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ABSTRACT: Despite extensive recent advances in understanding Alzheimer’s dis-
ease (AD) we are unable to noninvasively establish a definite diagnosis during life
and cannot monitor the cerebral deposition of amyloid B protein (Ap) in living
patients. We evaluated the use of 10H3, a monoclonal antibody Fab targeting A
protein 1-28 labeled with Tc-99m. Six subjects with probable AD were studied
using single-phofon emission computed tomography (SPECT) at times from 0-24
hours following injection. Curves of radioactivity in blood demonstrate a half-life
of the injected Fab of 2-3 hours. Images show uptake around the head in the scalp
or bone marrow in all subjects. There is no evidence of cerebral uptake of the
antibody. Scalp biopsies in all six patients demonstrate diffuse staining with 10H3
of the scalp, a pattern indistinguishable from that found in controls. Evidence of
amyloid deposition in the scalp in AD is not seen with other anti-Ap antibodies,
suggesting that 10H3 is cross-reacting with another protein. Further studies with
anti-A B antibodies will require longer-lived radionuclides to detect cerebral uptake
at later times after injection to allow for complete clearance from the blood. Alter-
nately, imaging using labeled A g itself may provide a means for noninvasive tar-
geting of cerebral amyloid.

Remarkable advances have been made in our understanding of the mechanisms of
amyloid B (AB) protein synthesis, cleavage, and aggregation, as well as pathways
for tau protein phosphorylation responsible for neurofibrillary tangle formation.
Three important genes with mutations causing Alzheimer’s disease (AD) have now
been discovered (chromosomes 21, 14 and 1). There is also an important risk factor
gene, believed to encode apolipoprotein E, on chromosome 19 which may be
responsible for up to 30-40% of the attributable risk of AD. However, clinicians
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still have no method available for the definite diagnosis of AD other than brain
biopsy. Also, there is no method for evaluation of the progression of AB protein
deposition in living patients. Patients with AD have intense accumulation of AB
protein in senile plaque cores and in vessel walls in arteries, arterioles, and capillar-
ies.!? Amyloid angiopathy was observed in 83% of 117 brains from AD patients in
a study from the Consortium to Establish a Registry for AD.? Vessel amyloid is
accompanied by changes in vessel morphology, including thickening of the basement
membrane and destruction of the smooth muscle layer.

Brain imaging has been widely used in studies of AD. All current methods
address aspects of the disease that are not central to the key pathogenetic mecha-
nisms. We can study regional glucose metabolism, cerebral blood flow, oxygen
metabolism, neuroreceptor density, and neurotransmitter uptake in the disease, but
these important indices of brain function do not reflect primary disease mechanisms
in AD. A method to allow for quantitative detection of cerebral amyloid deposits
is needed. Anti-amyloid antibodies showing great affinity for the AB protein have
added insights to our understanding of amyloid deposition in the brain in studies
performed in vitro. We have hypothesized*'? that intravenously injected anti-amy-
loid antibodies will have access to vascular sites of amyloid deposition because of
the extensive presence of AB in vessel walls.”® We do not believe that the blood—brain
barrier in AD is sufficiently broken down to allow for intravenously administered
antibody to enter the brain parenchyma and label amyloid in neuritic plaque cores.
Our hypothesis is that injected anti-amyloid antibodies will label sites of amyloid
beta deposition in the endothelium of brain vessels on the blood side of the blood-
brain barrier.!™?

One considerable issue in this approach is to develop a ligand which has rapid
blood clearance so that the binding of the antibody to vessel walls can be detected
after clearance of the label from the intracerebral blood pool (which amounts to
approximately 5% of brain intracranial volume). For this reason we have fragmented
the anti-amyloid antibody to its Fab fragment in order to diminish its half-life in
the blood.

METHODS
Antibody Development

Antibody 10H3 was developed in a murine ascites system targeting amyloid A3
1-28 using a synthetic antigen.''*!> The antibody was evaluated, prepared, and
mass-produced to GMP standards as previously described.'*!* Antibody 10H3 was
chosen because of excellent characteristics in labeling plaque and vessel amyloid
in vitro.}H148

Fractionation and Technetium Labeling

Fab fragments were obtained using enzymatic methods and were labeled with
generator-produced Tc-99m using the diamine dimercaptide bifunctional chelating
system, as described by Fritzberg and associates'® and implemented by the NeoRx
Corp., Seattle, WA.
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Toxicity, Biodistribution, and Flow Cytometry

Hematology, blood chemistry and histopathology was tested in adult Sprague-
Dawley rats. Binding of the Fab to human white and red cells was tested using
flow cytometry.

Subjects

Six patients were studied [mean age 73 (SD 10) years]. Three were male and
three female. All patients had probable AD according to NINCDS-ADRDA crite-
ria. Mini-mental Status Examination testing showed a mean score of 15 (SD 8,
range 4-25). Autopsy material taken from control subjects was also studied histo-
chemically.

Imaging and Biodistribution

Single-photon emission computed tomography (SPECT) was done using a Trio-
nix scanner (Ohio). Labeled Fab was injected intravenously, mean dose 4.1 mg
protein (SD 1.0, range 2.5-5), 33 mCi (SD 6.3, range 22-38.5). Biodistribution was
determined by sampling blood at rapid periods after injection for 1 hour and then
at Y-hour intervals for 2 hours, and then at less frequent intervals for 24 hours.
Patients were hospitalized in the Clinical Research Center at University Hospitals
of Cleveland.

Scalp Biopsies

Scalp biopsy specimens were obtained in all six subjects using a standard derma-
tological punch procedure following local anesthesia. Tissues were fixed in paraform-
aldehyde lysin periodate, paraffin-embedded, and cut into 6-uM sections. Immuno-
staining was performed with anti-amyloid antibodies 10H3 (AB 1-28), 4G8 (A8
17-23), 3160 (AB 1-40), 6E10 (AB 1-17), and R1280 (A 1-40). Sections were also
counterstained with hematoxylin and eosin. Fixed but sucrose-protected cryostat
sections were also immunostained in parallel to overcome paraffin-embedding arti-
facts.

IND #BB-5059 was received from the U.S. Food and Drug Administration,
Division of Biological, for this investigation. Informed consent was obtained from
all subjects or families, and the study was approved by the Investigational Review
Board of the University Hospitals Cleveland.

RESULTS

The half-life of the injected technetium labeled 10H3 Fab is 2-3 hours in the
plasma. SPECT images obtained immediately after injection demonstrate presence
of the label in the cerebral blood pool in all subjects with diffuse uptake in the
cerebrum. Images obtained at later intervals up to 17-24 hours demonstrate accumu-
lation of the label in the scalp or bone marrow around the surface of the head.
Because of the spatial resolution characteristics of SPECT, we are unable to localize
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the precise anatomical site of this activity. There is no clear uptake of the label in
the brain parenchyma even at longer periods after injection (24-36 hours).

Scalp biopsy specimens demonstrate diffuse nonspecific staining with 10H3, but
AB is not detected using any of the other anti-Af antibodies. Scalp tissue from
controls also shows diffuse staining with 10H3 but no labeling with the other
antibodies. Hair follicles are stained with 4G8 in both AD cases and controls. Hair
follicle staining with 4G8 appears to represent binding to pigment.

DISCUSSION

A cardinal feature of AD is the deposition in cortex of large quantities of fibrillar
AR protein.'* The presence of this protein in a 8-pleated sheet comformation is
used post mortem to establish the diagnosis, along with the detection of other
pathological features, including neuropil threads, neurofibrillary tangles, granulo-
vacuolar degeneration, and neuronal cell loss. There is no method available to
image any of these cerebral pathologic features noninvasively during life. A novel
approach is the use of immunochemistry in living patients by means of monoclonal
antibodies targeting disease proteins, such as AS.

Invivo radioimmunodetection has been successful in imaging sites of metastatic
deposits in colon and breast cancer and melanoma.”"" A major problem with the
use of antibody imaging in neurology is the blood-brain barrier, which generally
excludes large molecules such as antibodies from entry. Workers dating back to
Scholz (1938), who first noted amyloid infiltration in vessel walls in AD (“drusige
Entartung”), have concluded from anatomical studies that blood-brain barrier
function in AD should be abnormal.? Degeneration of endothelium and thickening
of the basement membrane with vascular degeneration has been observed in small
vessels in AD, suggesting the presence of barrier changes.! However, studies of
blood-brain barrier functioning in living patients has not provided evidence of
abnormalities.?0?!

Ithas been proposed that the presence of normal cerebrospinal fluid total protein
in AD is evidence for a normal blood-brain barrier. However, the relationship
between cerebrospinal fluid and serum protein levels is dependent upon cerebrospi-
nal fluid flow, and cerebrospinal fluid flow has been found to diminish with aging.”
The integrity of the blood-brain barrier in Alzheimer’s disease remains an open
issue.

Anatomical studies have shown the proximity of A8 deposits to the endothelium
of capillaries, suggesting that circulating anti-amyloid antibodies would have access
to antigen sites without the necessity of passing through the blood—-brain barrier.
The diamine dimercaptide method was used to label the monoclonal antibody 10H3
with technetium-99m with high specificity and stability. An Fab fragment was used
because it is less immunogenic and has a shorter circulation time than intact anti-
body. The 6-hour physical half-life of Tc-99m may not be sufficient to allow for
detection of label in brain beyond 18-24 hours.

We found uptake of labeled anti-amyloid antibody 10H3 around the head. Scalp
biopsies did not demonstrate evidence of AB infiltration of scalp. Conflicting results
regarding the presence of AB in skin in AD and controls have been reported.”

Use of antibodies labeled with longer-lived radionuclides such as iodine-131
may allow for detection of intravascular binding of monoclonal antibodies to cere-
bral amyloid in Alzheimer’s disease. A further approach is suggested by novel
experiments demonstrating binding of labeled A itself to cerebral amyloid in
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AD *? Zlokovic and colleagues have reported that AB coupled to apolipoprotein
J crosses the blood-brain barrier better than native AS or AS coupled to apolipo-
protein E.2 Ghilardi et al. infused aged squirrel monkeys with I-125-labeled A
via the carotid artery and demonstrated labeling of cerebral amyloid deposits.”
Labeling of cerebral amyloid in vivo has also been demonstrated in squirrel monkeys
with an intrathecally administered anti-amyloid antibody.”

ACKNOWLEDGMENTS

We are grateful for the diligent work of Gary Muswick, Gregory Leisure, and
Angela Gray, as well as for the work of Neil Korman, M.D., who performed the
skin biopsies. We also appreciate the case evaluation efforts of the staff of the
Alzheimer Center, University Hospitals of Cleveland, Peter J. Whitehouse, M.D.,
Ph.D., Director.

REFERENCES

1. peLa Torre,]. C. 1994. Impaired brain microcirculation may trigger Alzheimer’s disease.
Neurosc. Biobehav. Rev. 18(3): 397-401.

2. Scuorz, W. 1938. Studien zur pathologie der hirngefassse. II. Die drusige entartung der
hirnarterien und capillaren. Z. Neurol. Psychiat. 162: 694-715.

3. Ewus, R. 1. et al 1996. Cerebral amyloid angiopathy in the brains of patients with
Alzheimer’s disease: The CERAD experience, part XV. Neurology 46: 1592-1596.

4. FrIEDLAND, R.P. etal. 1991. Anti-amyloid antibodies for in-vivo diagnosis of Alzheimer’s
disease. Neurology 41(Suppl. 1): 156.

S. FRIEDLAND, R. P. ez al. 1991. Anti-amyloid antibodies for in-vivo immunocytochemical
studies of Alzheimer’s disease using neuroimaging. J. Cereb. Blood Flow Metabo.
11(Suppl. 2): S186.

6. FRIEDLAND, R. P. et al. 1993. Development of a monoclonal antibody targeting the
amyloid 8 protein for immunochemical neuroimaging. Neurology 43: A213.

7. FrIEDLAND, R. P. er al. 1993. Immunochemistry of Alzheimer’s disease: Development
of a monoclonal antibody targeting the amyloid 8 protein for neuroimaging. J. Cereb.
Blood Flow Metab. 13: S244.

8. FrIEDLAND, R. P. er gl 1994. Imaging studies of a TC-99 anti A8 Fab monoclonal
antibody (MAB) in Alzheimer’s disease (AD) using SPECT. Soc. Neurosci. Abstr.
20: 1057.

9. FRrIEDLAND, R. P. et al. 1994. Noninvasive imaging using a murine monoclonal anti-AS
antibody Fab labeled with technetium 99m in Alzheimer’s disease. Neurobiol. Aging
15(Suppl. 1): S$96-597.

10. MaRrotTa, C. A. et al. 1995. Imaging studies with murine anti A8 monoclonal antibody
(MAB) Fab 10H3 in Alzheimer’s disease (AD) patients. Neurology 45(Suppl 4): A405.
(Presented at the American Academy of Neurology, Seattle, WA, May 1995.)

11. MajocHA, R. E. et al. 1992. Development of a monoclonal antibody specific for S/A4
amyloid in Alzheimer’s disease brain for application to in vivo imaging of amyloid
angiopathy. J. Nucl. Med. 33: 2184-2189.

12. FrIEDLAND, R. P. ef al. 1994. Development of an anti-A8 monoclonal antibody for in
vivo imaging of amyloid angiopathy in Alzheimer’s disease. Mol. Neurobiol. 9:107-113.

13. YamacucHl, H. et al. 1992. Beta amyloid is focally deposited within the outer basement
membrane in the amyloid angiopathy of Alzheimer’s disease. Am J. Pathol. 141:
249-259.

14. Zain, S. B. et al. 1988. Molecular cloning of amyloid cDNA derived from mRNA of the
Alzheimer disease brain: Coding and noncoding regions of the fetal precursor nRNA
are expressed in the cortex. Proc. Natl. Acad. Sci. USA 85(3): 929-933.



FRIEDLAND ef al.: NEUROIMAGING OF VESSEL AMYLOID 247

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

MajocHa, R. E. 1988. Laminar-specific distribution and infrastructural detail of amyloid
in the Alzheimer’s disease cortex visualized by computer-enhanced imaging of epitopes
recognized by monoclonal antibodies. Proc. Natl, Acad. Sci. USA 85(16): 6182-6186.

FRITZBERG, A. R. et al. 1986. Synthesis and biological evaluation of technetium-99m
MG3 as a hippuran replacement. J. Nucl. Med. 27(1): 111-116.

KRrRAMER, E. L. er al. 1993. Radioimmunolocalization of metastatic breast carcinoma
using indium-111-methyl benzyl DTPA BrE-3 monoclonal antibody: Phase I study.
J. Nucl. Med. 34: 1067-1074.

PuiLpoTT, G. W. et al. 1995. RadioimmunoPET: Detection of colorectal carcinoma with
positron-emitting copper-64-labeled monoclonal antibody. J. Nucl. Med. 36: 1818-
1824.

EARY, J. F. et al. 1989. Successful imaging of malignant melanoma with technetium-99m-
labeled monoclonal antibodies. J. Nucl. Med. 30(1): 25-32.

FrIEDLAND, R. P. et al. 1983. Quantitative evaluation of blood brain barrier integrity in
Alzheimer-type dementia: Positron emission tomographic studies with rubidium-82.
FEur. Neurol. 22(Suppl. 2): 19-20.

SCHLAGETER, N. L., R. E. CARsoN & S. I. RarororT. 1987. Examination of blood-brain
barrier permeability in dementia of the Alzheimer type with [68Ga] EDTA and
positron emission tomography. J. Cereb. Blood Flow Metab. 7(1): 1-8.

May, C. 1990. Cerebrospinal fluid production is reduced in healthy aging. Neurology
40: 500-503.

TKEDA, M. et al. 1993. Diagnostic significance of skin immunolabelling with antibody
against native cerebral amyloid in Alzheimer’s disease. Neurosci. Lett. 150: 159-161.

Maggalo, J. E. et al. 1992. Reversible in vitro growth of Alzheimer disease B-amyloid
plaques by deposition of labeled amyloid peptide. Proc. Natl. Acad. Sci. USA 89: 5462
5466.

MANTYH, P. W. et al. 1991. Reversible in vitro growth of Alzheimer disease beta-amyloid
plaques. Bull. Clin. Neurosci. 56: 73-85.

Sarro, Y. et al. 1995. Vector mediated delivery of 1-125-labeled beta-amyloid peptide
A-beta (1-40) through the blood-brain barrier and binding to Alzheimer disease
amyloid of the A-beta (1-40)/vector complex. Proc. Natl. Acad. Sci. USA 92: 10227-
10231.

Zrokovic, B. V. et al. 1993. Blood-brain barrier transport of circulating Alzheimer’s
amyloid 8. Biochem. Biophys. Res. Commun. 197: 1034-1040.

Zrokovic, B. V. et al. 1994. Brain uptake of circulating apolipoproteins J and E complexed
to Alzheimer’s amyloid beta, Biochem. Biophys. Res. Commun. 205: 1431-1437.
GHILARD], J. R. Intra-arterial infusion of 1251-AB1-40 labels amyloid deposits in the

aged primate brain in vivo. NeuroReport. In press.

WaLKER, L. C. et al. 1994. Labeling of cerebral amyloid in vive with a monoclonal
antibody. J. Neuropath. Exp. Neurol. 53(4): 377-383.





