery of therapeutics to the brain is impeded by
the presence of the brain capillary endothelial wall, which
makes up the blood-brain barrier (BBB) in vivo. The BBB is
formed by epithelial-like tight junctions within the capillary
endothelia of vertebrate brain (1), and these junctions pre-
clude the free diffusion of therapeutics from blood to brain
interstitial space. One physiological-based strategy for drug
delivery through the BBB is the use of chimeric peptides (2).
The latter are comprised of conjugates of a drug, that is
normally not transported through the BBB, and a brain drug
delivery vector. Vectors are modified proteins or antibodies
that undergo absorptive-mediated or receptor-mediated
transcytosis through the BBB. The model vector for absorp-
tive-mediated transcytosis is cationized albumin (3), and the
model vector for receptor-mediated transcytosis is the OX26
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murine monoclonal antibody to the rat transferrin receptor
(4,5). Previous studies have shown in vivo CNS pharmaco-
logic effects following coupling of drug to the OX26 mono-
clonal antibody (6,7). The 0OX26 monoclonal antibody binds
the BBB transferrin receptor (8), which mediates the trans-
cytosis through the BBB of transferrin (9,10), and gains ac-
cess to brain interstitial space via this pathway. The 0X26
monoclonal antibody is specific to the rat receptor (8,11),
and it would be advantageous to develop a brain drug deliv-
ery vector that can be used in humans. A human-specific
BBB transport vector may also be active at the primate
BBB, and this would allow for in vivo testing of the vector in
an animal model.

Potential candidates for human brain drug delivery vec-
tors are monoclonal antibodies against receptors present on
brain capillary endothelium. Previous studies have shown
high concentrations of the insulin receptor on the BBB (12),
and this receptor mediates the transcytosis of circulating in-
sulin from blood to brain interstitial fluid (13). Therefore, the
present investigations examine two different murine mono-
clonal antibodies to the human insulin receptor with respect
to the ability of these antibodies to undergo transport
through the BBB. Isolated autopsy human brain capillaries
are used as an in vitro model system of antibody binding and
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endocytosis at the human BBB, and the in vivo transcytosis
through the primate BBB is examined in the anesthetized
Rhesus monkey. The monoclonal antibodies are designated
MADbS83-7, which binds an epitope within amino acids 191-
297 of the a-subunit of the human insulin receptor, and
MADBS83-14, which binds an epitope within amino acids 469-
592 of the a-subunit of the human insulin receptor (14). Both
anitbodies bind epitopes that are accessible in the native
state of the receptor (15).

MATERIALS AND METHODS

Materials

MADbS83-7 and MAb83-14 mouse ascites were provided
by Professor Kenneth Siddle (Department of Clinical Bio-
chemistry, University of Cambridge). Frozen brain from two
Rhesus monkeys (21 year old female, 20 year old male) and
one squirrel monkey (21 years old) was provided by Dr. Lary
Walker (Neuropathology Lab, Johns Hopkins School of
Medicine). *H-N-succinimidylpropionate (NSP), 102 Ci/
mmol, and '*’I-iodine were obtained from Amersham Corp.
(Arlington Heights, IL). Mouse IgG1 and mouse IgG,, were
purchased from Cappel (West Chester, PA). Chloramine T
was from MCB Reagents (Cincinnati, OH). Protein G-Seph-
arose 4 Fast Flow was obtained from Pharmacia (Piscata-
way, NJ). Vectastain ABC-Elite reagents were obtained from
Vector Laboratories (Burlingame, CA). Two 20 year old fe-
male Rhesus monkeys were purchased from Buckshire
Corp. (Perkasie, PA) weighing 6.8 kg (designated RM1) and
8.0 kg (designated RM?2). Microvessels were isolated from 3
different human autopsy brains obtained from Dr. Harry
Vinters of the Division of Neuropathology, Department of
Pathology, UCL A Medical Center. The post-mortem internal
(PMI) varied from 6 to 31 hours, which is within the PMI of
brains obtained for assaying the human BBB insulin receptor
(12). Porcine insulin and all other reagents were obtained
from Sigma Chemical Corp. (St. Louis, MO). O.C.T. (opti-
mal cutting temperature) embedding medium for frozen tis-
sue specimens was purchased from Miles, Inc. (Elkhart,
IN).

Monoclonal Antibody Purification and Radiolabeling

The MADbS83-14 or MAb83-7 were purified from mouse
ascites using Protein G-Sepharose 4 Fast Flow affinity chro-
matography, as described previously (16). The yield of puri-
fied monoclonal antibody ranged from 6-9 mg per ml of as-
cites. Initially, MAb83-7 and MAb83-14 were tritiated by
propionylation of lysine residues with *H-NSP (17). How-
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ever, initial binding studies with human brain capillaries
showed that this radiolabeling procedure eliminated specific
binding to the human insulin receptor. Therefore, the MAbs
were subsequently radiolabeled with '*’I-iodine and chlora-
mine T; 20 pg of monoclonal antibody was iodinated with 2
mCi of '*’I-iodine and 4.2 nmol of chloramine T. The iodin-
ation reaction was quenched with the addition of 25 nmol of
sodium metabisulfite and radiolabeled antibody was purified
by Sephadex G25 gel filtration chromatography. The specific
activity of the iodinated monoclonal antibody was 39 pCi/pg
with a trichloroacetic acid (TCA) precipitability of 99%.
Mouse IgG,, was tritiated with *H-NSP using procedures
described previously (17) to a specific activity of 0.35 pCi/pg
and a TCA precipitability of 94%. Insulin was iodinated as
described previously (12).

Radioreceptor Assays

Binding of ">°I-M Ab83-14 or MAb83-7 to capillaries iso-
lated from 3 different human autopsy brains was measured as
described previously (12). Both total binding and binding
resistant to a mild acid wash were determined. Human brain
capillaries (equivalent to approximately 100-140 wg protein)
were mixed in 0.45 ml of Ringer-Hepes buffer (pH = 7.4) in
the presence of 0.20 wCi/ml of !**I-labeled monoclonal anti-
bodies. Various concentrations of unlabeled monoclonal an-
tibody, unlabeled mouse IgG1 or mouse IgG,,, or unlabeled
porcine insulin were added to the mixture, and incubation
was performed at 37°C for up to 2 hours. Incubation was
terminated by centrifugation at 10,000g for 45 seconds. The
capillary pellet was solubilized in 1 N NaOH for *°I count-
ing and protein assays as described previously (17).

Capillaries were isolated from 3 different fresh human
autopsy brains (designated H1, H2, H3, Table 1) using a
mechanical homogenization technique described previously
(12). Isolated microvessels were cryo-preserved in 0.25 M
sucrose, 0.02 M Tris (pH = 7.4), and 2 mM dithiothreitol,
and stored in liquid nitrogen for periods ranging from 1-11
months.

The binding of !**I-insulin to human brain capillaries
was measured at 25°C for 90 minutes in the presence of 0 or
10 p.g/ml unlabeled insulin, or 0-1 pg/ml unlabeled MAb83-14
or mouse IgG,,, as described previously (12).

Pharmacokinetics and Brain Delivery

Rhesus monkey 1 (RM1) or Rhesus monkey 2 (RM2)
were anesthetized with 100 mg of intramuscular ketamine
and 0.5-2.0% halothane in the operative suite of the UCLA

Table 1. Uptake of ['*’TIMAb83-14 by Isolated Human Brain Microvessels®

Incubation time (hours)

No. Age/sex Diagnosis 0.25 0.5 1 2

Hi1 45/F lymphoma 149 + 8 211 = 13 300+ 6 386 * 35
H2 68/M heart disease 144 = 11 167 = 2 243 = 3 306 + 8
H3 68/'M respiratory failure 103+ 5 149 = 11 156 = 11 195+ 5

¢ Mean = S.E. (n = 3). Data are expressed as % uptake per mg, of capillaries. Incubations contained capillaries equivalent to approximately
0.1 mg protein (mg,). Age given in years; F = female, M = male.
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Vivarium. A single intravenous injection was performed in a
femoral vein of 1.8 ml of 0.01 M Na,HPO,/0.15 M NaCl
(PBS, pH = 7.4), containing 100 nCi (312 pg) of *H-mouse
IgG., and 25 pCi (0.6 pg) of >’I-MAbB83-14 for RM1 or 50
nCi (1.0 pg) of >°I-MAb83-14 for RM2. At 0.5, 1, 2, 5, 15,
30, 60, 120, and 180 minutes after injection, 1 ml of blood was
withdrawn and replaced by an equal volume of normal saline
(7 U/ml heparin). Erythrocytes were removed by centrifuga-
tion and 50 pL aliquots of plasma were counted for total
radioactivity in triplicate using double isotope liquid scintil-
lation counting of *H and '?°1, as described previously (5);
100 pL of plasma was precipitated with 10% TCA to deter-
mine the fraction of total plasma radioactivity that was pre-
cipitable by TCA. At 180 minutes after isotope injection, the
animal was euthanized with either 100 mg/kg of sodium pen-
tobarbital or 2 ml Eutha-6 (Western Medical Supply, Arca-
dia, CA) intravenously, and brain was removed, weighed,
and solubilized for double isotope liquid scintillation count-
ing. In RM1, peripheral tissues (liver, spleen, heart, small
intestine, abdominal muscle, lung, renal cortex, and omental
fat) were also removed and analyzed by double isotope CH,
1257) liquid scintillation counting for computation of the or-
gan volume of distribution (V). The Vy, of the mouse IgG.,,
is considered identical to the plasma volume (V) of the
organ. The V, was determined from the ratio of '*’I- or
3H-disintegrations/min (DPM) per g organ divided by the
DPM per pL of terminal plasma. The *H and '>*I counts/min
(CPM) were converted to DPM by standard quench correc-
tion curves that accounted for !?*I-spill-over into the *H win-
dow of the Packard Tri-Carb liquid scintillation spectrome-
ter. In addition, approximately 1 g of brain tissue was ho-
mogenized in cold physiological buffer for capillary
depletion analysis using the method described previously
(18). The capillary depletion technique fractionates the total
brain homogenate into the vascular pellet and the postvas-
cular supernatant. The V, values for the homogenate, post-
vascular supernatant, and vascular pellet were each ex-
pressed as pL per g brain.

Pharmacokinetic parameters were calculated by fitting
plasma TCA-precipitable *H or '*°I radioactivity data to a
bi-exponential equation, i.e.,

Al) = Aje K" + Ae K

where A(t) = % ID/ml of plasma radioactivity, and ID =
injected dose. Plasma data were fit to the bi-exponential
equation using a derivative-free non-linear regression analy-
sis, PARBMDP (Biomedical Computer P-Series developed at
the UCLA Health Sciences Computing Facilities). The data
were weighted using weight = 1/(concentration)®, where
concentration = % ID/ml. The brain volume of distribution
(Vp) of '*I-MAb83-14 at 3 hours after i.v. injection was
determined from the ratio of dpm/g tissue + dpm/pL termi-
nal plasma. Brain plasma volume of distribution (V) was
determined by computation of the volume of distribution of
the *H-mouse IgG,, isotype control. The plasma clearance
(Clgs), the steady state volume of distribution (Vgg), the
mean residence time (MRT), the area under the plasma con-
centration curve (AUC), and the area under the moment
curve (AUMC) were calculated from the pharmacokinetic
parameters as follows (19):
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where D = injected dose. The BBB permeability surface
area (PS) product in brain was determined as follows:

ps = Vo = VdG(D

t
| AUC
0

where Cp(T) = terminal plasma concentration. The brain
delivery or % injected dose (ID)/g brain, at a given time (t)
after i.v. injection is,

% ID

t
= PS x | AUC
0

g Al = e™M) Ayl — e

AUC = +
) 3 o
The calculation of the PS product assumes there is no sig-
nificant efflux of MAb from brain to blood during the exper-
imental time period, e.g., 180 minutes.

Avidin-Biotin Immunocytochemistry

The reactivity of MAb83-7, MAb83-14, mouse IgGl1 (the
isotype control of MAb83-7) or mouse IgG,, (the isotype
control for MAb83-14) was assayed with the avidin-biotin
immunoperoxidase technique described previously (20).
Frozen Rhesus monkey or squirrel monkey brain cortex was
thawed to —20°C, dipped in OCT at room temperature, and
4-6 . sections were cut on a cryostat at —15°C. Sections
were warmed to room temperature until air-dry, fixed in ac-
etone at —20°C for 10 minutes, washed in PBS, air-dried and
stored at —70°C. On the day of the assay, the slides were
warmed to room temperature, washed in PBS, quenched
with 0.1% H,0, in PBS for 5-10 minutes, blocked with horse
serum and stained with 2 pg/slide of immunoglobulin for 120
minutes at room temperature, followed by reaction with bi-
otinylated horse anti-mouse immunoglobulin and stained
with 3-amino-9-ethylcarbazole for 15 minutes. The sections
were not counterstained, and were subsequently photo-
graphed. No specific immunostaining of cortical microves-
sels in squirrel monkey brain was observed with either
MAD83-7 or MAb83-14.

RESULTS
Both MAb83-7 and MAb83-14 bind equally well to the
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brain capillary endothelium of Rhesus monkey brain based
on avidin-biotin immunocytochemistry (Figures 1A and 1B).
The isotype controls for MAb83-7 (mouse IgG1) or MAbS3-
14 (mouse IgG,,) do not immunostain brain microvessels
(Figures 1C and 1D). MAb83-7 and MADbS83-14 stained mi-
crovessels in both white matter and cortical gray matter. The
number of vessels immunoreactive with MAb83-14 in white
matter and gray matter was determined with an ocular mi-
crometer and was 55 * 4 and 234 = 13 vessels per mm?
(mean = S.E., n = 9-11 fields), respectively.

Since the initial immunocytochemical evaluation
showed both MAb83-7 and MAb83-14 strongly bound to the
primate brain capillary insulin receptor, further analyses
were performed with '**I-labeled MAb83-14 or '*’I-labeled
MADbS83-7 using isolated autopsy human brain capillaries.
125]_M Ab83-14 strongly bound to the human brain capillaries
(Figure 2). This binding was suppressed to background with
high concentrations (80 pg/ml) of either MAb83-14 or
MADB83-7 but not the isotype controls, mouse IgG1 or mouse
IgG,,. High concentrations (10 pg/ml) of porcine insulin in-
hibited the binding of >I-M Ab83-14 by approximately 35%.
The time course of '>>I-MAb83-14 or '2’I-MAb83-7 binding
to human brain capillaries is shown in Figure 3. These stud-
ies demonstrate markedly different binding kinetics of the
two monoclonal antibodies to human brain capillaries, as
MADB83-14 bound to the capillary approximately 10-fold
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greater than MAb83-7. Approximately 70% of the MAb83-14
bound to the human brain capillary was endocytosed into a
space that was resistant to a mild acid wash (Figure 3). The
MAD is not significantly metabolized by the human brain
capillaries. After two-hour incubations at 37°C, the medium
TCA precipitability of the radiolabeled monoclonal antibod-
ies was 95 = 1% for MAb83-7 and 96 = 1% for MAbS83-14.
The high binding of '>’I-MAb83-14 to the human brain mi-
crovessels used in the studies of Figures 2-3 was replicated
with microvessels isolated from 2 other human autopsy
brains, and the binding time course at 37°C for the 3 different
sets of human brain capillaries (designated H1, H2, and H3)
is shown in Table 1. The binding data in Table 1 are normal-
ized by dividing the >*I-MAb83-14 % bound by the mg pro-
tein of isolated capillaries (Methods). The binding data in
Figures 2-5 used capillaries isolated from subject H2 (Ta-
ble 1).

The saturability of '>’I-MAb83-14 binding was exam-
ined by varying the concentration of unlabeled MAb83-14,
and a concentration of 0.09 pg/ml (0.60 nM) of MAb83-14
caused 50% displacement in the binding curve (Figure 4A).
Scatchard analysis of the binding data (Figure 4B) showed
that the K, of MAb83-14 binding to the human insulin re-
ceptor was 0.45 = 0.10 nM, and the binding B, ,, was 0.50 =
0.11 pmol/mg,,.

The effect of increasing concentrations of MAb83-14 or

Fig. 1. Avidin-biotin immunocytochemistry of cryostat sections of rhesus monkey brain
using 2 pg/slide of either MAD or isotype control. (A) MAb83-7. (B) MADbS83-14. (C)
Mouse IgG1, which is the isotype control for MAb83-7. (D) Mouse IgG,,, which is the
isotype control for MAb83-14. Magnification bars are 11 p in B and D, and 28 p in A
and C.
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Fig. 2. Binding of '>’I-MAb83-14 to human brain capillaries. Incu-
bations were performed at 37°C for 60 minutes in the presence of
human capillaries equivalent to 140 pg of protein. MAb83-14,
MADBS83-7, mouse IgG1 or mouse IgG,, were present in concentra-
tions of 80 pg/ml (0.5 pM) and porcine insulin was present in a
concentration of 10 pg/ml (2 puM). The % bound was less than 0.15%
for all incubations when isolated capillaries were omitted from the
incubation medium. Data are mean = SE (n = 3).

mouse IgG,, on *’L-insulin binding to human brain capillar-
ies is shown in Figure 5. Approximately 2/3 of the labeled
insulin bound to the capillary was endocytosed, as repre-
sented by the portion of insulin binding that is non-saturable
(dashed horizontal line, Figure 5); previous studies have
shown that the non-saturable insulin binding corresponds to
endocytosed insulin (12).

The pharmacokinetics and brain uptake of '>*I-M Ab83-
14 (also designated HIRMAb) was examined in two anesthe-
tized Rhesus monkeys (RM1, RM2). The serum concentra-
tions of either '2’I-HIRMADb or *H-mouse IgG,, in the

40 ]
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Fig. 3. The % binding of either '*I-MAb83-14 of '*I-MAb83-7 to
isolated human brain capillaries at 37°C is plotted vs. time of incu-
bation. Each incubation tube contained human brain capillaries
equivalent to 140 pg of protein. Both total binding (closed circles)
and binding resistant to a mild acid wash (open circles) are shown.
Data are means of duplicates that varied less than 10%.
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Fig. 4. (A) Binding of ">’ I-MAb83-14 to isolated human brain cap-
illaries is plotted vs. the concentration of MAb83-14 in the incuba-
tion medium. Incubations were carried out at 37°C for 60 minutes,
and contained human brain capillaries equivalent to 100 pg protein.
The 50% displacement (EDs,) of 12°I-MAb83-14 was observed at an
MADS3-14 concentration of 0.09 pg/ml (0.60 nM). (B) Scatchard
analysis of the binding data in panel A. The bound/free of B/F ratio
is plotted vs. the bound (pmol/mg,) MAb83-14. The dissociation
constant Ky, and the maximal binding (B,,,,) were determined from
nonlinear regression analysis of the saturation data, as described
previously (12).

plasma compartment of the monkey was measured for up to
3 hours after a single intravenous injection, and these data
are shown in Figure 6 for RM1. The serum profile for either
RM1 or RM2 was subjected to a pharmacokinetic analysis,
and the parameters are shown in Table 2. Both immunoglob-
ulins have a half-time of distribution (t,l,z) of approximately 2
minutes, but the half-time of elimination (t%/z) of the
HIRMAD was 6- to 12-fold shorter than the half-time of elim-
ination of the mouse IgG,, isotype control (Table 2). The Vgg
of the mouse IgG,, isotype control, 52.9 ml/kg, is equivalent
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Fig. 5. The binding of '*’I-insulin to human brain capillaries is plot-

ted vs. the medium concentration of either MAb83-14 or mouse

IgG,,. The dashed horizontal line shows the binding in the presence

of 10 pg/ml insulin; this non-saturable binding represents endocy-

tosed insulin (12). Data are means of duplicates that varied less than
10%.
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Table 2. Pharmacokinetic Parameters®

—O~ [3H]-IgG2a -
—@— [1251]-HIRMAb Immunoglobulin
Parameter mlgG,, HIRMAb
O
monkey RMI RM1 RM2
— body weight (kg) 6.8 6.8 8.0
£ K, (min~%) 0.26 0.27 0.29
=) K, (hr™Y) 0.011 0.060 0.14
2 t}, (min) 2.7 1.9 2.4
t}, (hr) 62.2 11.2 5.0
A, (% ID/ml) 0.091 0.27 0.21
A, (% 1ID/ml) 0.28 0.038 0.027
AUC™ (% ID - min/ml) 49.5 7.1 4.7
V., (ml/kg) 52.9 367 406
Cl,, (m/min/kg) 0.0099 0.39 1.00
01 r ' . ~H  MRT () 89.8 159 6.8
0 60 120 180 AUC* (% ID - min/mi) 1497 38.1 12.5
minutes ¢ The plasma data for RMI1 are shown in Figure 6. HIRMAD is

Fig. 6. The % injected dose (ID) per ml plasma of either *H-mouse
IgG., isotype control (open circles) or >*I-HIRMAD (closed circles)
is plotted vs. time after single intravenous injection of the isotopes
into an anesthetized rhesus monkey (RM1). Data are means of trip-
licates that varied less than 10%. The data shown were corrected by
multiplying the total *H- or 12’I-dpm/ml by the fractional TCA pre-
cipitability. The TCA precipitability of the *H-mouse IgG,, isotype
control was greater than 99% at all time points. The TCA precipi-
tability for the '>’I-HIRMAb was 99%, 98%, 94%, 94%, and 93% at
5, 15, 30, 120, and 180 minutes after injection, respectively.
HIRMAD is MAb83-14.

to the plasma volume, whereas the Vgg of the HIRMAD,
367-406 ml/kg, was 7-fold greater than the Vg4 of the mouse
IgG,,. The systemic clearance of the HIRMADb, 0.39-1.00
ml/min/kg, was 39- to 101-fold greater than the systemic
clearance of the mouse IgG,, isotype control (Table 2). The
mean residence time of the HIRMAb was reduced to 7-16
hours, in comparison to the MRT of the mouse IgG,, isotype
control, which was 3.7 days (Table 2). The pharmacokinetics
of plasma clearance of HIRMADb was similar in RM1 and
RM2 as reflected by the comparable parameter estimates
(Table 2).

The volume of distribution of the mouse IgG,, isotype
control and the HIRMAD in brain at 3 hours after a single
intravenous injection of isotope was measured for neocorti-
cal gray matter, white matter, and choroid plexus, and these
data are shown in Table 3 for both RM1 and RM2. The avail-
ability of these volume of distribution data, in conjunction
with the 3-hour plasma AUC (Table 2), allowed for the com-
putation of the BBB PS product. The PS products, and the

MADS83-14; AUC™ = AUC | &; AUC™® = AUC | %0,

brain delivery (% injected dose per 100 g brain) of the
HIRMAD for neocortex, white matter, or choroid plexus at 3
hours after injection, are shown in Table 3. The '*°I-
HIRMAD was relatively metabolically stable as the %TCA
precipitation in plasma was = 93% for up to 3 hours after
injection (Figure 6).

The capillary depletion technique was used to demon-
strate transcytosis of the HIRMADb through the primate
BBB, and these data are shown in Table 4 for brain tissue
that was comprised of either mixed white and gray matter
(RM1) or separated gray and white matter (RM2). The ho-
mogenate V, value of the HIRMAb, 656 = 132 uL/g, was
intermediate between the V, of neocortex and white matter
in RM1 (Tables 3-4). Although there was enrichment of the
HIRMAD in the vascular pellet, the V of the HIRMAb in
the postvascular supernatant was 14- to 33-fold greater than
the V, of the mouse IgG,, isotype control in the postvascu-
lar supernatant (Table 4), indicating rapid transcytosis of the
HIRMAD through the primate BBB in vivo.

The Vp, of the HIRMAD and the V of the mouse IgG,,
control antibody in peripheral organs were also measured at
180 minutes after intravenous injection in RM1 (Table 5).
Consistent with the widespread distribution of the insulin
receptor, the Vp value of the HIRMAb was 5- to 21-fold
greater than the Vg of the mouse IgG,, in peripheral tissues
(Table 5). In contrast, the ratio of the HIRMAb V to
the mouse IgG,, V in brain neocortex was 42 for RM1
(Table 3).

Table 3. Brain Uptake Parameters for >’I-MAb83-14 (HIRMAb)?

Vp, (pL/g) PS (pL/min/g) %1D/100 g tissue
Organ V, (uL/g) RM1 RM2 RM1 RM2 RM1 RM2
neocortex 30 2 1263 + 129 1329 = 80 5.4 0.6 53+03 3804 2.5 =0.1
white matter 3110 498 + 141 508 = 57 2.1 +£0.6 1.9 0.2 1.4+04 0.90 = 0.11
choroid plexus 139+ 9 687 = 96 3913 = 122 2404 15.1 £ 0.5 1.7 203 7.1 0.2

4Mean * S.E. (n =

3). The plasma volume of brain (V) was equal to the organ volume of distribution of the *H-mouse IgG,,. RM1 =

rhesus monkey 1; RM2 = rhesus monkey 2. Data obtained 3 hours after injection.
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Table 4. Capiliary Depletion Analysis of Brain Uptake of >’I-MAb83-14 (HIRMAb)“

Vp (nL/g)

Post-vascular

Monkey Brain region Homogenate supernatant Vascular pellet
RM1 mixed gray/white 656 = 132 231 * 65 384 = 31
RM2 gray matter 1572 = 86 524 = 57 657 = 60

white matter 615 = 35 282 = 4 173 = 41

¢ Mean * S.E. (n = ). Plasma volume or Vo = 18 + 4,16 * 1, and 1.1 = 0.4 nL/g for homogenate,
post-vascular supernatant, and vascular pellet, respectively, as determined with *H-mouse IgG,,.

Data obtained at 3 hours after injection.
DISCUSSION

The findings of the present study are consistent with the
following conclusions. First, MAb83-14 avidly binds human
and old world monkey brain capillary (Figures 1, 2), and this
binding is associated with endocytosis by the capillary (Fig-
ure 3). Second, the binding of MADbS83-14 is much greater
than the binding of MAb83-7 (Figure 3), and the high binding
of MADbS83-14 is associated with the high affinity of this MAb
for the human BBB receptor (Figure 4). Third, MAb83-14
undergoes rapid binding and transcytosis through the Rhesus
monkey BBB in vivo (Table 3-4), and has a BBB PS product
several-fold higher than any known BBB transport vector.
Fourth, the in vivo pharmacokinetic profile of MAb83-14 is
favorable with a high Vgg and Clgg and a mean residence
time of 7-16 hours (Table 2). The prolonged mean residence
time is caused by stable plasma concentration following an
initial phase of rapid tissue clearance of MADb83-14; this
rapid clearance phase is completed within the first 15 min-
utes after intravenous injection (Figure 6). The present stud-
ies report on transport measurements in two monkeys (Ta-
bles 2-4). The results are highly consistent in both Rhesus
monkeys, as the PS estimates for MAb83-14 are virtually
identical in both RM1 and RM2 (Table 3).

MADBS83-7 and MADbS83-14 selectively bind the human,
but not the rodent insulin receptor (21). The immunocyto-
chemical studies shown in Figure 1 demonstrate that these
monoclonal antibodies also bind to the insulin receptor of an
old world primate such as the Rhesus monkey. In contrast,
there was no measurable binding of either monoclonal anti-
body to capillaries of squirrel monkey brain (Methods), in-
dicating a lack of cross-reactivity with the new world pri-
mate insulin receptor. This is consistent with the greater

genetic similarity between humans and old world rather than
new world primates (22). The continuous immunocytochem-
ical staining of brain capillaries shown in Figure 1A and 1B
indicates the site of the microvessel binding is the endothe-
lial cell. The other cell which comprises the brain microcir-
culation is the pericyte, and pericyte immunostaining is a
discontinuous pattern (23). In addition to Rhesus monkey
brain capillaries (Figure 1), MAb83-14 avidly binds human
brain capillaries (Table 1, Figure 2), and this binding is as-
sociated with endocytosis into a capillary space that is re-
sistant to a mild acid wash (Figure 3). The rapid endocytosis
of MADS83-14 is consistent with previous electron micro-
scopic autoradiography studies demonstrating internaliza-
tion of this monoclonal antibody into cells subsequent to
binding to the plasma membrane insulin receptor (24). The
evidence that the MAb83-14 binding site on the brain capil-
lary is the insulin receptor is the partial, but reciprocal inhi-
bition of binding by insulin or MAb83-14 (Figures 2, 5).
The higher binding of MAb83-14 to human brain capil-
laries relative to MAb83-7 (Figure 3) was unexpected. For
example, both antibodies strongly stain Rhesus monkey
brain capillaries (Figure 1). In addition, both antibodies in-
crease thymidine uptake by transfected 3T3 cells to a com-
parable degree (EDs, = 1-2 nM) (21), and both antibodies
co-precipitate the human insulin receptor (15). The rapid
binding of MAb83-14 to human brain capillaries is associated
with the very high affinity of this binding reaction. Scatchard
analysis indicates the K, of the binding reaction is low, 0.45
* 0.10 nM (Figure 4). The maximal binding (B,,,,), 0.50 *
0.11 pmol/mg protein, is comparable to previous estimates of
the B,,,, of the human brain capillary insulin receptor (2).
This correlation is also evidence that the MAb83-14 binding
site on brain capillary endothelium is the insulin receptor.

Table 5. Peripheral Organ Uptake of 2’ I-MAb83-14 (HIRMAb) and *H-mouse IgG,, in RM1¢

Mouse 1gG,, V, HIRMADb Vy, HIRMAbD V,, i
Organ (uL/g) (uL/g) TmIgG,, v, °
liver 439 = 54 9137 = 348 21
spleen 382 = 4 6845 = 443 18
heart 143 = 20 1426 + 254 10
small intestine 306 = 69 2793 = 666 9
abdominal muscle 46 + 8 377 £ 39 8
lung 213 £ 16 1264 + 130 6
renal cortex 767 + 182 3805 = 1024 5
omental fat 25+ 3 131 12 5

¢ Mean *+ S.E. (n = 3 replicates). V, and V, measured 3 hours after intravenous injection.
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The binding of MAb83-14 to human brain capillaries is in-
hibited by high concentrations of MAb83-7, although the
epitopes of MAb83-7 and MADbS83-14 are separated by more
than 200 amino acids along the a-chain of the insulin recep-
tor (14). The epitope for MAb83-7 lies within the cysteine-
rich domain of the a-subunit within amino acids 191-297, and
the MADbS83-14 epitope resides in the near carboxyl terminal
region between amino acids 469-592 (14). Since the epitopes
of MAb83-7 and MAb83-14 are spatially separated, the inhi-
bition of 12°I-M Ab83-14 binding to human brain microvessels
by high concentrations (80 pg/mL or 0.5 pM) of MAb83-7
(Figure 2) suggests that MAb83-7 binding to the insulin re-
ceptor may induce conformational changes around the
MADbB83-14 binding site. The binding of MAb83-14 to the hu-
man brain capillary is relatively insensitive to insulin as a
high concentration of insulin (2 pM) causes only a 30% re-
duction in the binding of MAb83-14 to human brain capillar-
ies (Figure 2). The relative insensitivity to insulin of MAb83-
14 receptor binding is consistent with recent studies showing
that amino acids 485-599 of the a-subunit of the insulin re-
ceptor are not critical for receptor binding (25). Other inves-
tigations provide evidence that the insulin binding domain is
near residues 704-718 of the carboxyl terminus of the a-sub-
unit (26).

The high affinity binding of MAb83-14 to the human
BBB insulin receptor facilitates passage of this monoclonal
antibody through the BBB transcytotic pathway. Previous
studies have demonstrated that the transcytosis of insulin
through the BBB occurs via the brain capillary endothelial
insulin receptor. The evidence for this is twofold. First, the
transcytosis of insulin through the BBB in vivo is saturable
(13). Second, there is only one saturable binding site for
insulin on the brain capillary, and the molecular weight of
this saturable binding site is identical to that of the a-subunit
of the insulin receptor (12). The transcytosis of molecules
through the capillary endothelium requires electron micro-
scopic confirmation (27). The term transcytosis is applied to
BBB transport because there is no paracellular endothelial
pathway in brain (1). The transcytosis of molecules through
the BBB may be quantified with autoradiography (13) or the
capillary depletion technique (18). The latter method was
used to document transcytosis of MAb83-14 through the
Rhesus monkey BBB in vivo. As shown in Table 4, approx-
imately 40% of the brain V, of MAb83-14 is contributed by
antibody distribution into the postvascular supernatant,
which represents transcytosed antibody. Approximately
60% of the total volume of distribution in brain is contributed
by the vascular pellet. The latter compartment represents
MADBS83-14 still residing within the brain capillary endothe-
lium awaiting further passage through the transcytotic com-
partment. The volumes of distribution shown in Table 4 for
RM1 were determined from samples comprised of both
white and gray matter, and the V, for the total homogenate
(Table 4) is intermediate between the Vp, value for neocorti-
cal gray matter and white matter for RM1 (Table 3). The
distribution of MAb83-14 into gray matter is approximately
2v5-fold greater than for white matter (Tables 3-4). This en-
richment in brain uptake of MAb83-14 in gray vs. white mat-
ter parallels the greater microvascular density in gray matter
vs. white matter (28), and parallels the density of vessels in
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rhesus monkey gray matter and white matter that are immu-
noreactive with MAb83-14 (Results).

The high uptake of MAb83-14 by choroid plexus is con-
sistent with previous studies demonstrating insulin receptor
in this tissue (27,29). The density of the insulin receptor in
choroid plexus is much greater than the receptor density in
brain parenchyma (29). The finding that the MAb83-14 V, in
neocortex is comparable to the Vi, of the antibody in choroid
plexus underscores the very high density of insulin receptor
in primate brain endothelial cells. This high density is also
found in human brain capillaries. The binding of MAb83-14
to human brain capillaries shown in Figure 3 is approxi-
mately 300%/mg protein at 2 hours of incubation (Table 1),
and this binding is severalfold greater than the binding of
other ligands to human brain microvessels reported in pre-
vious studies (2). The insulin receptor on choroid plexus
epithelium may mediate the selective transport of circulating
insulin into cerebrospinal fluid (CSF) (30). The contribution
of choroidal transport of MAb83-14 to overall brain uptake
of the circulating antibody is small compared to BBB trans-
port, owing to the vastly greater surface area of the BBB
compared to choroid plexus epithelium (2).

The active binding of MAb83-14 to human brain capil-
laries (Figures 2-4) is paralleled by the high permeability of
the Rhesus monkey BBB to this monoclonal antibody. BBB
permeability is quantified by determination of the PS prod-
uct, and the PS value for MAb83-14 is 2-5 pnL/mineg for the
primate BBB (Table 3). This PS value is higher than the BBB
PS value for insulin in the rat brain, which is 1 pL/mineg
(31), indicating the BBB insulin receptor transcytosis system
is more active in primates than in rats. The plasma volume
(Vo) in the primate brain, 18-30 pL/g (Tables 3-4) is also
higher than in the rat brain (31), and may reflect a greater
vascular density in the primate brain relative to the rat brain.
However, the Vg, is included in the PS computation (Meth-
ods); therefore, the higher primate V, does not contribute to
the elevated PS value for MAb83-14 estimated for the pri-
mate BBB. The high magnitude of the PS product in the
primate is illustrated by comparing the BBB PS product for
MADS83-14 in the primate brain (Table 3) with previous mea-
surements of BBB PS product for the OX26 monoclonal an-
tibody in the rat brain. The BBB PS product of the 0X26
monoclonal antibody in the rat at 1, 2, and 3 hours after
injection may be calculated from previously reported data
(5), and is 1.56, 1.08, and 0.65 pL/min/g, respectively. The
time-dependent decrease in the PS product reflects egress of
the antibody from brain subsequent to uptake (32). The time-
dependency of the BBB PS product in the Rhesus monkey
could not be determined due to the limited availability of the
primate. Comparison of the 3-hour BBB PS product for the
0X26 monoclonal antibody in the rat and the BBB PS prod-
uct for MAb83-14 in the Rhesus monkey shows that the PS
product for MAb83-14, 5.4 pL/min/g (Table 3), is 8-fold
higher than the PS product for the OX26 monoclonal anti-
body.

The delivery of MAb83-14 to the brain is a function not
only of the BBB PS product, but also of the plasma AUC
(32). The % injected dose of the antibody delivered per 100
g brain (Table 3) is in direct proportion to both the PS prod-
uct and the plasma AUC (Methods). Despite the high Clgg
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and Vgg of MAb83-14 in the Rhesus monkey (Table 1), the
plasma AUC is within the range that allows for substantial
brain delivery of MAb83-14. For example, 3-4% of the in-
jected dose of MADb83-14 is delivered to 100 g of primate
brain (Table 3); 100 g is equal to the weight of the brain in the
Rhesus monkey (33). The high plasma AUC of MAb83-14 is
due to the stable plasma concentration of this antibody, fol-
lowing an initial rapid uptake of the antibody during the first
15 minutes after injection (Figure 6). Insulin receptor is dis-
tributed in peripheral tissues and MAb83-14 rapidly distrib-
utes to liver and spleen of the Rhesus monkey (Table 5).
However, this rapid uptake into peripheral tissues equili-
brates during the first 15 minutes after intravenous injection,
and this equilibration allows for a stable plasma concentra-
tion of the antibody (Figure 6). Similar observations have
been made previously with the OX26 monoclonal antibody,
wherein it was demonstrated that the rapid uptake of the
antibody by liver reaches equilibration within the first 15-30
minutes after administration in the rat (5). This equilibration
of liver uptake sites allows for stabilization of the plasma
concentration, for maintenance of a high plasma AUC, and
for significant brain delivery of the monoclonal antibody.

The relative distribution of HIRMAD into brain and pe-
ripheral tissues also has pharmacokinetic implications for
brain delivery when the MADb is administered at high sys-
temic doses. At high plasma concentrations of MADb, the
BBB receptor site is saturated resulting in a reduction in the
BBB PS product (34). However, under these conditions the
peripheral receptor also becomes saturated and this in-
creases the plasma AUC. The decreased PS and increased
AUC result in minimal changes in brain delivery at high an-
tibody doses (34). High concentrations of MAb83-14 may
also inhibit insulin binding to the insulin receptor (21). How-
ever, the binding of insulin to the BBB insulin receptor is
relatively insensitive to concentrations of MAbS83-14 less
than 1 pg/mL (Figure 5), which is equivalent to an MAb83-14
concentration of 6 nM. Higher concentrations of MAb83-14
have been shown to further inhibit insulin binding to the
insulin receptor (21).

In summary, the present studies demonstrate very ac-
tive binding of MAb83-14 to isolated human brain capillaries.
This binding is associated with rapid transcytosis across the
BBB in the Rhesus monkey in vivo. These results suggest
that the high degrees of brain delivery may be achieved with
monoclonal antibodies that bind with high affinity to BBB
surface membrane receptors.
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