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Heparan sulfate proteoglycans (HSPGs) are ubiquitous compo-
nents of pathologic amyloid deposits in the organs of patients
with disorders such as Alzheimer’s disease or systemic light chain
(AL) or reactive (AA) amyloidosis. Molecular imaging methods for
early detection are limited and generally unavailable outside the
United Kingdom. Therefore, there is an urgent need to develop
novel, specific amyloidophilic radiotracers for imaging to assist in
diagnosis, prognostication, and monitoring response to therapy.
Amyloid-associated HSPG can be differentiated from HSPG found
in surrounding healthy cells and tissues by the preferential binding
of certain HS-reactive single chain variable fragments and there-
fore, represents a biomarker that can be targeted specifically with
appropriate reagents. Using a murine model of AA amyloidosis,
we have examined the in vivo amyloid reactivity of seven heparin-
binding peptides by using single photon emission and X-ray com-
puted tomographic imaging, microautoradiography, and tissue
biodistribution measurements. All of the peptides bound amyloid
deposits within 1 h post-injection, but the extent of the reactivity
differed widely, which was evidenced by image quality and grain
density in autoradiographs. One radiolabeled peptide bound spe-
cifically to murine AA amyloid in the liver, spleen, kidney, adrenal,
heart, and pancreas with such avidity that it was observed in
single photon emission tomography images as late as 24 h post-
injection. In addition, a biotinylated form of this peptide was
shown histochemically to bind human AA, ALk, AL), transthyretin
amyloidosis (ATTR), and Ap amyloid deposits in tissue sections.
These basic heparin-binding peptides recognize murine and hu-
man amyloid deposits in both in vivo and ex vivo tissues and
therefore, have potential as radiotracers for the noninvasive mo-
lecular imaging of amyloid deposits in situ.

myloid is a complex, pathologic extracellular deposit com-

posed principally of protein fibrils associated with heparan
sulfate proteoglycans (HSPG) and accessory molecules such as
serum amyloid P component (SAP). The fibrils are formed from
partially misfolded proteins or fragments that deposit in organs
and tissues and cause architectural damage that leads to dys-
function and ultimately, death (1). Amyloidosis is invariably as-
sociated with diseases such as Alzheimer’s disease (AD), light
chain (AL) amyloidosis, and reactive (AA) amyloidosis. In addi-
tion, amyloid may be a complicating pathology in type II diabetes,
cases of chronic inflammation such as rheumatoid arthritis, and
the plasma cell dyscrasia multiple myeloma (2, 3). In each case, the
amyloid fibril is composed of a disease-specific protein or peptide
(e.g., the AP peptide in patients with AD, light chains in patients
with AL amyloidosis and multiple myeloma, or islet amyloid
polypeptide precursor protein in patients with type II diabetes).
Although varying in etiology and site of deposition, the amyloid
deposits share remarkable structural homogeneity consisting of
unbranched fibrils of ~10 nm in diameter and comprising proteins
that adopt a cross-p pleated sheet secondary structure, which was
evidenced by X-ray diffraction and NMR (4, 5). Furthermore, all
amyloids contain significant concentrations of HSPG (6-8), and
each amyloid binds the pentraxin protein SAP in a calcium-
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dependent manner (9). Finally, all amyloids can be detected his-
tochemically by virtue of their interaction with the dyes thioflavin
T and Congo red (10, 11).

The presence of HSPG in all amyloid deposits, regardless of the
type of protein fibril, has been well-established, and its importance
in the etiology of the disease has been shown in vivo and in vitro
(12-14). Organs that overexpressed the heparanase enzyme in
a transgenic mouse model and therefore, lacked significant sul-
fated proteoglycans did not support AA amyloidogenesis (13).
Furthermore, soluble HS mimetics, such as polyvinyl sulfonate,
have been used successfully to inhibit AA amyloidosis in mice;
however, derivative molecules evaluated in human clinical trials
have not yielded similarly dramatic results (15, 16). Amyloid-
associated HSPG has been shown by chromatographic analyses
(17-20) and reaction with antibodies (21, 22) to be biochemically
distinct from that found in the extracellular matrices and plasma
membranes of healthy tissues. Notably, amyloid-associated
HSPGs seem to be more heavily sulfated than those HSPGs in
normal tissue. The high concentration and unique chemical
structure renders it a potential biomarker that may be targeted
with suitable imaging reagents for the purpose of diagnosis,
prognostication, and monitoring response to therapy.

Presently, in the United States, there are no approved imaging
techniques to document the whole-body burden or organ distri-
bution of visceral amyloid in patients. Whole-body planar scin-
tigraphy or single photon emission tomography (SPECT) using
iodine-123 (**’I) -labeled SAP has been used in Europe for more
than two decades (9, 23). It provides images of amyloid load that
can be used to compliment routine diagnosis by histochemical
analysis of tissue biopsies, aid in prognostication, and document
response to therapy (24, 25). Although 'ZI-SAP scintigraphy is
the most common imaging technique for the detection of amy-
loid in the Eeripheral organs, other methods using **™Tc-apro-
tinin and “°™Tc-3,3-diphosphon-1,2-propanodicarboxylic acid
for imaging cardiac amyloid and ATTR, respectively, are also
available (26-30). These methods are rarely used, however, be-
cause of the nonspecific nature of the interaction. The use of
SAP for amyloid imaging in the United States has not been
approved by the Food and Drug Administration because of the
human plasma source of this protein; therefore, alternative
strategies are required to address the need for amyloid imaging
in the United States.
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Based on our finding that certain single chain variable frag-
ments (scFv) were reactive with a heparin-like, hypersulfated
form of HSPG that was unique to amyloid in our murine model
of AA (22), we evaluated a series of seven heparin-binding
peptides as potential imaging agents for amyloid in vivo by using
small animal SPECT imaging, tissue biodistribution measure-
ments, and microautoradiography. The best of these peptides
bound rapidly and specifically with amyloid in vivo and in suffi-
cient concentrations to be imaged by SPECT at 24 h post-
injection (pi). The retention of this peptide in amyloid-laden
organs in vivo was shown to increase linearly with the amyloid
load, which was evidenced by a comparison with qualitative
Congo red scoring of stained tissue sections. In addition, we have
observed no reactivity of this peptide within healthy organs. Fi-
nally, this peptide reacted specifically with human AA, AL,
ATTR, and AP amyloid in formalin-fixed paraffin-embedded
tissue sections. These properties support the evaluation of this
basic peptide as an imaging agent for the clinical detection of
peripheral organ amyloidosis in man by using molecular imaging.

Results

The precise mass of each purified peptide was confirmed by MS
based on the amino acid sequence (Table 1). Only fractions
containing peptides of the correct mass were used in imaging
studies. The heparin-binding characteristics of each purified
peptide were assessed using high salt elution from a heparin
column. Each of the peptides bound to the heparin column, with
peptides p2, p3, p4, and p5 eluting as a symmetrical peak as the
salt concentration increased (Fig. 14). In contrast, the pl, p6,
and p7 peptides exhibited broader and asymmetric elution pro-
files. In general, the affinity of each of the peptides for the col-
umn-bound heparin correlated linearly with their total and net
charge (Fig. 1 B and C, respectively). When considering the net
charge, heparin reactivity of the peptides decreased: pl > p6 >
p4 > pS = p3 > p7 > p2.

Each peptide was radioiodinated, and the amyloid-binding
efficacy was determined at 1 and 4 h pi in mice with severe
systemic AA amyloidosis or age-matched healthy WT animals.
The biodistribution of radioactivity in weighed samples of ex-
cised tissues was assessed. At 1 h pi, peptides pl, p3, p4, and p5
were selectively retained in the liver [11.6%, 6.0%, 5.8%, and
12.5% injected dose (ID)/g, respectively], spleen (11.5%, 3.0%,
5.6%, and 15.9% ID/g, respectively), and pancreas (7.1%, 5.6%,
6.3%, and 10.0% ID/g, respectively), sites of high concentrations
of AA amyloid in these mice as confirmed by Congo red staining
of each tissue sample. Relative to retention in WT mice, each of
these peptides was present at two- to sevenfold greater amounts
in the organs of mice with AA (Tables 2 and 3). Notably, peptide
p5S was present in the highest amounts and exhibited AA to WT
uptake ratios for liver and spleen of ~5 and 8§, respectively. Based
on the retention in the liver at 1 h, as a measure of amyloid-
binding efficacy, the peptides were graded pS > pl > p6 > p4 ~
p3 > p7 > p2.

At 4 h pi, all of the peptides, with the exception of p4 and p7,
showed greater than twofold difference in hepatic and splenic
retention in mice with AA compared with WT animals (Tables
S1 and S2). Each of the peptides seemed to be cleared at
a similar rate from the blood pool of AA mice, which was evi-
denced by the similar percent ID per gram radioactivity in the
muscle and lung (sites of little or no AA amyloid). At 4 h pi,
peptide p5 exhibited the highest AA to WT ratio of ~10 for the
liver and >20 for the spleen. This specific uptake was confirmed
by calculating the tissue to muscle ratios for AA and WT mice at
1 h pi (Fig. S1).

SPECT/computed tomography (CT) imaging of each peptide
in WT and AA mice at 1 and 4 h pi was used to determine the
lead candidate for clinical diagnostic imaging. In the AA mice,
peptides pl, p5, and to a lesser degree, p6 accumulated in the
abdominal organs (liver, spleen, pancreas, and kidneys) in suf-
ficiently high concentrations to be visible by SPECT imaging at 1
h pi (Fig. 2). In contrast, radioactivity was only observed in the
kidneys, stomach, and thyroid of AA mice that received 125I-p2,
and only the thyroid and stomach (sites of '*’I~ accumulation)
were evidenced in mice administered '>°I-p3, -p4, or -p7. Images
of amyloid-free WT mice at 1 h pi showed radioactivity only
within the stomach and thyroid, regardless of the injected pep-
tide (Fig. 2). At 4 h pi, "*I-p1 and -p5 remained detectable in the
liver and spleen (and possibly pancreas) of AA mice (Fig. 2). In
AA mice that received the other peptides, only the stomach and
thyroid were seen in the SPECT images, which is indicative of
weak peptide binding to amyloid; catabolism and dehalogenation
of most of the injected dose resulted in stomach and thyroid up-
take of L. Similarly, in the WT mice at 4 h pi, only organified
1251~ within the thyroid was consistently visible.

To assess the specificity of each peptide for binding to amyloid
deposits within the organs and tissues at the cellular level, we
performed microautoradiography on excised sections of liver and
spleen—the major sites of amyloid deposition and proven pep-
tide accumulation. The presence of '*I-labeled peptide was
evidenced as black silver grains in the emulsion (Fig. 3), and the
grain density reflected the concentration of the radiolabeled
peptide. In the liver, '*I-labeled peptides were seen in the
perivascular amyloid deposits as well as within the hepatic
sinusoids corresponding to the pattern of Congo red-stained
birefringent material (amyloid fibrils) in consecutive tissue sec-
tions. In the spleen, radiolabeled peptides were observed in the
eosinophilic amyloid material in the perifollicular regions. Little
or no uptake of any peptide was observed in association with the
hepatocytes, amyloid-free hepatic sinusoids, or amyloid-free
splenic follicles. Considerable differences in the 5grain density
were found for all peptides in both tissues. The *°I-p5 peptide,
consistent with previous data, was present at the highest density
in both hepatic and splenic amyloid deposits, although the liver
appeared to exhibit a greater density per unit area of amyloid
compared with the spleen (Fig. 3). The peptides '*I-pl, -p4,
and -p6 were also visualized as preferentially associated within

Table 1. Summary of peptide primary structures and physical data

Peptide Amino acid sequence Net charge <H>* pl Ref.
p1 CGGYS SSRPV RRRRR PRVSR RRRRG GRRRR +16 -0.331 12.6 49
p2 CGGYG DAKKK KDGKK AEPKN PRENK LKQPG +6 -0.239 9.85 50
p3 CGGYP KKGSK KAVTK AQKKD GKKR +9 -0.235 10.37 51
p4 CGGYS RPRAR ARARD QTR +5 -0.149 11.71 52
p5 CGGYS KAQKA QAKQA KQAQK AQKAQ AKQAK Q +8 -0.150 10.31 53
p6 CGGYP RRRRS SSRPI RRRRP RRASRR +13 —-0.251 12.52 49
p7 CGGYF AKLNC RLYRK ANKSS K +6 0.169 10.04 54

*Hydrophobicity was calculated at http://heliquest.ipmc.cnrs.fr.

pl, isoelectric point.
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Fig. 1.

A p4; A p2.(C) O, p1; @, p6; [, p3; W, p5; A, p4; A, p7.

amyloid deposits but to a lesser extent than p5. Qualitative as-
sessment of grain density in tissue sections indicated that the
amyloid-binding efficacy of each peptide decreased: p5 > pl >
p6 > p4 > p2 > p7 ~ p3. Specific accumulation of *I-labeled
peptide p5 was also observed autoradiographically in the amy-
loid-laden intestine of ApoAZ2c-expressing transgenic mice, in-
dicating that this reagent may possess panamyloid reactivity (i.e.,
independent of the precursor protein from which the amyloid is
composed) (Fig. S2).

Based on all of the preceding assessments of amyloid re-
activity, peptides pl and p5 proved to bind specifically and at
high density to amyloid in mice with AA. We, therefore, studied
the kinetics of this interaction by examining peptide pl and p5
binding in vivo at time points up to 24 h pi (Fig. 4). There was a
rapid loss of '®I-labeled peptide from all amyloid-free tissues
examined as measured by tissue radioactivity counting (Fig. 4 4
and D). In contrast, both '*I-p1 and -p5 were selectively re-
tained in the liver, spleen, and pancreas of clinically affected AA
mice. Of these two peptides, retention was higher at all time
Points in the mice administered '*°I-p5 pesptide compared with

*I-p1 (Fig. 4 B and E). Furthermore, '*I-p5 signal was pre-
served within the upper intestines and kidneys at 24 h pi relative
to the signal seen in WT mice. Whole-body clearance of radio-
iodide was measured. The T;,. values for pl and p5 in WT
mice were similar and calculated to be 1.2 + 0.01 and 1.1 + 0.1 h,
respectively. In contrast, T,/ values in AA mice were found to

Net positive charge

Characterization of peptide binding to column-bound heparin. (A) Elution profiles for each peptide as the NaCl concentration increased from 0 to
2 M. Column retention of each peptide was linearly proportional to the total (B) and net (C) number of positive charges. (B) O, p1; @, p6; [, p5; ¢, p3; W, p7;

be 3.3 + 0.08 and 2.3 + 0.3 h, respectively. Notably, in AA mice
administered '*I-p5, there was ~50% retention of whole-body
radioactivity at 24 h pi compared with <10% for all other mice
examined in this study (Fig. 4 C and F). The loss of (amyloid-
bound) '*I-p5 from mice at time points greater than 24 h was
not determined.

SPECT imaging confirmed that, at 24 h pi, >°I-p5 was readily
visible in the liver and spleen of mice with AA (when the thyroid
activity was removed from the image); in contrast, '*I-p1 was
not detected in SPECT images at 8 or 24 h pi in AA mice (Fig. 4
G-J). These data suggested that radioiodinated peptide p5 was
able to specifically image amyloid in situ up to 24 h pi (AA to
WT spleen ratio at 24 h pi was 441:1). To confirm that p5 was
binding to amyloid-containing areas of tissue, we examined 11
tissues using microautoradiography and correlated the distribu-
tion with Congo red-stained consecutive tissue sections (Fig. 5
shows images of eight tissues). 1251.p5 peptide was observed in
amyloid deposits within the spleen, liver, heart, renal papilla,
renal cortex, pancreas, intestinal villi, adrenal gland, large in-
testine, muscle, lung, and gastric stomach, which was evidenced
by the black silver grains; the location correlated precisely with
the amyloid deposits seen as blue-gold birefringence in sequen-
tial Congo red-stained tissue sections (Fig. 5).

To further correlate the uptake of p5S with the amount of
amyloid burden in mice, the in vivo retention of '*I-p5 peptide
in the spleen and liver of AA mice (n = 25) at 3 or 5 wk post-

Table 2. Percent ID per gram "**I-peptide in AA mice at 1 h pi (n = 3)

Peptide percent ID per gram (mean + SD)

p1 p2 p3 p4 p5 p6 p7
Muscle 1.2+ 0.1 1.4+ 04 1.1+ 0.1 09+0.2 0.6 + 0.0 09+ 0.1 1.3+0.2
Liver 116+ 3.4 3.1+ 1.0 6.0+ 14 58+ 0.7 125+25 6.6 +15 4.1+0.1
Pancreas 7.1+ 21 35+ 14 5.6 +2.3 63+19 10.0+45 48 + 0.3 3.7+05
Spleen 11.5+22 24+04 3.0+17 56 +04 159 +5.2 63+04 28+06
L kidney 59+03 122+69 50+02 36+03 87+23 35+04 42+06
Stomach 264 +58 239+95 226+33 203+44 122+09 181+05 23.1+28
Small intestine 46+05 24+02 22+04 29+07 53+15 35+17 29+02
Large intestine 3.1+04 22 +03 2.0 + 0.1 26 +07 49+138 23 +0.2 25+0.5
Heart 3.1+03 23+05 2.6 £ 0.1 2.1+£05 2.7 £0.1 23+0.2 33+0.2
Lung 3.9+0.1 43+ 1.1 3.7+ 0.1 3.1+£06 16+02 31+03 45+1.0
Tongue nd nd 38+16 38+17 nd nd nd

nd, not determined; L kidney, left kidney.
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Table 3. Percent ID per gram 'I-peptide in WT mice at 1 h pi (n = 3)

Peptide percent ID per gram (mean + SD)

p1 p2 p3 p4 p5 p6 p7
Muscle 1.4+02 13+04 0.7+0.1 0.8 +0.3 1.0+0.3 1.0+00 15+03
Liver 64+34 28+0.1 24+06 26 +0.1 3.6+ 1.1 40+07 46+1.1
Pancreas 30+ 05 24+01 1.9+08 1.9 + 0.1 3.0+ 0.7 3.0+ 1.1 35+26
Spleen 56+39 25+09 14+0.1 16+02 20+£02 32+32 66«17
L kidney 50+10 89+07 41+04 32+05 78+18 38+05 42+06
Stomach 299 +6.1 295+58 192+47 295+6.1 303x+34 197+40 382+84
Small intestine 45 + 0.7 2.8 + 0.6 27 +038 2.0+0.2 50+14 2.0+ 0.2 2.6 +0.8
Large intestine 3.1 + 0.1 2.1 +0.1 1.4 £ 0.1 1.7+02 23+03 21+03 23+03
Heart 37+10 22+03 18+03 1.6 + 0.1 20+04 27+04 28+04
Lung 51+05 39+04 28+03 29+02 39+06 42+04 37x17
Tongue nd nd 24+00 42+0.7 nd nd nd

nd, not determined.

amyloid enhancing factor (AEF) was determined by measuring
the percent ID per gram. This finding was compared with the
amyloid load based on a qualitative (0—4+) scoring of the amy-
loid content in 6-pm-thick tissue sections stained with Congo red
and observed microscopically by polarized illumination (Fig. 6).
There was a positive, significant correlation between the two
metrics in both the liver (Spearman correlation coefficient =
0.95; P =9 x 10_13) and spleen (0.84; P = 1 x 10_7).

Finally, we deemed it imperative to show that peptide p5
amyloid binding was not limited only to murine amyloids. We,
therefore, began by showing immunohistochemically the pres-
ence of HSPG in human tissues containing Ap, AL, or AA am-
yloid and showed a precise colocalization of the HSPG reactive
mAb with sites of amyloid deposition (Fig. S3), which was con-

firmed by Congo red staining. We also showed the reactivity of
the biotinylated p5 peptide with human ALk, AL\, ATTR, and
AA amyloid as well as the vascular and core amyloid deposits
composed of the AP peptide seen in patients with Alzheimer’s
disease (Fig. 7). In each case, the peptide bound specifically to
the amyloid within the tissue sections, which was evidenced by
the discrete brown staining of the amyloid (Fig. 7). No binding to
amyloid-free areas of the tissue was observed as judged by Congo
red staining on consecutive tissues.

Discussion

Peripheral amyloidoses are relatively rare (5,000 new cases an-
nually in the United States) disorders caused by the insidious
accumulation of protein fibrils and HSPGs in vital organs and

Fig. 2. SPECT/CT imaging of '®I-labeled peptides in AA and WT mice at 1 and 4 h pi. SPECT and CT images were coregistered manually as described in
Materials and Methods. For the purpose of comparison, the SPECT image volume rendering was thresholded to 60% of the maximum pixel intensity. All views
are ventral, and the positions of the thyroid (T), liver (L), stomach (S), spleen (Sp), and kidney (K) are identified in Upper. Note that only p1 and p5 are capable

of imaging amyloid-laden organs (liver and spleen) at 4 h.
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Fig. 3. Microautoradiography of '*I-labeled peptides in the liver or spleen
of AA mice at 1 h pi. Tissue sections from mice injected i.v. with '*I-labeled
peptides and euthanized at 1 h pi were exposed to photographic emulsion
for 96 h before being developed. Radiolabeled peptide was visualized as
punctate silver grains (arrows). (Magnification: 40x.) For display, the images
were scaled to 10% of their original size.

tissues that lead to organ dysfunction and mortality (31). Cur-
rently, in the United States, there are no reliable methods to
document the extent of amyloid deposition (or its resolution) in
patients, and thus, there is a critical need for an objective means
to assist in diagnosis and prognosis as well as to ascertain
treatment efficacy or relapse.

Routine imaging techniques (CT, MRI, and ultrasound) are
not particularly informative or amyloid-specific; furthermore, the
deposits are rarely visualized with routine nuclear medicine
agents. Although European investigators have imaged amyloid
by planar gamma scintigraphy using '*I-labeled P-component

E590 | www.pnas.org/cgi/doi/10.1073/pnas.1103247108

(9) or *™Tc-labeled aprotinin (28), these compounds are not
approved in the United States by the Food and Drug Adminis-
tration; furthermore, planar scintigraphy or even tomographic
SPECT imaging does not provide quantitative data. Recently, we
have performed a biodistribution study by using PET/CT imaging
of AL patients using the '**I-labeled amyloid fibril-binding mAb
11-1F4 (32). These data were collected to support the use of 11—
1F4 as an immunotherapeutic reagent for patients with AL.
Although we were able to show specific colocalization of the
antibody with AL amyloid in ~60% of the patients imaged to
date (n = 38), it failed to image amyloid in all patients. Notably,
amyloid in heart and kidneys (two organs most prone to fatal
failure because of amyloid burden) was rarely, if ever, imaged.
Therefore, the 11-1F4 mAb will likely not be an effective first-
line diagnostic and disease-monitoring reagent for all patients.
Thus, with the continuing need to determine the presence and
biodistribution of amyloid in the major target organs of patients
and those subjects entered in therapeutic clinical trials, we have
evaluated the use of amyloid-associated HSPG as a target for
imaging because of its ubiquitous presence in high concen-
trations of all amyloid deposits, irrespective of the nature of the
fibril protein. We have used small peptide probes that bind
amyloid-associated HSPG. These peptides can be chemically
synthesized, have a better likelihood of extravasation (compared
with larger proteins such as SAP or 11-1F4), and may provide
better imaging of extravascular amyloid deposits.

The HSPG in amyloid has been shown to be biochemically
distinct from the HSPG found in healthy tissues, which was
evidenced by the finding that human AA amyloid-derived HS
exhibited a shift in the ratio of disaccharides relative to HS from
healthy tissue (17). It has also been shown that HS derived from
amyloidotic spleens of CBA/J mice similarly contained a di-
saccharide profile that was clearly distinct from the profile
obtained from amyloid-free tissue by using capillary chroma-
tography and time of flight MS (20). In addition, we have re-
cently shown that the HSPG in murine AA amyloid can be
imaged and detected autoradiographically using radioiodinated
scFvs that are reactive with specific heparan sulfate moieties
(22). One scFv in particular, NS4F5, which was isolated from
a phage library using human lung HS extract as the target, was
found to colocalize selectively with amyloid deposits in the liver
and spleen in our AA mouse model relative to healthy (amyloid-
free) tissues. The precise target recognized by this reagent has
been elucidated and shown by in vitro characterization to consist
of HS with N-sulfation, C5-epimerization, and high degrees of 2-
O- and 6-O-sulfation (33). These data suggest that, in addition to
the high concentration of HS in amyloid deposits, it is hyper-
sulfated relative to the ubiquitous normal tissue HS, making it
structurally distinct. This combination of properties renders
HSPG an important biomarker for targeting amyloid, with po-
tential for imaging, prognostication, and monitoring response
to therapy.

Increased sulfation of amyloid-associated HS renders it
structurally and electrochemically similar to heparin, which un-
like ubiquitous HSPG, has a limited distribution in mammals and
is confined to cytoplasmic granules of mast cells. Because of the
critical role played by heparin in the coagulation cascade and the
importance of heparin-like binding motifs expressed by signal-
transducing cellular glycosaminoglycans, there has been consid-
erable interest in identifying and characterizing heparin-binding
peptides (34). In addition, several recent in vitro studies have
shown that highly sulfated heparin catalyzes the fibrillogenesis
of amyloid precursor proteins, including Ig light chains, p-2-
microglobulin, AB, and sAA, relative to less-sulfated glyco-
saminoglycans (35-37). Based on our hypothesis that HS in
amyloid is heparin-like, we synthesized a panel of heparin-
binding peptides and assessed their ability to bind amyloid
in vivo. The ultimate goal was to identify reagents that, when ap-
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Fig. 4. Comparison of '*I-labeled peptides p1 and p5 in AA and WT mice at time points up to 24 h pi. Tissue biodistribution of '?°I-p1 (A and B) and '?*I-p5 (D
and E) in WT and AA mice at 1, 2, 4, 8, and 24 h pi expressed as the mean + SD (n = 3). Representative whole-body clearance of '?*I-p1 (C) and '**I-p5 (F) is
shown for AA (@) or WT (O) mice, where curves are single exponential decay fits to the data. Note retention of the peptide p5 in mice with AA. SPECT/CT
imaging of '#*I-p1 and -p5 in control WT mice (G and /, respectively) and AA mice (H and J, respectively). Images of peptides in WT mice at 24 h were negative.
All images are ventral views, with the volume-rendering threshold scaled to 50% of the maximum intensity. The thyroid activity was cropped (-Thy) from the

24-h images before applying the threshold.

propriately labeled, may prove to be efficacious imaging agents
for diagnosis and disease monitoring.

We focused our attention on the evaluation of heparin-binding
peptides rather than scFv or antibodies, because peptides can be
chemically synthesized, are rapidly cleared from the circulation
when not bound to target, are relatively small, can penetrate
blood vessel walls, and are generally nonimmunogenic—all de-
sirable properties of tracers for molecular imaging in man (38—
41). Of the seven peptides that we have evaluated in this study,
one in particular, pS, was shown to bind specifically and selec-
tively to murine AA amyloid in vivo, which was evidenced in
tissue biodistribution studies in which the target organ to muscle
ratios were calculated to be between 15:1 and 30:1 in amyloid-
containing tissues (corresponding to ~5-16% ID/g). To monitor
changes in amyloid load (either progression or regression in
response to therapy), it is important to show that retention of the
amyloid imaging radiotracer varied with other metrics of amyloid
load. We have shown that binding of '*I-p5 in the murine model
of AA correlated linearly and significantly with amyloid burden
based on Congo red staining. This finding suggests that amyloid
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imaging with p5 could provide a noninvasive method for quan-
tifying amyloid load in vivo and a means to monitor changes in
burden similar to SAP imaging (42).

The exemplary reactivity of pS with amyloid in vivo, compared
with the other peptides tested, cannot be explained simply in
terms of the net charge density, because peptides p1, p3, and p6
all contain a higher charge density than p5, and consequently,
they were found to bind column-associated heparin with greater
avidity. Peptide p5 may preferentially bind amyloid HSPG be-
cause of its propensity to adopt an aliphatic a-helix that results in
a structured, linear spacing of basic amino acid residues along
one face (34). This organization may provide optimal charge
spacing and subsequently, an enhanced valency of interaction
relative to peptides with clustered basic amino acid residues,
such as those residues found in p1 and p6.

We chose to use radioiodinated forms of each peptide, be-
cause we have shown previously and now confirmed in this
study that peptides not specifically bound to extracellular amy-
loid are rapidly catabolized (principally by the kidneys but to a
lesser extent, by the hepatobiliary system). During catabolism,
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Fig. 5. Microautoradiography and Congo red staining of amyloid-laden tissues. Mice with advanced AA were injected i.v. with '**I-p5 peptide and eu-
thanized at 1 h pi. Tissues were fixed, and slides were prepared for Congo red (CR) staining or microautoradiography. For microautoradiology, tissue sections
were exposed to photographic emulsion for 96 h before being developed and counterstained with H&E. Congo red staining of amyloid appears as green/
yellow birefringent material in polarized light microscopy. (Magnification: 80x.) For display, the images were scaled to 10% of original size.

the peptides are dehalogenated, and the liberated '**I~ reenters
the circulation and is rapidly sequestered by the stomach and
thyroid, leaving an essentially signal-free kidney and liver at later
time points (>4 h) in mice with no amyloid in these organs. This
process is advantageous and contributes significantly to gener-
ating an increased signal to noise ratio in these organs, and we
posit that, at >24 h pi, renal amyloidosis may be visualized in
man using peptide p5. However, '*°I cannot be used for imaging
in man (or animals larger than a mouse) because of the low-
energy gamma photons from this isotope (~30 keV) that are
readily attenuated and scattered by tissues before they can be
detected. Therefore, it would be necessary to develop variants of
p5 peptide for clinical SPECT or PET imaging using the '>’I or
1241 jsotopes, respectively. To this end, we have prepared and

spleen CRg, (0 - 4+)

0l . . , ; . ,
0 5 10 15 20 0 5 10 15 20

liver '2°1-p31 (%ID/g) spleen '%1-p31 (%ID/g)

Fig. 6. Comparison of '?°l-p5 tissue retention with amyloid load as evi-
denced in Congo red-stained tissue sections. Tissue biodistribution of '2°I-p5
in the liver (A) and spleen (B) of AA mice at 2 h pi correlated linearly with the
qualitative measure of amyloid burden (0-4+ scale) assessed in Congo red-
stained tissue sections. The correlation was significant based on Spearman
correlation coefficients and P values for the liver (0.95 and 9 x 10~'3) and
spleen (0.84 and 1 x 1077).
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tested '**I-p5 and shown, in preliminary results, that it provides
effective PET imaging of AA amyloid.

SPECT imaging of mice with AA revealed the uptake of *°I-
pS peptide in abdominal organs, including the liver, spleen,
kidneys, and arguably, pancreas; however, microautoradiography
confirmed that '*’I-pS was present in amyloid deposits in all
organs and tissues that contained amyloid (including heart,
stomach, and intestines). The inability of our SPECT imaging
system to detect the peptide tracer in these organs is likely be-
cause of the low sensitivity of the single pinhole collimation used
to acquire the images and the low energy of the '*I, leading to
a low fraction of nonscattered photons. Both of these limitations
can be overcome by using higher-energy radioisotopes such as
21 or I and acquiring either SPECT data with multipinhole
collimation or PET images, both of which will afford higher
count statistics relative to the images that we show herein.

All extracellular amyloid deposits contain significant concen-
trations of HSPG; however, unlike the amyloid fibril precursor
proteins that often share significant primary structural homology
(5), the amyloid-associated HSPG may be structurally diverse
with organ or species-related specificities. To generalize our
findings, we deemed it imperative to show that peptide p5 was
able to bind amyloid deposits from other species and those
deposits containing various fibril types. Human AL, AA, ATTR,
and Af-containing amyloids as well as canine AA, feline islet
amyloid polypeptide (AIAPP), and murine apolipoprotein A2c
(ApoA2c) were histochemically stained by using biotinylated
peptide p5. We hypothesize, based on the reactivity of the p5
peptide with tissue amyloid, that heparin-like HSPG is poten-
tially a universal biomarker for amyloid, which significantly
expands the potential use of peptide pS and similar reagents as
tools for detecting and targeting amyloid in vivo.

Thus, we have identified a heparin-binding peptide that, be-
cause of its structural properties, binds amyloid-associated
HSPG specifically and when radioiodinated, can be used to vi-
sualize the presence of this pathology by using small animal
SPECT imaging up to 24 h pi. The ability to bind many extra-
cellular amyloid deposits, rapid loss of signal from unbound '*I-
pS, and lack of binding to healthy tissues support the evaluation
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Fig. 7. Peptide histochemistry of human amyloid-containing tissues from
patients with AL), ALk, ATTR, AA, or AB. Biotinylated p5 peptide was applied
to tissue sections detected by streptavidin-conjugated HRP and visualized
using diaminobenzidene, rendering the specific binding of the biotinylated
peptide as brown coloration (arrows). Slides were counterstained with H&E.
Note staining of amyloid in perivascular (vasc) and core areas of A amyloid
in the human brain. (Magnification: AA, AL, and ATTR images, 40x; AB
images, 320x.) For display, the images were scaled to 10% of original size.

of this peptide as a potential amyloid imaging agent for the
noninvasive, rapid detection and monitoring of disease in patients
with amyloidosis.

Materials and Methods

Peptide Synthesis and Purification. Peptides were purchased from Keck Lab-
oratories as semipure preparations. Routine purification was performed by
HPLC (1100 series; Agilent) by elution from areverse-phase C3 matrixin alinear
gradient of 0-50% acetonitrile in water with 0.05% trifluoroacetic acid.
Peptide peaks were eluted from the column using a flow rate of 1 mL/min; 1-
mL fractions were collected, peak fractions were pooled, and the mass was
determined by MS using a single quadropole MS (Applied Biosystems).

Heparin Binding Assay. A 20-mL bed volume Heparin FF16/10 column (28-
9365-49; GE Healthcare) was used with a Biorad Biologic duoflow fast protein
liquid chromatography (FPLC) system. Buffer A was 20 mM Tris-HCl and 150
mM Nadl, pH 8.0, and the high-salt elution buffer B was 20 mM Tris-HCl and
2 M Nacl, pH 8.0. Peptides were monitored by UV absorbance at 280 nm,
and the salt concentration was recorded by an inline conductivity meter. An
aliquot of 0.5 mg peptide (1 mg/mL) suspended in buffer A with 20 uL Tris
(2-carboxyethyl) phosphine reducing agent (0.5 M; Pierce) was injected over
30 s onto the heparin column. The peptides were eluted using a high-salt
linear gradient from 0.15 to 2 M NaCl over 10 min with a flow rate of 2 mL/
min, and 1-mL fractions of eluent were collected for ~30 min. This collection
was followed by a 15-min isocratic flow of 2 M NaCl and then, a 30-min
100% buffer A isocratic flow to return the column to the starting conditions.
The retention time was calculated by measuring the time at the apex of
the elution peak.

Animals. AA amyloidosis was induced in H2-L-hulL-6 Tg BALB/c (C) transgenic
mice that constitutively express the human IL-6 transgene (43, 44) by i.v.
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administration of 100 pg isolated AA amyloid fibrils (AEF) in 100 pL sterile
PBS. The mice developed AA amyloidosis by ~3 wk post-induction. All ani-
mals used in these experiments were either 3 or 6 wk post-induction. All
animal procedures were performed under the auspices of protocols ap-
proved by the University of Tennessee Animal Care and Use Committee. The
University of Tennessee is an American Association for the Accreditation of
Laboratory Animal Care International-accredited institution.

Peptide Radiolabeling. Peptides were radioiodinated with '2°I (Perkin-Elmer)
using 20 pg chloramine T to protect the peptide from the effects of ex-
cessive and damaging oxidation. The radiolabeled product was diluted into
0.1% sterile gelatin in PBS and purified by gel filtration on a 5-mL PD10
column equilibrated in gelatin/PBS. Peak fractions of radioactivity were
pooled, and the product’s radiochemical purity was established by SDS/
PAGE analyzed by a phosphor imager (Cyclone Storage Phosphor System;
Perkin-Elmer).

SPECT/CT Imaging. Mice were injected with 5-10 pug '*°I-labeled peptide (100~
200 pCi) diluted in 5 mg/mL gelatin/PBS (200 pL final volume) in the lateral
tail vein and then, housed in a satellite facility with food and water provided
ad libitum for 1-24 h in a 12-h light and dark cycle. At the predetermined
times pi, the mice were euthanized by an isoflurane inhalation overdose
using the drop chamber before imaging and necropsy.

SPECT and CT images were acquired using a microCAT Il + SPECT imaging
platform (Siemens) (45). Mice were positioned prone on a cardboard plat-
form, and the board was placed on the scanner bed (46). CT data were ac-
quired using an X-ray voltage biased to 80 kVp with a 500-pA anode current
and the data binned at 4 x 4. A 475-ms exposure was used, and 360 1°
projections were collected. The data were reconstructed using an imple-
mentation of the Feldkamp filtered back-projection algorithm (47) onto
a 512 x 512 x 768 matrix with isotropic 0.077-mm voxels.

SPECT images were collected using a 2-mm diameter pinhole collimator
positioned 50 mm from the center of the field of view. Each dataset com-
prised 40 projections, with a 60-s exposure at each azimuth. A total of 0.5 x
10° events was acquired by both detectors. Data from both SPECT heads
were reconstructed posthoc onto an 88 x 88 x 116 matrix with isotropic 0.86-
mm voxels using a 3D ordered subset expectation maximization algorithm
with eight iterations and four subsets.

SPECT/CT Image Analysis. CT and SPECT datasets were imported into a 3D
visualization software package (Amira Version 4.1.0; Mercury Computer
Systems) and coregistered. All images were rendered using the same visu-
alization parameters in Amira.

Biodistribution. Samples of muscle, liver, spleen, pancreas, kidney, heart,
tongue, stomach, small and large intestines, and lung tissue were harvested
postmortem from every mouse (46). Each sample was placed into a tared
plastic vial and weighed, and the '#*| radioactivity was measured using an
automated Wizard 3 gamma counter (1480 Wallac Gamma Counter; Perkin-
Elmer). The biodistribution data were expressed as percent injected dose
per gram tissue. In addition, samples of each tissue were fixed in 10%
buffered formalin for 24 h and embedded in paraffin for histology and
autoradiography.

Microautoradiography and Congo Red Staining. For autoradiography, 4- to 6-
pm-thick sections were cut from formalin-fixed, paraffin-embedded blocks
onto Plus microscope slides (Fisher Scientific), dipped in NTB-2 emulsion
(Eastman Kodak), stored in the dark, and developed after a 96-h exposure.
Each section was counterstained with hematoxylin. Tissue amyloid deposits
were microscopically confirmed in consecutive tissue sections viewed under
cross-polarized illumination after staining with alkaline Congo red. Blinded
qualitative assessment of amyloid load in Congo red-stained sections of liver
and spleen was performed by ranking each tissue on a 0-4+ scale, and it was
based not only on the area of tissue occupied by the amyloid but also on the
distribution of the deposits within the tissue. All tissue sections were ex-
amined using a Leica DM500 light microscope fitted with cross-polarizing
filters. Digital microscopic images were acquired using a cooled CCD camera
(SPOT; Diagnostic Instruments).

Measurement of Whole-Body Radioactivity Clearance. Single-animal in vivo
whole-body clearance measurements were performed in mice injected with
~10 pg (200 puCi) "**l-p1 or -p5. The unanesthetized mice were placed at
various time intervals in a plastic chamber and lowered into a commercial
PET dose calibrator (CRC-15 PET; Capintec) that had been calibrated using
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known reference standards. Multiple readings were acquired over a 24-h
period, and the data were analyzed using monoexponential kinetics. Be-
cause of the long physical half-life of 2|, the effective half-life (T;es) for
both peptides was essentially equivalent to the measured biologic half-life
(T112bi0)- This assumption was validated by calculating T;.zerr as described
previously (48).

Tissue Staining with Biotinyl-p5 Peptide (Peptide Histochemistry). Peptide p5
was prepared for tissue staining by biotinylation according to the manu-
facturer’s instructions using a maleimide-biotin conjugation kit (Pierce); 6-
pm-thick formalin-fixed, paraffin-embedded tissue sections were placed on
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slides and incubated in citrate antigen retrieval solution (Citrus Plus; Bio-
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slides were developed using the Vectastain Elite ABC development kit
(Vector Labs) and visualized using diaminobenzidene (Vector Labs).
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