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Abstract

In the US, there remains a need to develop a clinical method for imaging amyloid load in patients 

with systemic, visceral amyloidosis. The receptor for advanced glycation end products (RAGE), 

which exists as a transmembrane receptor and soluble variant, is found associated with a number 

of amyloid deposits in man. It is unclear whether amyloid-associated RAGE is the membrane or 

soluble form; however, given the affinity of RAGE for amyloid, we have examined the ability of 

soluble RAGE VC1 to specifically localize with systemic AA amyloid in mice. We further 

compared the reactivity of RAGE VC1 with that of the synthetic, amyloid-reactive peptide p5.

Methods—Binding of radiolabeled RAGE VC1 and p5 to synthetic amyloid fibrils was evaluated 

using in vitro “pulldown” assays in the presence or absence of RAGE ligands. Radioiodinated 

RAGE VC1 and technetium-99 m-labeled p5 were studied in mice with systemic AA amyloidosis 

using dual-energy SPECT/CT imaging, biodistribution and microautoradiography.

Results—Soluble RAGE VC1 competed with radioiodinated peptide p5 for binding to rVλ6Wil, 

Aβ (1–40) and IAPP fibrils but not with the higher affinity peptide, p5R. Pre-incubation with 

AGE-BSA abrogated binding of VC1 and p5 to rVλ6Wil fibrils. Dual-energy SPECT/CT images 

and quantitative tissue biodistribution data showed that soluble RAGE VC1 specifically bound AA 
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amyloid-laden organs in mice as effectively as peptide p5. Furthermore, microautoradiography 

confirmed that RAGE VC1 bound specifically to areas of Congo red-positive amyloid in mouse 

tissues but not in comparable tissues from control WT mice.

Conclusion—Soluble RAGE VC1 and peptide p5 have similar ligand binding properties and 

specifically localize with visceral AA amyloid deposits in mice.
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Introduction

The receptor for advanced glycation end products (RAGE) is an immunoglobulin super gene 

family member that binds AGEs, S100 proteins, high mobility group box-1 (HMGB1) 

protein and soluble forms of the β-amyloid peptide [1–4]. These interactions result in signal 

transduction that controls a number of inflammation-associated biological processes [5]. 

RAGE activation, stimulated by binding to its ligands, can lead to activation of NFκB 

resulting in the production of several proinflammatory mediators. The RAGE activation 

pathway is regulated by two distinct soluble (s) RAGE variants that act as antagonists of the 

membrane receptor by binding either AGE moieties or the transmembrane receptor and 

preventing subsequent cell signaling [6–8]. RAGE activity has been demonstrated, in man, 

to be associated with the pathogenesis or progression of chronic inflammatory disorders 

including diabetes as well as cancer and Alzheimer’s disease (AD) [9–12].

Amyloidosis is a pathologic process resulting from the aggregation of misfolded peptides 

and proteins into fibrils and their deposition in organs and tissues [13–15]. This process is 

associated with numerous diseases including Alzheimer’s disease, multiple myeloma and 

chronic inflammation, and it is a major cause of morbidity and mortality in these patients. 

More than a decade ago, RAGE was found to be associated with sites of systemic amyloid 

deposition [16]. Thereafter, RAGE was identified immunohistochemically in human 

inflammation-associated (AA) amyloid deposits and, to a lesser degree, in deposits of 

immunoglobulin light chain (AL) amyloid, but RAGE was not associated with sites of 

transthyretin-associated (ATTR) amyloid deposition [17]. The role of RAGE in the 

pathogenesis of most amyloid diseases remains enigmatic. However, the binding and 

translocation of Aβ peptide, as well as activation via the transmembrane form of the RAGE, 

contributes to the development of amyloid pathology in patients with AD [10–12,18]. Small 

molecule antagonists as well as sRAGE variants have been shown to be beneficial 

interventions for the progression of AD [19–23].

Recent work by Haupt et al. has shown that the RAGE VC1 (a synthetic form of RAGE 

comprising the variable and first constant domain only [24], belongs to a growing family of 

proteins and peptides that specifically bind amyloid and synthetic amyloid fibrils via 

principally electrostatic interactions [24–30]. This interaction likely involved the variable 

immunoglobulin-like domain of RAGE VC1, which has been shown to possess a highly 

basic surface, evidenced in the high-resolution X-ray crystal structure [8].
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We have characterized several synthetic polybasic peptides that, similar to sRAGE, bind 

amyloid fibrils via electrostatic interactions with the goal of developing a novel radiotracer 

for the detection of visceral amyloid with molecular imaging [28,30–32]. At present, no 

such capabilities are available for patients in the US. We have developed a panel of 

structurally related synthetic peptides with a relatively simple heptad repeating primary 

structure (A-Q-X-A-Q-A-X, where X is arginine or lysine). These peptides exhibit specific 

binding to anionic polymers with a distinct charge distribution such as amyloid associated-

hypersulfated heparan sulfate and fibrils of various types in vitro and in vivo [28,29,33]. 

When radiolabeled, these peptides preferentially bind AA amyloid in mice and can be 

visualized by using SPECT or PET imaging [28,32]. Since RAGE has also shown to be 

associated with AA amyloid deposits by immunohistochemistry [17], we hypothesized that 

the RAGE VC1 protein might also be a useful tool for imaging of amyloid in vivo. We, 

therefore, sought to compare the reactivity of soluble RAGE VC1 with peptide p5 with 

synthetic fibrils in the presence and absence of competitor molecules in vitro. Furthermore, 

we quantitatively assessed the distribution of 125I-labeled RAGE VC1 and 99mTc-labeled 

peptide p5 in mice with systemic AA amyl-oidosis by using dual-energy SPECT/CT 

imaging, tissue radioactivity measurements and microautoradiography. Herein, we show that 

RAGE VC1 preferentially binds AA amyloid deposits in mice and that peptide p5 and 

RAGE VC1 share similar binding sites on synthetic amyloid fibrils. Furthermore, peptide p5 

was shown to interact with AGE-BSA, a RAGE ligand, which significantly hindered its 

interaction with synthetic rVλ6Wil amyloid fibrils.

Methods

Peptide/protein reagents

Recombinant human RAGE VC1 and S100B were produced in E. coli and purified as 

described previously [8,34]. Peptide p5, [CGGYS KAQKA QAKQA KQAQK AQKAQ 

AKQAK Q] and p5R, [GGGYS RAQRA QARQA RQAQR AQRAQ ARQAR Q], human 

islet amyloid polypeptide (IAPP) and Aβ(1–40) were purchased from Keck Biosciences 

(New Haven, CT) and further purified by reverse phase HPLC as described previously [30]. 

The recombinant (r) λ6 variable domain from patient Wil (rVλ6Wil) was produced in E. coli 
using the pET27B expression vector, isolated from the periplasmic space and purified by 

reverse-phase HPLC [35]. AGE-BSA, prepared by reaction with glycoaldehyde was from 

EMD Millipore (Billerica, MA) and BSA was purchased from Sigma-Aldrich (St. Louis, 

MO). Enoxaparin sodium (Lovenox™) was obtained from the University of Tennessee 

Medical Center Pharmacy.

Radiolabeling

Peptides (10–40 μg) were radioiodinated with 125I (Perkin Elmer, Waltham, MA) using 

chloramine T (10 μg) and the products purified by gel filtration and shown to be>95% pure 

by SDS-PAGE followed by phosphorimager analysis as described elsewhere [36]. For 

SPECT/CT imaging studies, peptide p5 was radiolabeled with 99mTc from pertechnitate 

(Cardinal Health, Knoxville, TN), using 100 ng of SnCl2 according to the method of Tran et 

al. [37]. The 99mTc-p5 was purified by gel filtration and characterized by SDS-PAGE and 

phosphorimaging.
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In vitro peptide binding: “pull-down” assays

Approximately 5 ng of 125I-p5 (7.3 nM final concentration) or 125I-p5R (6.8 nM) was added 

to 50 μg of synthetic amyloid fibrils: rVλ6Wil (19.9 μM), Aβ (1–40) (55 μM), or IAPP (61 

μM) in 200 μL PBS/0.05% tween 20 in the presence or absence of RAGE VC1 (19.9 μM). 

The mixture was rotated, end over end, at RT for 1 h. Samples were then centrifuged twice 

at 16 000 × g for 10 min. Supernatants and pellets were separated after each step and the 

radioactivity in each was measured using a Cobra II gamma counter (Perkin Elmer) with a 1 

min acquisition. The percentage of 125I-p5 or 125I-p5R bound to the fibril pellet was 

determined as follows:

Similar pull down binding assays were performed in the presence of soluble competitors, by 

pre-incubating AGE-BSA, BSA, enoxaparin or S100B (at 100, 4 or 1 μM) with 125I-p5 

or 125I-RAGE VC1 at RT for 30 min, before the addition of 50 μg of synthetic rVλ6Wil 

fibrils. Competition with S100B was assessed in tris-buffered saline (TBS) with 1 mM 

CaCl2. All other conditions were as described above.

Systemic AA mouse model

Systemic AA amyloidosis was induced in H2-Ld-huIL-6 Tg Balb/c transgenic mice (H2/

IL-6 mice) that constitutively express the human interleukin-6 transgene [38,39] by iv 

injection of 10 μg of purified, splenic AA amyloid (amyloid enhancing factor; AEF) 

suspended in 100 μL of sterile phosphate-buffered saline (PBS).

SPECT/CT imaging

The binding of RAGE VC1 and peptide p5 was evaluated in H2/IL-6 mice at 4 and 8 weeks 

post-AEF injection when amyloid load was modest (2+) or extensive (4+), respectively. 

Non-transgenic, wild-type (WT) littermates served as controls. Dual-energy SPECT/CT 

imaging was performed using an Inveon multimodality instrument (Siemens Preclinical 

Solutions, Knoxville, TN) on mice postmortem. Animals were injected, iv in the lateral tail 

vein, with 125I-RAGE VC1 (~5 μg, ~100 μCi) mixed with 99mTc-p5 peptide (~5 μg, ~200 

μCi) in 200 μL PBS containing 0.1% gelatin as carrier protein. To delineate abdominal organ 

boundaries in the CT image, mice received 0.5 mL X-ray contrast agent (Omnipaque™ – 

[N,N-Bis(2,3-dihydroxypropyl)-5-[N-(2,3-dihydroxypropyl)-acetamido]-2,4,6-triiodo-

isophthalamide]; GE Healthcare, Princeton, NJ) i.p. immediately prior to euthanasia and 

imaging. Dual-energy SPECT (99mTc/125I) and CT data acquisition and processing 

parameters were essentially as described elsewhere [30]. All animal studies were performed 

in accordance with protocols approved by the University of Tennessee Institutional Animal 

Care and Use Committee and in accordance with the guidelines provided by Office of 

Laboratory Animal Welfare (OLAW) and the Guide for the Care and Use of Laboratory 

Animals. The University of Tennessee, Graduate School of Medicine is an AAALAC-I-

accredited institution.
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Biodistribution and microautoradiography

Following SPECT/CT imaging, a necropsy was performed on each mouse, and samples 

from 11 tissues (heart, lung, liver, spleen, pancreas, stomach, muscle, left and right kidneys, 

lower and upper intestines), were taken for radioactivity biodistribution analyses or fixed in 

buffered formalin for microautoradiographic studies. For biodistribution measurement, tissue 

samples were placed in tared vials and the radioactivity measured using an automated 

Wizard 3 gamma counter (1480 Wallac Gamma Counter, Perkin Elmer, Waltham, MA) with 

a dual isotope protocol and a calculated cross-over correction from the high (99mTc) to low 

(125I) energy channel of 4.3%. Data were decay-corrected to the time of injection and 

expressed as % injected dose per gram of tissue (%ID/g).

For microautoradiography, 6 μm-thick sections were cut from formalin-fixed, paraffin-

embedded tissues. The sections were placed on Plus microscope slides (Fisher Scientific, 

Hampton, NH), dipped in NTB-2 emulsion (Eastman Kodak, Rochester, NY), stored in the 

dark and developed after a 4-day exposure. Each section was counterstained with 

hematoxylin and eosin. Detection of amyloid was achieved in consecutive tissue sections by 

staining with an alkaline Congo red solution (0.8% w/v Congo red, 0.2% w/v KOH, 80% 

ethanol) for 1 h at room temperature followed by counterstain with Mayer’s hematoxylin for 

2 min. Note that only the distribution of 125I-RAGE VC1 could be seen in the 

microautoradiographs since the shorter lived isotope had decayed before exposure to 

emulsion. All tissue sections were examined using a Leica DM500 light microscope fitted 

with polarizing filters (for Congo red). Digital microscopic images were acquired using a 

cooled CCD camera (SPOT; Diagnostic Instruments, Sterling Heights, MI).

Results

Competition of RAGE VC1 for peptide binding to amyloid fibrils

We have developed a semi-quantitative method to study the binding of radiolabeled peptides 

to synthetic amyloid fibrils. This “pull-down” assay utilized fibrils formed in vitro from pure 

monomer preparations and tested binding of very low concentrations of radiolabeled 

peptides with a relatively high concentration of target fibrils. We measured, in duplicate, the 

binding of peptide 125I-p5 and the higher affinity variant, 125I-p5R, to synthetic amyloid 

fibril preparations composed of rVλ6Wil, Aβ(1–40) or IAPP and competitive inhibition in 

the presence of RAGE VC1 was assessed (Figure 1). Both peptides bound all three fibril 

preparations (>50% bound); however, the reactivity of 125I-p5R was greater to IAPP fibrils, 

likely due to the enhanced affinity. In the presence of RAGE VC1 (at ~2800 molar excess as 

compared to the peptide), there was a significant reduction in the reactivity of 125I-p5 with 

all three fibrils types, which was most evident with IAPP fibrils where binding of 125I-p5 

was reduced by ~90% (Figure 1A). In contrast, the presence of RAGE VC1 did not cause a 

reduction in binding of 125I-p5R to rVλ6Wil or Aβ (1–40) fibrils but resulted in an ~70% 

reduction in binding to IAPP fibrils (Figure 1B).

Given that RAGE VC1 and peptide p5 competed for similar binding sites on amyloid fibrils, 

we next assessed whether p5 bound RAGE-associated ligands using a competition binding 

assay (Table 1). Pre-incubation of 125I-RAGE VC1 and p5 with AGE-BSA at 100 μM, but 
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not 4 μM, significantly reduced the reactivity of these proteins with rVλ6Wil fibrils by ~70 

and ~90% for RAGE VC1 and p5, respectively. In contrast, the addition of BSA did not 

hinder the reactivity of RAGE VC1 with fibrils, but did decrease peptide p5 binding by 

~30%. High concentrations (100 μM) of the low molecular weight heparin, Enoxaparin, 

resulted in a modest decrease (6 and 13%) in the binding of RAGE VC1 and p5 with the 

synthetic amyloid fibrils. The addition of human recombinant S100B, in the presence of 1 

mM CaCl2, had no effect on 125I-RAGE VC1 binding to fibrils but decreased p5 reactivity 

by 20%, which was similar to the decrease when in the presence of 1 mM CaCl2 alone 

(Table 1).

Biodistribution of 125I-RAGE VC1 and 99mTc-p5 in WT mice

Dual-energy SPECT/CT imaging was used to compare the amyloid reactivity of 125I RAGE 

VC1 and 99mTc-p5 peptide in the same animal thereby circumventing mouse-to-mouse 

variability in amyloid load. In amyloid-free WT mice that received 125I-RAGE VC1, 

radioactivity was observed in the thyroid and stomach due to dehalogenation of the unbound 

protein in the kidney and liver during catabolism. In contrast, 99mTc-p5, which is less 

sensitive to loss of the radionuclide during catabolism, was observed in the intestines and 

kidneys (not visible) due to the hepatobiliary and renal clearance of the peptide from the 

circulation (Figure 2). Cross-over and decay-corrected biodistribution data of these 

radiotracers in WT mice are shown in Table 2 (n = 6 mice). At 2 h post-injection, there was 

<2 %ID/g of either radionuclide in any organ of WT mice, consistent with the SPECT/CT 

imaging data (Figure 2). The 125I-RAGE VC1 was apparently retained more than 99mTc-p5 

in these mice; however, this is due to the fact RAGE VC1 is larger and has a longer 

circulation time. This anomaly was corrected for by calculating tissue-to-muscle ratios (T:M, 

Table 2). These data confirmed the lack of retention of either probe in healthy tissues.

Biodistribution of 125I-RAGE VC1 and 99mTc-p5 in AA mice

The biodistribution of 125I-RAGE VC1 and 99mTc-p5 was assessed, in triplicate, in mice 

with systemic visceral AA amyloidosis using SPECT/CT imaging (Figure 3). In contrast to 

WT mice, 125I-RAGE VC1 was observed predominantly in the liver and spleen of mice with 

AA amyloidosis (Figure 3A–D). These organs represent the major sites of AA amyloid 

deposition in this mouse model. Only scant activity, relative to the liver and spleen, was 

observed in the stomach and thyroid of AA mice (Figure 3B and C).

Dual-energy imaging of 125I-RAGE VC1 and 99mTc-p5 in the same mouse with AA 

amyloidosis revealed coincident retention of both radiotracers in the amyloid-laden liver and 

spleen (Figure 3E and F). Weak retention of 99mTC-p5 in the intestines of the AA mice 

(Figure 3F) that was not seen in the 125I-RAGE VC1 image may represent hepatobiliary 

clearance of unbound radiotracer or, alternatively, specific uptake of the peptide by intestinal 

amyloid which is also prevalent in these animals.

Quantitative analysis of the biodistribution of 125I-RAGE VC1 and 99mTc-p5 radiotracers 

from the dual-energy imaging studies in mice with extensive AA (4+) or modest AA (2+) 

amyloid load are presented in Figure 4. Retention of the two radiotracers (%ID/g; Figure 4A 

and D) show only minor differences; however, 125I-RAGE VC1 uptake was present at higher 
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concentrations in liver and spleen, as compared to peptide p5, particularly in animals with 

lower AA burden (Figure 4D). This may be due to the longer circulation time of 125I-RAGE 

VC1 allowing greater specific accumulation. With respect to radiotracer development, the 

“disease:healthy uptake” (AA:WT) and the tissue-to-muscle (T:M) ratios are important 

functional metrics (Figure 4). In this analysis, 99mTc-p5 showed better discrimination of AA 

from WT tissues at 2 h post-injection, as evidenced by the higher ratio in amyloid-laden 

organs such as the liver, spleen, pancreas and intestines. Data for the kidneys, the site of 

peptide catabolism, was not used in this comparison because radioactivity associated with 

clearance of the 99mTc-p5 peptide in the renal cortex did not dissipate during the course of 

the study.

Amyloid specific uptake of 125I-RAGE VC1

Imaging and tissue biodistribution techniques provide visual and quantitative measures of 

radiotracer retention in organs, respectively; however, they cannot provide unequivocal 

evidence to support the specific binding of 125I-RAGE VC1 with the amyloid deposits in the 

organ. To address this and demonstrate that 125I-RAGE VC1 localized to the amyloid 

deposits in the designated organs, we performed microautoradiography of tissue sections 

(Figure 5). Microautoradiographs (ARG) of the spleen and liver from mice injected 

with 125I-RAGE VC1 showed black silver grain deposition, indicative of the presence of 

radiotracer. The radiotracer was observed only at sites of amyloid deposition, as evidenced 

by the co-localization with Congo red (CR) birefringent material seen in consecutive tissue 

sections (Figure 5A). The specificity of amyloid binding in multiple tissues was further 

demonstrated by a lack of uptake of 125I-RAGE VC1 in amyloid free tissues from a WT 

mouse (Figure 5B). Furthermore, these data demonstrated that the specific uptake of 125I-

RAGE VC1 by AA in the renal papilla and pancreas are easily seen by this high resolution 

detection method but are difficult to image effectively, due to the scant amyloid deposits and 

the limited resolution of the SPECT imaging system (~1 mm). This analysis also revealed 

that 125I-RAGE VC1 binding to modest (2+) splenic AA was relatively uniform throughout 

the perifollicular deposit (Figure 5C). In contrast, in mice with extensive (4+) AA, the 

distribution of 125I-RAGE VC1 was “focal”, and the radiotracer did not penetrate fully into 

areas of dense amyloid (Figure 5C). This phenomenon has been previously observed for 

high-affinity, amyloid-binding peptides and was attributed to a binding site barrier effect 

[30].

Discussion

Visceral amyloidosis is associated with a growing number of devastating diseases, and the 

development of novel methods for detection and treatment are ongoing challenges. Tissue 

amyloid is a complex matrix composed of linear, non-branching, protein fibrils, 

proteoglycans and serum proteins. Interestingly, both the glycosaminoglycans (GAGs) and 

the fibrils represent well-ordered, linear polymers of repeating, charged, disaccharide or 

protein subunits, respectively. Both these elements represent unique amyloid bio-markers 

since naturally occurring, functional, extracellular amyloid fibrils are rare in man [40], and 

amyloid-associated GAGs are hypersulfated and electrochemically distinct from ubiquitous 

tissue GAG [29,41–43]. In recent years, a growing number of biological agents have been 
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described that bind multiple forms of amyloid or synthetic amyloid fibrils via principally 

electrostatic interactions with the charged fibril and/or GAG polymers. Pan- or multi-

amyloid reactivity of this kind has been demonstrated with murine mAbs [27], the camelid 

mAb B10 [24,25], scFv [26], synthetic heparin-reactive peptides [28,30,32], as well as the 

pattern recognition receptor, RAGE protein [10,16,17,23,24]. Many of these reagents have 

been radiolabeled and evaluated in mice for their ability to bind and, thereby, image visceral 

amyloid deposits [29,32], or they are undergoing clinical trials in AL patients as novel 

therapeutics (e.g. NEOD001; Clincaltrials.gov #NCT02312206).

The exact conformation of the charged interactions is difficult to determine in large reagents 

such as antibodies; however, they are more readily defined in RAGE VC1 and peptides. 

Structural analysis of RAGE VC1 provided important insights into the mechanism 

underlying the interaction with ligands including fibrils [8]. Both the RAGE V and C1 

domains have highly electropositive surfaces which facilitate electrostatic interactions with 

the numerous structurally diverse ligands bound by RAGE. In support of this mechanism, 

our competition experiments indicated that RAGE VC1 and the polybasic peptides p5 and 

p5R bind at similar, if not overlapping, sites on synthetic rVλ6Wil, Aβ(1–40) and IAPP 

fibrils. We have shown that the binding of peptide p5 is dominated by electrostatic 

interactions between the lysine side chains and the fibrils [30] and, furthermore, that >6 

lysine residues are required for significant binding [44]. Moreover, peptide p5R exhibits a 

greater propensity for α-helical conformation in solution and has a higher affinity for both 

heparin and synthetic amyloid fibrils [30,45], which likely accounts for the apparent 

inability of RAGE VC1 to effectively compete with p5R for fibril binding.

Given that the RAGE VC1 bound synthetic amyloid fibrils in a manner similar to peptide p5, 

via electrostatic interactions, we tested whether peptide p5 also bound non-polymeric RAGE 

ligands in a reciprocal fashion. Both RAGE VC1 and p5 binding to rVλ6Wil fibrils was 

dramatically diminished in the presence of AGE-BSA, formed by the reaction of BSA with 

glycoaldehyde. This reaction results in a rapid modification of lysine and arginine 

sidechains, ~80 and 20%, respectively, and consequently an increase in the net 

electronegativity of the BSA within 2 days of incubation [46]. These data suggest that 

interaction of RAGE VC1 with AGE-BSA, which involves predominantly the variable 

domain, sterically hinders the interaction with synthetic fibrils. In contrast, the RAGE VC1-

fibril interaction was not hindered by the presence of low molecular weight heparin or Ca2+-

S100B. Given that RAGE binds S100B, AGE and heparan sulfate principally via interactions 

with the basic surfaces across the V domain [7,34,47], our data suggest that RAGE VC1 

binding to synthetic amyloid fibrils involves a distinct binding region in the C1 domain that 

does not overlap with the portion of heparan sulfate binding site in this domain [7,34,47]. 

Remarkably, our data show RAGE VC1 can accommodate interactions with both fibrils and 

the low molecular weight heparin and Ca2+-S100B ligands simultaneously. However, we 

anticipate if the ligand is large enough, as in the case of BSA (i.e. twice the molecular 

weight of the RAGE VC1), steric hindrance may inhibit the interaction.

Peptide p5 binding to synthetic rVVλ6Wil fibrils was similarly hindered by the presence of 

100 μM AGE-BSA, a 5-fold molar excess relative to the rVλ6Wil fibrils; however, when the 

fibrils were at 5-fold molar excess (i.e. 4 μM AGE-BSA) no competition was observed. The 
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data suggest that the peptide had a higher affinity for the enhanced electronegative surface of 

modified BSA [46], than for native BSA, which caused only a relatively modest decrease in 

fibril binding (Table 1). In addition, these data indicate that in an excess of amyloid, peptide 

p5 and likely similar derivatives [33], preferentially bind amyloid even in the presence of 

AGE, further supporting the utility of these peptides as imaging agents in patients with 

systemic amyloidosis.

One of the major concerns in developing a radiotracer probe for amyloid detection is the 

possible reaction of the reagent with normal tissue, which would complicate interpretation of 

the image data. It is clear that sRAGE circulates in normal individuals without significant 

interactions with normal tissue; however, structural and functional data suggest that sRAGE 

may form oligomeric complexes with transmem-brane RAGE, where the complex can 

engage ligand without subsequent signal transduction [8,47]. This process is concentration 

and pH dependent and is enhanced by the presence of Zn2+. In healthy mice lacking 

amyloid, there was no evidence of cell-binding of 125I-RAGE VC1. This may be due to the 

low concentration of RAGE VC1 that was used in this study, ~5 μg injected dose (~0.1 μM 

in the mouse – assuming a blood volume of 1.8 mL), or the fact that healthy mice may not 

express significant membrane RAGE. Regardless, this biological function of sRAGE 

molecules may complicate detection of amyloid in patients where membrane RAGE 

expression is enhanced (see below). Peptide p5 presents a relatively simple pattern of 

positive charges, a linear array of eight side chains displayed along one face of an α-helix. In 

healthy mice, there was no reactivity with proteoglycans or other cell surface receptors [28]. 

To date, we have not identified a biological function for p5.

In contrast, in mice with systemic AA amyloidosis, 125I-RAGE VC1 accumulated rapidly 

and specifically in amyloid deposits with similar efficiency as the peptide p5. RAGE mRNA 

copy number in the spleens of mice developing AA have been shown to increase 

significantly [17]. Thus, radioiodinated sRAGE VC1 could be accumulating in the AA 

amyloid due to oligomerization with newly synthesized and expressed membrane RAGE; 

however, it is also possible that the injected material was interacting directly with the 

amyloid deposit in the absence of oligomerization. We have previously demonstrated that 

peptide p5 binds both heparin and synthetic amyloid fibrils, and similarly, sRAGE has been 

shown to bind heparin [48] as well as fibrils [24]. Given the fact that all amyloid deposits 

contain, in addition to fibrils, significant concentrations of hypersulfated heparan sulfate 

proteogly-cans, it is possible that 125I-RAGE VC1 may accumulate in amyloid by virtue of 

an interaction with amyloid-specific GAG motifs. Due to the high negative charge density on 

these GAGs, significant electrostatic interactions with amyloid GAGs may not require 

oligomerization of sRAGE VC1. Alternatively, these interactions may give rise to high-order 

oligomers of sRAGE within the amyloid. Indeed, hypersul-fated heparin dodecasaccharides 

have been shown to stabilize hexameric conformers of RAGE VC1, a naturally occurring 

process that may facilitate signal transduction [47].

This study was undertaken to evaluate the amyloid binding of soluble RAGE VC1 and 

compare its reactivity with the amyloidophilic, polybasic and peptide p5. Both RAGE VC1 

and peptide p5 bound synthetic amyloid fibrils via overlapping sites, as RAGE VC1 binding 

inhibited fibril-reactivity of p5. In addition, pre-incubation of both RAGE VC1 and p5 with 
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the negatively charged RAGE ligand, AGE-BSA, significantly abrogated the binding with 

fibrils. When delivered intravenously, radiolabeled RAGE VC1 and p5 specifically localized 

with systemic AA amyloid deposits, as evidenced by small animal imaging and 

microautoradiogra-phy – no evidence of RAGE VC1 binding to healthy cells or tissues was 

evidenced. With respect to developing novel imaging agents for the detection of visceral 

amyloid in patients, natural products, such as serum proteins, have the potential advantage of 

being non-immunogenic and less reactive in normal tissue. In addition, they may be 

relatively easy to traverse the rigors of regulatory approval. Furthermore, dehalogenation of 

the radioiodinated RAGE VC1 in the kidneys, during catabolism, permitted specific 

detection of renal amyloid deposits. We have demonstrated the importance of peptide 

radiotracer dehalogenation for imaging renal amyloid previously [31]. In this study, we 

used 99mTc-labeled peptide p5 to allow dual-energy comparison of the two radiotracers in 

mice; however, 99mTc accumulated in the renal cortex during catabolism of p5, thereby 

preventing accurate detection of renal amyloid in the mice with this radiotracer. To 

effectively image renal amyloid disease in patients with systemic amyloidosis, a 

radioiodinated peptide probe, such as 124I- or 123I-labeled peptide p5+14 may be optimal for 

clinical PET or SPECT applications, respectively [31,33].

In this preliminary evaluation, radiolabeled RAGE VC1 proved to be an efficient amyloid 

imaging agent, albeit not significantly more efficacious than peptide p5. In terms of clinical 

utility, the use of RAGE VC1 as an imaging agent may be complicated by the fact that the 

molecule has a biological function which could reduce imaging efficacy, especially in 

patients with type 2 diabetes and other inflammatory disorders where membrane RAGE is 

hyper-expressed and may compete for amyloid binding [4,9,49]. This study also raises the 

possibility that, in patients with amyloidosis, the negative feedback control of the 

inflammatory response may be compromised due to a recruitment of sRAGE variants by 

amyloid deposits, e.g. AA and AIAPP, which are commonly found in patients with chronic 

inflammation and type 2 diabetes, respectively. Finally, when compared to the synthetic 

peptide p5, RAGE VC1 did not provide significant advantages as an amyloid imaging agent, 

which further validates clinical evaluation of the radiolabeled peptide, or a similar variant, 

for amyloid detection in patients with visceral amyloidosis.

Conclusion

Both RAGE VC1 and peptide p5 bind amyloid fibrils via electrostatic interactions at similar 

sites. Subsequently, both reagents, when radiolabeled, effectively imaged systemic AA 

amyloid deposits in mice. This class of reagents may prove valuable for amyloid targeting 

and detection and provide the basis for novel, efficacious diagnostic and therapeutic agents.
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Abbreviations

AD Alzheimer’s disease

AGE advanced glycation end products

ARG microautoradiography

IAPP islet amyloid polypeptide

RAGE receptor for advanced glycation end products

RAGE VC1 soluble recombinant variable and constant-1 domains of RAGE

rVλ6 recombinant λ6 light chain variable region

SAA serum amyloid protein A

SPECT/CT single photon emission computed/X-ray computed tomography

TTR transthyretin
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Figure 1. 
Binding of RAGE VC1 to synthetic amyloid fibrils involves the same motif as peptide p5. 

Binding of peptides 125I-p5, 7.3 nM (A) or 125I-p5R, 6.8 nM (B) to synthetic rVλ6Wil (AL), 

Aβ(1–40) and IAPP fibrils in the absence (dark) or presence (striped) of unlabeled RAGE 

VC1 in ~2800 molar excess Data presented are mean ± SD of duplicate experiments.
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Figure 2. 
Dual-energy SPECT/CT imaging of 125I-RAGE VC1 and 99mTc-p5 in mice. In amyloid-free 

WT mice there was no specific uptake of either radiotracer in healthy organs. Radioactivity 

seen in the thyroid (T), stomach (St) and intestines (I) is associated with protein catabolism 

and hepatobilliary clearance, respectively. In mice with AA amyloidosis, both reagents were 

observed in the liver (L) and spleen (S), sites of significant amyloid in this mouse model. 

Imaging was 2 h post-injection iv of 5 μg (100 μCi) of 125I-RAGE VC1 and 5 μg (200 μCi) 

of 99mTc-p5.
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Figure 3. 
RAGE VC1 binds preferentially to systemic AA amyloid in vivo. Contrast enhanced 

SPECT/CT imaging at 2 h post-injection of 125I-RAGE VC1 in representative mice with 

systemic AA (A–D) and dual-energy SPECT/CT images of 125I-RAGE VC1 and 99mTc-p5 

in a representative single mouse with AA (E & F). Radiolabeled 125I-RAGE (red) was 

observed in amyloid-laden liver (L) and spleen (S) of mice, with free radioiodide in the 

thyroid (T) and stomach (St). Three-dimensional image views (D) confirmed the 

hepatosplenic uptake of 125I-RAGE VC1. The distribution of 125I-RAGE VC1 in AA mice 

was consistent with that of the amyloid-reactive peptide 99mTc-p5 in AA mice (E–F). Image 

views: A, axial; B, E and F, coronal; C, sagittal; and D, 3D representation.
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Figure 4. 
Reactivity of RAGE VC1 and peptide p5 with AA amyloid-laden tissues in vivo. Dual-

energy tissue biodistribution measurements, AA-to-WT ratios and tissue-to-muscle ratios 

of 125I-RAGE VC1 (dark) and 99mTc-p5 peptide (light) in mice with 4+ (A–C) or 2 + (D–F) 

systemic AA amyloidosis (mean, n = 3). All mice were scored for disease severity using a 

scale from 0 to 4+ amyloid load, based on Congo red-stained tissue sections).
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Figure 5. 
125I-RAGE VC1 binds preferentially to systemic AA amyloid in vivo with high affinity. (A) 

Analysis of 125I-RAGE VC1 in the spleen and liver of a representative 4+ AA mouse at 2 h 

post-injection. The distribution of radiolabeled RAGE VC1, evidenced as black silver 

deposits in the microautoradiographs (ARG), correlated with the deposition of amyloid 

stained with Congo red (CR) in consecutive tissue sections. (B) 125I-RAGE VC1 deposited 

in AA amyloid in the mouse spleen, liver, kidney and pancreas but was not observed in 

tissues from WT mice. (C) 125I-RAGE VC1 effectively infiltrated amyloid in a 2+ AA 

mouse but not the dense splenic amyloid deposits in a 4+ AA mouse. Boxed area in the 

middle image is shown magnified in the last panel.
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Table 1

Binding of 125I-RAGE VC1 and peptide 125I-p5 to rVλ6 Wil fibrils in the presence of RAGE ligands.

Inhibitors (concentration) Solution 125I-RAGE VC1 bound* 125I-p5 bound*

No inhibitor PBS 100.0 100.0

AGE-BSA (100 μM) PBS 31.1 13.3

AGE-BSA (4 μM) PBS 99.1 95.5

BSA (100 μM) PBS 99.8 72.8

BSA (4 μM) PBS 96.2 96.4

Enoxaparin™ (100 μM) PBS 94.0 87.4

Enoxaparin™ (4 μM) PBS 102.5 97.6

No inhibitor TBS with 1 mM CaCl2 101.7 76.5

S100B (1 μM) TBS with 1 mM CaCl2 97.2 80.2

*% bound relative to no inhibitor. Measurements represent the mean of duplicate experiments.
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Table 2

Biodistribution and tissue to muscle ratios of 125I-RAGE VC1 and 99mTc-p5 in WT mice.

125I-RAGE VC1 99mTc-p5

%ID/g (Mean ± SD) T:M ratio %ID/g (Mean ± SD) T:M ratio

Muscle 0.66 ± 0.07 1.00 0.05 ± 0.02 1.00

Liver 1.97 ± 0.17 2.97 0.60 ± 0.19 12.44

Pancreas 1.90 ± 0.21 2.86 0.19 ± 0.07 3.92

Spleen 1.69 ± 0.17 2.55 0.22 ± 0.06 4.65

L. Kidney 3.38 ± 1.43 5.10 31.73 ± 8.77 659.97

R. Kidney 2.67 ± 0.61 4.02 34.22 ± 9.07 711.82

Stomach 7.90 ± 3.18 11.91 0.46 ± 0.33 9.62

Up. Intestine 1.70 ± 0.16 2.57 0.43 ± 0.13 8.88

Low. Intestine 1.28 ± 0.10 1.93 0.70 ± 0.79 14.55

Heart 1.10 ± 0.07 1.66 0.13 ± 0.06 2.75
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