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Abstract

Protein and peptide drugs administered subcutaneously, such as insulin can be amyloidogenic and

result in localized amyloid deposits at the sites of medication injections. These iatrogenic

amyloidoses typically present as a localized subcutaneous nodule or skin reaction at the site of

administration, and often pose diagnostic challenges. We have analyzed the amyloid proteome in

52 cases of insulin and enfuvirtide associated amyloidosis using laser microdissection/tandem

mass spectrometry. We show that the deposits are composed of the drug, as well as other amyloid

precursor proteins such as apolipoproteins A-I, A-IV, E and serum amyloid protein. Mass

spectrometry-based amyloid sub-typing allows for accurate amyloid diagnosis with resultant

therapeutic and prognostic implications. This insight into the amyloid proteome in drug-induced

amyloidosis may help further understand pathogenesis of amyloid fibril formation.
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Introduction

The amyloidoses are heterogeneous diseases associated with the deposition of insoluble

proteins or peptides with a characteristic beta-diffraction pattern extracellularly. At the

current time, over 27 different extracellular fibril proteins are known to cause disease in

humans [1]. Iatrogenic amyloidosis is a rare, often not sought diagnosis. Insulin is a well-

known agent that has been known to be amyloidogenic [2] and linked to localized

amyloidosis (AIns) at sites of recombinant insulin administration [3]. Recently, a peptide

anti-retroviral drug, enfuvirtide (Fuzeon®) used in the treatment of HIV infection has also
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been reported to cause amyloidosis [4]. On occasion, patients with drug-induced

amyloidosis can present with other systemic features reminiscent of systemic

immunoglobulin-derived (AL) amyloidosis, and may present a diagnostic challenge [5].

Since the treatment of the latter often involves chemotherapy and/or stem cell

transplantation, while the former tends to remain localized and therefore needs local therapy,

accurate diagnosis is critical. To this end, proteomic analysis of amyloid tissue has proven to

be an invaluable tool in amyloid typing [6] and routinely employed at our institution using

laser microdissection/tandem mass spectroscopy (LMD-MS/MS). In this paper, we analyze

the biochemical composition of amyloid in patients with drug-induced amyloidosis using

LMD-MS/MS-based proteomic analysis in order to gain an insight into the amyloid

proteome in these cases.

Methods

This study was approved by the Mayo Foundation Institutional Review Board, and

conducted in accordance with the state of Minnesota regulations. Between January 2010 and

May 2013, we have detected insulin-derived amyloidosis (AIns) in 50 patients, and

enfuvirtide-derived amyloidosis in 2 patients. A majority of these patients were seen as

consult cases for mass spectroscopy analysis of amyloidosis.

Specimen preparation and LMD/MS-MS proteomic analysis

The methods have previously been published [7]. Briefly, for each case, 10-μm-thick

sections of formalin-fixed paraffin-embedded tissues were stained with Congo red. Areas

staining positive with Congo red as viewed with a fluorescent light source appeared bright

red (Figure 1A). Using LMD, these areas were dissected. Each microdissection contained a

volume of at least 60 000 μml3, and three microdissections were analyzed for each case. The

microdissected material was collected into 0.5-ml microcentrifuge tube caps containing 35

μl Tris/EDTA/0.002% Zwittergent buffer. Microdissected fragments were subjected to a

heat-mediated antigen retrieval method (98 °C for 90 min) before being denatured via

sonication and subsequently digested into tryptic peptides overnight using 0.5 ug of trypsin.

The resulting digests were then analyzed with nanoflow LC-MS/MS. The MS/MS spectra of

each case were matched against a composite protein sequence database using three different

search algorithms (Sequest, X!Tandem, and Mascot). The composite database contained the

human SwissProt entries but was also augmented with known immunoglobulin variant

domains, known amyloidogenic mutations from literature, the enfurvitide amino acid

sequence, and common contaminants. Reversed protein sequences were appended to the

database for estimating the false discovery rates of the identifications. The peptide

identification results were filtered using Scaffold software (Proteome Software, Portland,

OR) and then filtered peptides were assembled into protein identifications. Candidate

proteins with at least one high-confident (probability of identification >90%) unique peptide

identification and at least four MS/MS spectral matches were considered for clinical

interpretation.

For each case, we created a personalized proteomic profile that lists all the confident protein

identifications in each of the microdissection along with their respective MS/MS spectral
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counts. The number of MS/MS spectra matching to a protein is considered as a semi-

quantitative measure of its abundance. The most abundant amyloidogenic protein detected

across all microdissections and as interpreted in the context of the clinical history is

considered to be the amyloid subtype.

Results

Insulin derived amyloid

The following is a clinical vignette of one of the patients with AIns in order to provide an

insight in presentation.

A 43-year-old female with type 2 diabetes on recombinant subcutaneous insulin since age

17, noticed nodularities on her abdominal wall at sites of insulin administration. She also

noticed increasing requirements of insulin over the course of several months. She had low-

grade fevers, nausea and vomiting without identifiable pathology on infectious and

gastroenterologic work up. Subsequently, she noticed that after changing the site of insulin

administration, her insulin requirement came down by nearly 100 units. Figure 1(B) and (C)

show abdominal wall nodularities and the CT scan images of these lesions, respectively.

Abdominoplasty was performed to excise these nodules, and histopathologic examination

revealed Congo red positive tissue. Laser microdissection and tandem mass spectrometry

confirmed the amyloid tissue to have high amounts of insulin.

Table 1 shows patient information, site of biopsy and mass spectrometry results for the 50

cases of amyloidoma at the site of insulin administration. Each of the insulin cases show

varying concentrations of insulin within the amyloid deposits. Naturally occurring human

pro-insulin is composed of an A-chain and B-chain connected by a C-peptide. Recombinant

insulin lacks the C-peptide. In our series, the amyloid deposits showed the complete

presence of only the A and B chains without the C-peptide, thus further suggesting that these

were a result of recombinant insulin deposition.

Enfuvirtide derived amyloid

Two patients with skin reactions at the sites of enfuvirtide administration had biopsies that

showed Congo red positivity suggestive of amyloidosis. These were seen in consultation in

our laboratory for mass spectrometry analysis. Table 1 shows the patient characteristics, site

of biopsy and mass spectrometry results in these patients, and as in the insulin amyloid

deposits, we show that the amyloid deposits are comprised of the drug itself along with

apolipoproteins A-I, A-IV and E and serum amyloid P-component (SAP).

Upon analyzing the representative sequence (peptide) coverage of the protein detected in the

microdissected samples, the 50 AIns cases showed insulin sequence coverage at 99–100%

probability in 43 cases, and 92–94% probability in 6 cases. Both the enfuvirtide cases

showed sequence coverage for Fuzeon® at 100% coverage.
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Discussion

Drug-induced amyloidosis, a form of iatrogenic amyloidosis, can occur from subcutaneous

injection of protein and peptide drugs. To our knowledge, insulin and enfuvirtide are the

only two drugs that have been reported to cause iatrogenic amyloidosis.

Localized AIns was first described in an animal model and a human subject in 1983 [2]

where in granulomas were detected at the site of insulin administration showing large

clumps of amyloid. Electron microscopy confirmed the fibrillary structure, and

immunohistochemical analysis with fluorescein-labeled anti-porcine-insulin antiserum

suggested the presence of insulin in these deposits [2]. The exact pathogenesis of AIns is not

entirely clear. The insulin protein has been extensively studied in the laboratory as an

amyloid protein model for the study of the amyloidogenic process. Amdursky et al. [8] show

that insulin can self-assemble to form a crystalline nucleus, which then after a lag time can

then assemble into fibrils, central to the amyloidogenic process. These processes are

accelerated by an acidic environment and higher concentration of insulin [9]. Further, it is

felt that the C-peptide interferes with the insulin fibril formation. Landreh et al have shown

that the C-peptide forms a stabilizing complex with the unfolded monomer, and may prevent

fibril formation [9].

Additionally, our results show the consistent presence of apolipoproteins A-I, A-IV, E as

well as SAP in most if not all the patients in our series. These have been described in

different amyloid studies, including AL amyloidosis, senile and hereditary amyloidosis [10–

12]. Further, depositions of these apolipoproteins and SAP have also been described in other

degenerative processes such as calcific aortic sclerosis [13] and atherosclerosis [14,15].

Bergstrom et al suggest that apolipoproteins A-I, A-IV and E have similar molecular

structures, and are intrinsically flexible molecules, and thus may be unusually prone to form

amyloid fibrils [10].

Insulin-derived amyloidosis (AIns) has been described in less than 20 cases in medical

literature, and reviewed by Yumlu et al. [3]. However, this condition is likely far more

prevalent than what is reported in the medical literature given the number of insulin users in

the general population. Our series which is the largest series of AIns adds to the existing

literature on this condition. AIns tends to be localized to sites of insulin injection, although

in one of our patients (patient 4, Table 1), it was found in the inguinal lymph node where

insulin injections had been administered into the thigh. This patient went on to have a

complete evaluation to look for systemic amyloidosis and was confirmed to not have any

other organ involvement. None of the patients in our series had evidence of other organ

involvement by amyloid or a specific amyloid syndrome. Patients with AIns may present to

the clinician as a direct result of noticing the nodular deposits or symptoms thereof. They

may also have associated brittle diabetes as a result of unpredictable release of insulin from

these nodules [16,17]. Additionally, inhaled insulin has also been shown to result in amyloid

fibril formation in mice lungs with resultant pulmonary toxicity [18]. Treatment for AIns

involves surgical excision of amyloidomas, or avoiding the sites of amyloidosis to

administer insulin [3]. Further, there has been suggestion that co-administration of C-peptide

along with insulin may prevent the formation of amyloid fibrils [9]. Finally, quercetin, a
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naturally occurring polyphenol has been shown to inhibit the formation of amyloid fibrils as

well as destabilization of preformed amyloid fibrils in a bovine insulin model [19].

Enfuvirtide is an HIV fusion inhibiting peptide that is administered subcutaneously. It is

known to be associated with a variety of skin reactions [20]. In both of the cases of

enfuvirtide-induced amyloidosis which have been individually published as case reports

[4,21] we show that the amyloid structure is composed of the enfuvirtide peptide itself. The

extensive deposition of the drug proves that it is causative in the amyloidogenesis although

the exact pathogenesis of conversion of the enfuvirtide peptide into fibrillar aggregates of

amyloid is not clear. Similar to AIns, other amyloid precursor proteins found in the deposits

included SAP protein and the apolipoproteins E, A-I and A-IV.

Several patients with pharmaceutical amyloidosis presented with bleeding at the sites of

deposits, and this is of importance when interpreting the mass spectrometry results as some

proteinaceous components may be remnants of plasma proteins. Because almost all of our

cases in this series were seen as consults for amyloid subtyping from other institution, our

study is limited by the paucity of clinical data, especially in regards to duration of a site

usage for injections, type of insulin formulation used and other user-specific habits that may

have given an insight into risk factors associated with the occurrence of drug amyloid.

Conclusions

In conclusion, we highlight two pharmaceutical agents that can result in iatrogenic

amyloidosis. These are associated with the direct deposition of the protein or peptide drug,

along with other known amyloidogenic or chaperone proteins. The diagnosis of drug-

induced amyloidosis must be entertained in patients who develop skin and subcutaneous

reactions/masses to drugs, especially those of protein or peptide chemistry. Proteomic

analysis of the amyloid deposits can be a very useful adjunct in making an accurate

diagnosis, as well as in elucidating the composition of amyloid.

Abbreviations

AIns insulin-derived amyloid

LMD-MS/MS laser microdissection with tandem mass spectrometry
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Figure 1.
Gross and microscopic appearance of drug-induced amyloidoma. (A) The physical

examination findings of insulin amyloidomas. (B) The appearance of insulin amyloidomas

in the subcutaneous tissue on transverse cross-section on abdominal computed tomography.

(C) Congo red stained biopsy of the abdominal nodule at the site of long-standing insulin

administration under fluorescence microscopy. The bright red stained areas represent

amyloid deposits and have been outlined for laser microdissection. The scale is set at 100

mm.
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