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Abstract 

Background:  

Systemic Amyloidosis results from the deposition of insoluble proteins as 

amyloid that disrupt organ function with time.  Over 30 proteins are known to 

form amyloid and the identification of the precursor protein is essential as it 

guides treatment strategies.  In AA amyloidosis, the precursor protein is Serum 

Amyloid A (SAA) which forms amyloid when raised in the blood over time.   

Thus, AA amyloidosis is a feared complication of the hereditary periodic fever 

syndromes and other autoinflammatory diseases.   

Aims:  

1. To investigate transthyretin (TTR) amyloid and describe non-cardiac TTR 

deposition 

2. To determine the role of carpal tunnel biopsy in diagnosis of TTR amyloid  

3. Investigate and define the changing aetiology of AA amyloidosis 

4. To investigate the safety of IL-1 antagonism for autoinflammatory 

disease in pregnancy 

5. Delphi consensus study to define phenotype and management 

approaches in the autoinflammatory disease Deficiency of ADA2 

(DADA2).  

Results and Conclusions 

1. Non-cardiac TTR deposits were identified in 25 biopsies from the tissues 

of the bladder, duodenum, bone marrow, carpal tunnel tenosynovium, 

colon, stomach, lung, prostate, muscle. 84% had concurrent evidence of 

cardiac amyloid and 64% fulfilled consensus criteria for cardiac 

amyloidosis at presentation.  Those with no cardiac involvement did not 

develop cardiac amyloid or amyloidosis over time.   

2. 16.7% of 60 carpal tunnel biopsies from the general population contained 

evidence of amyloid.  In those with amyloid mean age was 78.13 years 

vs. 58.40 years (p=0.0092).  11.67% biopsies demonstrated definitive 

staining with TTR, median age 81.9 years, 71% female.   

3. An increasingly prevalent cohort of AA amyloidosis of unknown aetiology 

was identified, with the novel finding that this group have a significantly 
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raised BMI (p<0.0001) suggesting that adipocyte production of pro-

inflammatory cytokines may contribute to the raised circulating serum 

amyloid A levels. These findings suggest that AA amyloidosis may 

become another consequence of the global obesity epidemic. 

4. Data on 31 maternal-exposed pregnancies from seven countries was 

collected, including the first data on canakinumab-exposed pregnancies. 

The first data on paternal exposure is described with no negative 

outcomes. Fourteen infants were breast fed with no complications. There 

were no reports of developmental delay, with follow-up of up to 10 years 

(median 18 months). 

5. International expert consensus has been reached on the diagnosis and 

management of DADA2 but areas of contention, most notably regarding 

heterozygotes, remain and is the focus of ongoing further work.  
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carboxylic acid  

DADA2 Deficiency of ADA2 

DAMPs Damage-associated Molecular Patterns  

dFLC Free Light Chain difference  

DIRA Deficiency of the IL-1 receptor antagonist 

DITRA Deficiency of the IL-36 receptor antagonist 

DNA Deoxyribonucleic acid  

DPD 99mTc-3, 3-diphosphono-1, 2-propanodicarboxylic acid  

ECG Electrocardiogram  

EDTA Ethylenediaminetetraacetic Acid  

EF Ejection Fraction  

eGFR Estimated Glomerular Filtration Rate  

ESRF End Stage Renal Failure  

FAP Familial Amyloid Polyneuropathy  

FCAS2 Familial Cold Autoinflammatory Syndrome-2  

FFP Fresh Frozen Plasma  

FLC Free Light Chain  

FMF Familial Mediterranean Fever  

GI Gastro-Intestinal  

HAMPs Homeostasis-Altering Molecular Processes  

HIDs Hyper IgD Syndrome (see MKD)  

HR Heart Rate  

H2O2 Hydrogen Peroxide  

IBD Inflammatory Bowel Disease  
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IFN Type 1 Interferon  

IHC Immunohistochemistry  

IL-1 Interleukin-1 

IL-6 Interleukin-6  

IRAS The Integrated Research Application System 

IVDU Intravenous Drug Use 

IVIG Intravenous Immunoglobulin  

IVSd Interventricular Septal Thickness in Diastole  

LGE Late Gadolinium Enhancement 

JIA Juvenile Idiopathic Arthritis 

MKD Mevalonate Kinase Deficiency  

MGUS Monoclonal Gammopathy of Undetermined Significance  

NHS National Health Service  

NAC UK National Amyloidosis Centre  

NT-proBNP N-Terminal pro- Brain Natriuretic Peptide  

NYHA New York Heart Association classification  

PAAND Pyrin associated autoinflammation with neutrophilic dermatosis 

PAMPs Pathogen-Associated Molecular Patterns  

PAPA Pyogenic arthritis, pyoderma gangrenosum and acne 

PCD Plasma Cell Dyscrasia  

PCR Polymerase Chain Reaction  

PBS Phosphate-Buffered Saline  

PAN Polyarteritis nodosum 

PR Partial (light chain) response  

RA Rheumatoid Arthritis  

SAA Serum Amyloid A protein  
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SAIDs Systemic Autoinflammatory Diseases 

SAP Serum Amyloid P component  

SD Standard Deviation  

TNF Tumour Necrosis Factor  

TRAPS TNF Associated Periodic Syndrome  

TSH Thyroid Stimulating Hormone  

TTR Transthyretin  

TNF Tumour Necrosis Factor  

UCL University College London  
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Chapter One:  

Introduction  
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An introduction to amyloidosis  

Amyloidosis is a disorder of protein misfolding whereby insoluble amyloid fibrils 

are formed from precursor proteins and accumulate in the extracellular space 

leading to organ dysfunction[1].  Over 30 different proteins are now known to 

form amyloid fibrils in vivo[2].  Although these unrelated precursor proteins all 

share a pathognomonic structure as amyloid fibrils, they are associated with 

clinically distinct disease phenotypes requiring very different treatment 

modalities.   

The highly characteristic core amyloid fibril structure, the β-pleated sheet 

conformation, is composed of anti-parallel strands of polypeptide chains 

perpendicular to the fibrils in which the N- and C-terminals are oriented in 

opposite directions[3].  This structure is associated with a number of specific 

properties; (i) it consists of fibrils of ~7-10nm diameter, straight and unbranching 

seen under electron microscopy[4], (ii) they bind to Congo red in an organised 

manner that produces green birefringence when viewed under cross-polarised 

light[5] (Figure 1.1), (iii) the presence of serum amyloid P (SAP) protein bound 

in a reversible calcium-dependent manner to all amyloid fibrils[6], and (iv) the 

presence of other non-fibrillary constituents; glycosaminoglycans (GAGs), 

heparan sulphate, apolipoptein E, collagen (type IV), laminin and dermatan 

sulphate[7]. 

 

Amyloid precursor proteins and fibril formation 

The processes responsible for fibril formation are not yet fully understood and 

are clearly variable depending on amyloid type.  Amyloid is known to develop in 

several distinct circumstances; 

(i) The production of inherently amyloidogenic proteins by either 

mutation or malignant production, for example in the most commonly 

diagnosed form of systemic amyloidosis AL amyloidosis, amyloid 

fibrils are formed from the monoclonal production of inherently 

amyloidogenic immunoglobulin light chains[8]. Similarly, in hereditary 

amyloidosis, variant proteins are formed that are inherently 
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amyloidogenic and more readily form fibrils than the wild-type 

protein[9]. 

(ii) The production of amyloid by physiological proteins at physiological 

concentrations over time.  The prototypic amyloid which forms in this 

way is wild-type transthyretin amyloidosis (ATTR).  Formerly known 

as senile systemic amyloidosis, ATTRwt is an increasingly recognised 

form of amyloidosis that is now the second most diagnosed form in 

the U.K.[10]. TTR amyloid is formed from the wild-type transthyretin 

protein at physiological concentrations in the blood over time.   A 

novel mechano-enzymatic process has been identified and this may 

explain how a normal plasma protein, with no increase in 

concentration, can form amyloid over time [11]. This is explored in 

detail in Chapters 3 and 4.   

(iii) A sustained increased concentration of the precursor protein.  An 

important example of this is AA amyloidosis, the rare but serious 

complication of chronic inflammation of multiple aetiologies.  In AA 

amyloidosis raised levels of the acute phase reactant serum amyloid 

A protein (SAA) overtime leads to the formation of amyloid[12].  The 

pathogenesis of AA amyloidosis is discussed in detail in Chapter 

Five.  

 

There are some forms of amyloidosis, such as the recently described  ALect2, 

where the mechanism of amyloid formation remains entirely unclear although it 

is now the third most commonly diagnosed form of renal amyloidosis[13].  It 

also remains unknown why and how the different forms of amyloidosis display 

tropism for certain tissue types, for example cardiac or renal tissue, and why 

only small percentages of patients with plasma cell dyscrasia or chronic 

inflammation go on to develop amyloidosis.     

Table 1 shows the characteristics of the most common forms of amyloidosis, 

their precursor protein, tissue tropism, and treatment strategies.  
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Figure 1.1: Characteristic Congo red binding and green birefringence of 
amyloid when viewed under cross-polarised light microscopy  

 

Tissue biopsy demonstrating Congo red binding (A) and apple green 
birefringence under cross-polarised light (B), the gold standard for the diagnosis 
of amyloid.   
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Table 1.1: Common forms of systemic amyloidosis, their precursor proteins, clinical characteristics and treatment 

Amyloid Type Precursor Protein Clinical Characteristics Treatment  Treatment Target  

AA Serum amyloid A protein Proteinuric renal failure in those 
with chronic inflammation 

Suppression of 
inflammation 

SAA < 6.4 mg/L 

AApoAI Variant apolipoprotein AI Early: Proteinuric renal failure 
Late: Liver and cardiac 

dysfunction 

Liver and or renal 
transplantation 

Preservation of renal function 

A2M 2-microglobulin Musculoskeletal symptoms in 
those on long-term haemodialysis 

High-flux dialysis 
Ultrapure dialysate 

Renal transplantation 

Prevention 

AFib Variant fibrinogen A alpha 
chain 

Renal Failure Supportive Care 
Organ Transplantation 

Preservation of renal function 

AGel Variant gelsolin Corneal lattice dystrophy 
Cranial neuropathy 

Renal amyloid 

Supportive Care 
Facial surgery 

Cosmetic 
 

AL Monoclonal immunoglobulin 
light chain 

Peri-orbital purpura, macroglossia, 
renal Failure, cardiac failure, 

hypotension, autonomic 
dysfunction, 

ASCT 
Chemotherapy 

Supportive Care 

dFLC < 40mg/L 

ALect2 Lect2 Renal and hepatic dysfunction Supportive care Preservation of renal function 

ALys Variant lysozyme Sicca and Gastrointestinal 
symptoms 

Renal failure 

Supportive Care 
Orthotopic liver 

transplant 
Renal transplant 

Optimisation of renal function 

ATTRm Variant transthyretin Familial Amyloid 
Polyneuropathy 

Neurological and cardiac 
dysfunction 

Familial Amyloid 
Cardiomyopathy 

Primarily cardiac diastolic 
dysfunction 

Liver transplantation if 
young 

Newly licenced 
treatments: 

TTR stabilisers 
Small interfering RNA 

Antisense 
oligonucleotides 

Stabilisation of neurological 
and cardiac dysfunction 

ATTRwt Transthyretin Cardiac amyloidosis in the elderly  
History of carpal tunnel syndrome, 
spinal stenosis, tendon rupture  

Supportive care  
Newly licenced 
treatments: 

TTR stabilisers  
Small interfering RNA  

Stabilisation of cardiac 
dysfunction 

SAA= serum amyloid A proten. dFLC = difference between involved and uninvolved free light chains
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Pathogenesis 

Once formed in the cytoplasm amyloid fibrils aggregate in the extracellular space 

leading to organ dysfunction, probably due to mechanical disruption of normal 

tissue architecture[14].  In vivo amyloid fibrils are known to act as a nidus for 

further amyloid deposition, a phenomenon demonstrated elegantly in mice models 

of AA amyloidosis[15].   In this study, mice who typically developed AA amyloidosis 

after 25 days of persistent inflammatory challenge, rapidly accumulated amyloid 

through the administration of a small amount of pre-formed amyloid extract.  This 

nidus-like activity is referred to as amyloid enhancing factor and is also 

demonstrated in humans, where the rapid re-accumulation of amyloid is seen 

following inflammatory stimuli (such as a chest infection) in patients whom have 

previously regressed their amyloid deposits[16].  

 

The non-fibrillar amyloid components, such as SAP and glycosaminoglycans, act 

as a scaffold for polymerisation and confer a resistance to degradation[17]. 

However, if the production of the precursor protein is reduced or removed, 

regression of amyloid can be seen. This can be demonstrated clinically with the 

improvement of organ function following treatment of systemic amyloidosis; organ 

response. This process can also be visualised using amyloid-specific imaging 

techniques which will be described later in this chapter. The process of regression 

involves a complement-dependent, macrophage-derived giant cell reaction that 

remains to be fully elucidated[18]. 
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Epidemiology of amyloidosis  

Few epidemiological data have been published on amyloidosis and it is widely 

considered to be a rare but also an under diagnosed condition, so prevalence data 

are likely to be underestimates. The most commonly diagnosed form of systemic 

amyloidosis is light-chain (AL) amyloidosis.  A recent study from Olmstead County, 

USA, revealed an incidence rate for AL amyloidosis from 1990-1999, 2000-2009, 

and 2010-2015 of 1.1, 0.9, and 1.6 per 100,000 person-years, respectively[19]. A 

review of both referrals to the NAC and death certificates from across the UK 

suggests that amyloidosis in the UK has a similar incidence of one per 100,000 

population and is the cause of death in 0·58 per 1000 individuals [20].   Figure 1.2 

shows the cases of amyloidosis seen at the NAC from 1987 to 2012. In total 5,100 

new patients were seen over this time period and over time the patterns of referrals 

have changed[21].  This is explored in detail in Chapter Five. AL amyloidosis is the 

most commonly diagnosed form of amyloidosis at the NAC and has remained so 

over the past 27 years.  In contrast there has been a large increase cases of 

ATTRwt, almost certainly due to the increasing use of cardiac MRI imaging in 

those with heart failure symptoms as well as increasing awareness of the disease.  

This is further explored in Chapters 3 and 4. 

 

Data regarding the prevalence of the hereditary amyloidoses is also lacking but 

has been estimated in populations where clusters of variants are well described. 

The most common amyloid mutation worldwide is the V30M TTR variant which has 

a prevalence as high as 1 in 538 in northern Portugal[22].   In County Donegal, 

Ireland, the T60A TTR variant has a population prevalence of 1·1%[23].   These 

two mutations cause the disease familial amyloid polyneuroapthy (FAP) a form of 

ATTRm that appears to be rare in the UK.     A US study of 3856 African American 

participants enrolled on the Atherosclerosis Risk in Communities study found the 

familial amyloid cardiomyopathy (FAC) variant V122I TTR was present in as much 

as 3%, but only 7% of these individuals actually had evidence of cardiac 

amyloidosis[24].  In a review of 4459 referrals to the NAC TTR variants were found 

in 17%; the most prevalent were the V122I (42%), T60A (25%), and V30M (16%) 
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described above[9].  The incidence of AA amyloidosis is difficult to estimate as it is 

known to be highly variable between countries due to the underlying inflammatory 

conditions that cause it and the local availability of treatment for these 

conditions[25].  

 

 
Figure 1.2: Cases of amyloidosis referred to NAC over 25 years  
 
 
 
 

 
 

 
This diagram is derived from data published by the NAC[21].  Abbreviations of 
amyloid types have been defined earlier in this chapter. AL amyloidosis is the most 
commonly diagnosed form of amyloidosis, AA amyloidosis is the second most 
prevalent, and ATTR amyloidosis both wild type and variant forms are third.  
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Diagnosis and Assessment of Amyloidosis   

The clinical manifestations and natural history vary greatly between, and even 

within, amyloid fibril types and the treatment differs widely. This necessitates an 

applied protocolised approach to the assessment of any patient referred with tissue 

proven or suspected amyloidosis.   

The NAC has a standardised diagnostic approach to the patient with suspected 

amyloidosis which is outlined in figure 1.3. Patients are referred to the NAC 

typically on the basis of a tissue biopsy showing amyloid or cardiac imaging 

suggestive of a cardiac amyloidosis. Clinicians in any hospital suspecting systemic 

amyloidosis can follow a similar diagnostic approach, however, currently the NAC 

is the only centre in the UK to offer Serum Amyloid P scintigraphy and experience 

in its interpretation.  

 

Symptoms and clinical signs of amyloidosis  

Due to the multisystem nature of systemic amyloidosis presentation is highly 

variable and as such diagnostic delay is the norm, with patients presenting late 

with advanced disease[21].  It is widely acknowledged that available treatment is 

likely to be more efficacious if instigated earlier in the disease course.  As such, 

raising awareness of the amyloidoses and exploring new diagnostic modalities is of 

crucial importance and the focus of some of this thesis.  Some important clinical 

signs of systemic amyloidosis are also outlined in figure 1.3. 

Clinical history, symptoms and signs are dependent on the precursor fibril type and 

are described in detail below.   

 

Histology  

Histopathological diagnosis of amyloid is the gold standard for diagnosis.  

Identification of Congo red binding with characteristic birefringence under polarized 

light microscopy is diagnostic of extracellular amyloid fibrils [5]. Following this, the 

identification of the amyloid precursor protein is crucial as this determines 
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prognosis and treatment options.  Immunohistochemistry is used to type amyloid 

fibrils and can differentiate TTR amyloid from other precursor proteins such as 

immunoglobulin light chains (AL Amyloid) and serum amyloid A (SAA) protein with 

a high degree of accuracy [26, 27].   

Analysis for amyloid is standard for some histopathological specimens such as 

renal biopsy tissue and bone marrow trephine but it may not be considered in 

some tissue types unless specifically requested by the clinician, and this is likely to 

be a cause of diagnostic delay and uncertainty in non-specialist centres.  It is 

standard practice at the NAC to request the histological specimens in which 

amyloid has been identified from the referring centre and any other tissue 

specimens available from the referred patient.  There is a considerable false 

positive and false negative rate and availability of cross polarised light microscopy 

is not universal in UK histopathology laboratories.   The NAC runs an annual 

national course to develop local expertise in the tissue diagnosis of amyloidosis.   

 

If a biopsy has not been taken at the referring centre then, where possible, a 

biopsy is arranged of the affected organ at the NAC.  If this is not possible then 

biopsy of the abdominal fat pad is an established technique to identify systemic 

amyloid deposition. In analysis of 600 consecutive patients seen at the NAC with 

suspected cardiac amyloidosis, the diagnostic sensitivity of fat biopsy was 

assessed[28].  216 AL amyloidosis, 113 hereditary transthyretin (ATTRm), and 271 

wild-type transthyretin (ATTRwt) amyloidosis were identified.  Amyloid was 

detected by Congo red binding in 84% patients with cardiac AL amyloidosis, 45% 

of patients with ATTRm and 15% cases with ATTRwt.  The absence of amyloid on 

fat biopsy doesn’t exclude the diagnosis of amyloidosis. Bone marrow aspirate and 

trephine biopsy are recommended in all cases where there is suspect amyloidosis 

and a plasma cell dyscrasia has be identified[29].  
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Figure 1.3: Schedule of clinical assessment and investigations at the UK 
National Amyloidosis Centre  
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Proteomics 

In up to 25% cases where amyloid has been identified by Congo red binding, 

immunohistochemistry is unable to identify the amyloid type. This represents a 

significant diagnostic and therefore treatment challenge [30].   The technique of 

laser microdissection and mass spectrometry (LDMS) can identify proteins from 

formalin-fixed paraffin-embedded tissues. In 142 consecutive biopsy specimens 

from the NAC there was 100% concordance between immunohistochemistry and 

LDMS[30]. A further study from the NAC demonstrated that LDMS is superior to 

immunohistochemistry for confirming amyloid type[31].  

 

Gene Sequencing  

Genetic testing is often necessary to determine the final diagnosis.  If cardiac 

amyloid is identified, then TTR gene sequencing is invariably requested but often it 

is the amyloid tissue typing result which guides the genetic testing requests.  Given 

the variable penetrance of many of the amyloid genes, genetic counselling can be 

challenging.  Those with a family history of hereditary amyloidosis who are 

asymptomatic should be counselled before testing is considered[32].  

 

Amyloid Specific Imaging  

Whilst histology remains the gold standard technique for the diagnosis of 

amyloidosis, a number of amyloid-specific imaging techniques have been 

developed.  These techniques are used alongside tissue diagnosis to determine 

the extent of the disease and they can also be used reliably to make the diagnosis 

of amyloidosis when tissue is not readily available, or biopsy is contraindicated. 

They are also able to assess response to treatment and are used serially at the 

NAC to inform treatment decisions.  
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123Iodine Serum Amyloid P Scintigraphy 

SAP is a component of all amyloid deposits and when it is radiolabelled with 

123Iodine and imaging is performed with whole body scintigraphy it is a specific test 

for identifying amyloid deposits in the viscera [33].  This technique was invented 

and developed for clinical use at the NAC [34].  To date over 10,000 SAP scans 

have been performed there.  This safe and specific test is able to identify and 

quantify visceral amyloid non-invasively and can also clearly demonstrate 

regression.  

123Iodine SAP scintigraphy has revolutionised the understanding of the natural 

course of amyloidosis, identifying clinically silent amyloid deposits (for example 

heavy amyloid deposition in the spleen) and its response to treatment (Figure 1.4).  

SAP scintigraphy has a low radiation dose and is very safe, but its use is limited by 

the high cost and availability of purified human SAP and the technique also 

requires expertise in reporting, thus its use has remained largely confined to the 

NAC.   Importantly it is not able to identify amyloid deposition in the skin, nerves, 

hollow viscus and, importantly, the heart.  
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Figure 1.4: 123Iodine Serum Amyloid P Scintigraphy in a patient with AL 
amyloidosis 

 

 

123Iodine SAP scintigraphy demonstrating heavy amyloid load in the liver and 
spleen overlying and obscuring the kidneys and adrenals; anterior and 
posterior views.    

 

 

 

 

Anterior  Posterior  
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Cardiac Imaging 

 
99mTechnetium-DPD Scintigraphy  

Nuclear medicine physicians have long reported the incidental finding of cardiac 

uptake on whole body bone scintigraphy and postulated that it may be due to 

cardiac amyloidosis[35]. In the early 1980’s this phenomenon was formerly 

investigated with the bone tracer technetium Tc 99m 1,1-diphosphonopropane-2,3-

dicarboxylic acid (99mTechnetium-DPD Scintigraphy), but studies failed to support 

its routine use as a diagnostic test due to apparent low sensitivity[36]. However, its 

utility had mostly been assessed in cases of suspected cardiac AL amyloidosis.  In 

fact, when this imaging modality was revisited it was found that 99mTc-DPD 

Scintigraphy was highly sensitive and specific for cardiac TTR amyloidosis, in both 

wild-type and variant forms[37]. In this seminal paper by Perugini and colleagues 

the reported sensitivity and specificity was 100% respectively, but it is now known 

that low-grade tracer uptake can be seen in up to a third of cases of cardiac AL 

amyloidosis[38].  The exact mechanism of uptake remains elusive and even the 

analysis of post mortem specimens from patients with known cardiac uptake have 

not been revealing.  Whatever the mechanism, 99mTechnetium-DPD scintigraphy is 

a cheap, safe and highly effective tool for the diagnosis of cardiac amyloidosis and 

is even able to identify clinically silent ATTRwt in those with a normal 

echocardiogram[39].  This imaging tool is now being used routinely to diagnose 

ATTR amyloidosis, largely abrogating the need for endomyocardial biopsy[40]. The 

Perugini grading system for the diagnosis of ATTR cardiac amyloidosis is 

described in detail in Chapter 3.  
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Cardiac Magnetic Resonance Imaging 

Over the past 15 years cardiovascular magnetic resonance (CMR) has been 

established as an important tool in the diagnosis of cardiac amyloidosis[41].  Its 

use by general cardiologists in investigation of heart failure and valvular disease 

has undoubtedly led to the huge increase in cases of cardiac amyloidosis that has 

been seen in the developed world.   

 

After the administration of contrast, an amyloid characteristic pattern of global 

subendocardial late gadolinium enhancement (LGE) is seen, coupled with 

abnormal myocardial and blood-pool gadolinium kinetics. This approach is able to 

reliably delineate cardiac amyloid from hypertrophic cardiomyopathies[42] and 

transmural patterns of LGE are able to reliably and accurately distinguish ATTR 

from AL cardiac amyloidosis[43]. Additionally, the technique of T1 mapping can 

identify patients with histologically-proven cardiac amyloidosis and is a strong 

predictor of mortality in AL amyloidosis[44]. 

 

Repeated CMR can also track the continuum of amyloid accumulation using LGE 

patterns, demonstrating how amyloid infiltration leads to cardiac dysfunction[45]. 

However, concerns over repeat gadolinium administration may limit the use of LGE 

as a disease biomarker[46].  CMR has also demonstrated regression of amyloid 

within the heart, a phenomenon previously thought not to occur to any significant 

degree[47]. 

 

Echocardiography  

Echocardiography was classically the gold-standard technique to identify cardiac 

amyloidosis and remains an important tool in the diagnosis as it is the most widely 

used non-invasive test in patients with heart failure symptoms.   

In the advanced stages of cardiac amyloidosis, the characteristic features of 

cardiac amyloidosis are readily identified and pathognomonic; biatrial 
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enlargement, atrial septal thickening, interventricular septal thickening, severe 

impairment of diastolic function with preserved systolic function and severe 

impairment at the LV base with apical sparing and impaired global strain[48].  

However, in early disease, even in the face of cardiac symptoms, the 

echocardiographic appearances can be mistaken for those of classical heart 

failure and thus other imaging modalities including CMR and 99mTC-DPD are 

better in this context.  This poses a diagnostic challenge for echo-cardiologists 

and echo-technicians working in non-specialist centres who must retain clinical 

suspicion for cardiac amyloidosis[49].  
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Amyloid subtypes  
The clinical consequences of amyloid deposition are diverse, ranging from 

localised deposits with little clinical morbidity to rapidly progressive multisystem 

diseases with high mortality.  

 

Localised Amyloid  

Localised amyloid deposition is a consequence of production of precursor 

protein[50].  At the NAC, 98% of localised amyloid deposits are of the AL type, in 

keeping with the experience in other centres throughout the world[51].  The 

monoclonal immunoglobulin lights chains are produced by a discrete foci of clonal 

plasma cells and only rarely transform to systemic amyloidosis[51]. Whilst this 

condition is rare the common sites for deposition are the skin, trachea and 

respiratory tract, urogenital tract and the orbits.   Resection of the amyloid can be 

curative, but recurrence is common and these patients are typically followed-up 

lifelong to ensure no transformation to systemic disease[52].   

Insulin amyloid is a form of localised amyloid found at insulin injection sites.  

Biopsies of these areas show amyloid that stains with antibodies to insulin[53]. 

 

Systemic Amyloidosis  

The systemic amyloidoses are a heterogenous group with a wide range of mortality 

and morbidity.  They can be rapidly progressive and fatal or slowly progressive with 

near normal life expectancy.  As such it is crucial to identify the underlying amyloid 

precursor protein and to systematically assess for organ involvement, so that 

where treatment is available it can be instigated as early in the disease course as 

possible. Diagnostic delay is the norm and impacts on survival.     
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AL Amyloidosis  

Systemic AL amyloidosis is the most commonly diagnosed of the amyloidosis and 

all patients undergoing investigation for suspected amyloidosis should be 

investigated for an underlying clonal disorder[29]. AL amyloidosis occurs as a 

consequence of a plasma cell dyscrasia whereby the variable domains of 

inherently amyloidogenic monoclonal immunoglobulin light chains form amyloid 

deposits in a myriad of tissues.  Most commonly the amyloid is formed from λ light 

chains, and rarely heavy chains or a combination of heavy and light chains[54]. 

Myeloma is unusual, and the plasma cell fraction seen is usually similar to that 

commonly associated with MGUS[55].  The vast majority of patients have 

detectable clones identified by a combination of serum and urine electrophoresis 

and immunofixation and the serum free light chain (FLC) assay (see methods).  

The FLC assay is also used to assess treatment response and has revolutionised 

the assessment of AL amyloidosis.  Bone marrow examination and skeletal survey 

are performed to exclude multiple myeloma.   

Referral to the NAC is invariably via renal biopsy and over 60% of cases involve 

the kidneys presenting with proteinuria[56].  Clinical features of periorbital purpura 

and macroglossia are considered pathognomonic of AL amyloidosis, but the 

diagnosis of AL amyloidosis is often delayed due to the highly variable nature of its 

presentation [21]. The disease may involve all vital organs, except the brain: 

cardiac amyloidosis presenting with heart failure and preserved ejection fraction, 

renal amyloidosis with proteinuria, soft tissue amyloid infiltration (carpal tunnel 

syndrome, macroglossia), hepatic amyloidosis, peripheral or autonomic amyloid 

(which can cause debilitating postural hypotension and diarrhoea), and 

gastrointestinal amyloidosis[57]. 

The most feared complication is cardiac amyloidosis, which substantially alters 

prognosis and limits treatment options.  Cardiac troponin-T and NT-proBNP form 

the basis of the Mayo Clinic 2004 cardiac AL staging system with stage I (NT-

proBNP <332 ng/L and troponin-T <0.035 μg/L), stage II (NT-proBNP >332 ng/L or 

troponin-T >0.035 μg/L) and stage III (NT-proBNP >332 ng/L and troponin-T 

>0.035 μg/L [58].  



47 
 

Treatment is by chemotherapy or autologous stem cell transplant (ASCT) or a 

combination of both.  Suppressing the clonal B cells reduces the production of the 

amyloid fibril precursor protein (haematological response). This may facilitate 

gradual regression of amyloid deposits and preservation or improvement in organ 

function (organ response). The more complete the clonal response the longer the 

interval of treatment free survival[21].  This allows the greatest time for 

improvement in organ function and regression of amyloid. It is also apparent that 

pre-fibrillar light chain aggregates are directly toxic to tissues particularly in the 

heart, a phenomenon that can be seen following chemotherapy with improvement 

in cardiac function without evidence of amyloid regression[59].   

Chemotherapy regimens are based on those for multiple myeloma.  High-dose 

steroids with the alkylating agents cyclophosphamide or melphalan are still used, 

now in combination with immunomodulatory treatments such as thalidomide or the 

second line agent lenalidomide[59].  However, it is the proteasome inhibitors that 

have revolutionised treatment in AL amyloidosis with high response rates and good 

tolerance.  At the NAC bortezomib combinations (usually with dexamethasone and 

cyclophosphamide) are used front-line in AL amyloidosis. 

Previously those with advanced cardiac amyloidosis were not eligible for ASCT. 

However, the advances in chemotherapeutic regimens have led to haematological 

and organ responses, such that deferred ASCT has now been reported with 

favourable outcomes[60].  This is important as ASCT presents the best opportunity 

for durable haematological and organ response.  

Data from the NAC has recently shown that a rapid haematologic response within 

the first month of treatment in this group substantially improves survival to 38 

months for those with complete haematological response, 7 months for partial 

response and 2.6 months for non-responders[61].  We have now also 

demonstrated that a rapid haematological response is strongly linked to renal 

survival amongst those with end-stage renal disease[56]. 
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Transthyretin Amyloidosis  

Transthyretin amyloidosis (ATTR) is caused by a deposition of fibrils, derived from 

either wild‐type (ATTRwt) or variant transthyretin (ATTRm). Transthyretin (TTR) is 

a transporter protein for retinol and thyroid hormones, it is synthesized primarily in 

the liver. The TTR gene is located on chromosome 18 and is highly polymorphic 

with 130 amyloidogenic variants, most of which are nucleotide substitutions, 

already described[9].   

ATTRwt manifests itself primarily as diastolic heart failure and as discussed above, 

it is caused by a novel mechano-enzymatic process at physiological concentrations 

of TTR in the blood.  ATTRm has a more variable phenotype which broadly fits into 

two categories; FAP and FAC.   Familial amyloid polyneuropathy (FAP), in which 

amyloid deposits and disrupts peripheral nerves, the heart, the vitreous, the 

gastrointestinal tract and the lungs. In familial amyloid cardiomyopathy (FAC), 

amyloid accumulates predominantly in the heart causing diastolic heart failure very 

similar to ATTRwt[62].  

The repurposed bone scintographic tracer, technetium (99m) Tc-3,3-diphosphono-

1,2-propanodicarboxylic acid (99mTc-DPD), is highly sensitive and specific for even 

clinically silent ATTR amyloidosis within the heart, and is now being used routinely 

to diagnose ATTRwt amyloidosis [40].  The 99mTc-DPD scan largely abrogates the 

need for endomyocardial biopsy and allows for the detection of amyloid within the 

myocardium, even in those without symptoms or echocardiographic signs.  This 

presents an opportunity to diagnose this condition at a much earlier stage, which is 

of pressing importance given the recent licencing of several new agents for the 

treatment of both ATTRm and ATTRwt[63-65].  This is the focus of Chapters 3 and 

4.  
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β2-microglobulin Amyloidosis  

Dialysis-related amyloidosis is a serious complication of long-term dialysis therapy.  

In 1985 the precursor protein was identified as β2-microglobulin (β2M), an 11.8 

kDa polypeptide that forms the nonvariable chain of MHC class I present on the 

surface of all nucleated cells and exclusively renally cleared[66].  Thus, as the 

glomerular filtration rate declines, circulating levels of β2M rise.  The formation of 

amyloid requires persistently high plasma concentrations of β2M over time, similar 

to the mechanism of AA amyloidosis and presents further evidence that non-

truncated wild-type proteins can form amyloid.  

This form of amyloidosis typically arises after 5 years of dialysis and has a tropism 

for the musculoskeletal system, presenting with arthralgia which leads to significant 

morbidity due to pain and deformity, and visceral deposition may also occur[67]. 

Interestingly in 2012, a variant of β2M was discovered in a French family with multi-

visceral amyloid deposition without musculoskeletal symptoms[68]. The change to 

high-flux biocompatible dialysis membranes and ultrapure dialysate may reduce 

the incidence of this condition, as will the more widespread use of transplantation 

to avoid many years on dialysis.   

 

ApoAI Amyloidosis  

Apolipoprotein AI (ApoAI) amyloidosis is characterized by the deposition of ApoAI 

as amyloid.  ApoAI is the main protein component of high-density lipoproteins with 

a function in cholesterol transport and it is synthesised in the liver and small 

intestine [69].   

The ApoAI gene is encoded on chromosome 11q23-q24 and the protein is 

inherently amyloidogenic, forming amyloid in both the wild-type and variant forms 

which demonstrate autosomal dominant inheritance.  The wild-type form is found in 

the aortic intima of older patients[70] and in knee joint menisci[71]. It is not 

associated with significant visceral pathology.  In contrast renal involvement is 

common in hereditary ApoAI amyloidosis and to date 20 amyloidogenic mutations 

have been reported with a variable age of onset (second to sixth decade) and 
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highly variable penetrance [72].  Diagnosis is usually following renal biopsy for 

proteinuric renal failure, and hepatosplenomegaly and cardiomyopathy are late 

features. Progression of the disease is slow, and renal transplantation results in 

prolonged graft survival even if there is histological or SAP scintographic evidence 

of recurrent amyloid deposition[73].  However, liver transplantation to reduce the 

concentration of variant ApoA1 protein has been shown to result in regression of 

amyloid and is preferable to renal transplantion because it may also prevent 

cardiac amyloidosis[73].  It should be noted that mutations in the ApoAII gene are 

also associated with systemic amyloidosis, exhibiting with predominantly renal 

involvement and with a similar slow decline to end stage renal failure[74]. 

 

ALect 2 Amyloidosis  

Leucocyte chemotactic factor 2 (ALECT2) amyloidosis presents with low grade 

proteinuric renal impairment and is associated with a slow decline in renal 

function[75]. It was first described in 2008 in a 61-year-old woman with nephrotic 

syndrome[76].  Since then, a retrospective analysis of renal biopsies has shown 

that ALECT2 amyloid as the third most common type of renal amyloid in the 

USA[77].  Despite its prevalence, the mechanism by which this chemotactic and 

growth factor forms amyloid remains unknown.   No gene mutation has been 

identified but several studies including that from the NAC show that almost all 

affected individuals are homozygous for the G allele that results in a substitution of 

isoleucine with valine at position 40, a polymorphism found at a frequency range of 

0.6–0.7 in those of European ancestry[13]. Like SAA, LECT2 concentrations in the 

blood increase as part of the acute phase response and amyloid may result in 

those with the G/G genotype and chronic inflammation [78].    

24 patients with ALect2 on renal biopsy have been reviewed at the NAC[13].  SAP 

scintigraphy at diagnosis showed that in addition to renal amyloid, 88% had splenic 

and 46% had hepatic amyloid.  Serial SAP scans up to a decade apart, showed no 

progression of amyloidosis.  No patients developed cardiac amyloidosis.  Median 
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estimated patient survival from diagnosis was more than 15 years. Treatment is 

supportive.  

 

Hereditary Fibrinogen Amyloidosis 

Hereditary fibrinogen amyloidosis (AFib) is caused by a number of autosomal 

dominant mutations in the fibrinogen Aα-chain gene and is the most common 

cause of hereditary renal amyloidosis in the United Kingdom[79].  It was first 

described in a Peruvian kindred in 1993[80]. Patients present with proteinuric renal 

impairment and typically progress to end-stage renal failure. Characteristically the 

histological findings demonstrate massive glomerular amyloid infiltration and little 

or no vascular or interstitial deposits.  

In a series of 71 patients with AFib from the NAC, median age at presentation was 

58 yr (range 33 to 83 yr) and progression to end stage renal disease from 

diagnosis was within 5 years[79]. 63 of these individuals underwent SAP 

scintigraphy which showed renal involvement in all (except those who had already 

reached end-stage renal failure whereby the scan is not diagnostic), splenic 

amyloid in 89% and adrenal amyloid in 21%. No patient was considered to have 

cardiac involvement, although cardiac amyloidosis is described.  Renal 

transplantation is associated with a high recurrence rate in the graft and as such 

liver transplantation to prevent renal failure and cardiac amyloidosis is often 

considered, particularly if the patient is young with no co-morbidities at 

diagnosis[81].   

 

Gelsolin Amyloidosis  

Gelsolin amyloidosis (AGel) is an autosomal dominant hereditary form of 

amyloidosis whereby amyloid is formed from cleavage fragments of variant 

gelsolin, an actin modulating protein encoded by the GSN gene on 9q33.2[82].  

The condition presents in the third decade of life with corneal lattice dystrophy and 

as such was first described in 1969 by a an ophthalmologist from Finland where is 

remains most prevalent and is often referred to as Finnish-type amyloidosis[83]. 
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AGel is also associated with cutis laxa and slowly progressive bilateral cranial 

neuropathy[84].  SAP scintigraphy can identify renal amyloid when clinically silent 

at onset.  Due to its rarity and likely under diagnosis, it is difficult to estimate 

mortality but most series suggest life expectancy is normal, although proteinuric 

renal failure can develop very slowly over time[85].   

There is currently no specific treatment available but surgical lifting of the face can 

prevent the formation of the characteristic dropping appearance caused by bilateral 

facial nerve palsy.  

 

Lysozyme Amyloidosis  

Lysozyme (ALys) amyloidosis is a rare hereditary autosomal dominant amyloidosis 

caused by mutations in the gene for lLysozyme, a bacteriolytic enzyme present in 

mucous membrane secretions, polymorphs and macrophages.  It was first 

described in 1993 at the NAC[86].  At presentation sicca symptoms are common 

due to amyloid deposition in the salivary glands, along with gastrointestinal 

symptoms and renal failure[87]. A family history is invariably present and hepatic 

amyloid with spontaneous liver rupture has been frequently reported[88]. In cases 

with hepatic rupture, or those with a heavy amyloid load by SAP scintigraphy and a 

family history of rupture, orthotopic liver transplantation has been successfully 

undertaken, with functioning grafts at up to 11 years post transplantation reported 

[88].  There is no amyloid specific treatment for this condition and renal transplant 

also has favourable long-term graft survival outcomes.  

 

AA Amyloidosis  

Systemic AA amyloidosis is a serious complication of chronic inflammation caused 

by accumulation of the acute phase pentraxin protein serum amyloid A (SAA)[89]. 

SAA is encoded largely by the SAA1 gene and has a number of 

polymorphisms[90].  SAA forms amyloid when present in the circulation at 

supraphysiological levels over time.  The UK NAC has the largest known cohort of 
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individuals with AA amyloidosis [25, 91].  The pathophysiology of AA amyloidosis 

and the underlying aetiology of the NAC cohort is explored in detail in Chapter 5, 

Figure 1.5 is a summary of the underlying causes of inflammation in the cohort.  

The most common method of presentation is proteinuric renal impairment 

triggering renal biopsy.  Treatment is targeted at the underlying cause of the 

inflammation, not just for symptomatic relief but also because suppression of SAA 

levels is associated with stablisation and even improvement in renal function[25].  

An emerging problem is the growing cohort of AA amyloidosis of uncertain 

aetiology (Idopathic AA amyloidosis)[91] and this is the focus of Chapter 5 of this 

thesis.  Targeted cytokine inhibition is attractive in this group to suppress the 

amyloidogenic acute phase response using either interleukin-1[92] or interleukin-

6[93] inhibitors to prevent progression to end-stage renal failure.  

Figure 1.5: Cause of underlying inflammation in 659 cases of systemic AA 
amyloidosis in the NAC cohort  

 

Rheumatic disease predominates with the most common diagnosis rheumatoid 
arthritis. SAIDS; Systemic autoinflammatory diseases. Other = carcinoma, cyclic 
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neutropenia, sickle cell anaemia, Castleman’s disease, interstitial lung disease, 
lymphoma.  
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Novel Treatment for Amyloidosis  

This introduction has highlighted the fact that although the systemic amyloidoses 

are clinically distinct diseases, all amyloid has the same configuration and 

associated proteins.  The association of SAP with amyloid fibrils led to the 

development of the unique imaging modality of SAP scintigraphy, and SAP has 

also recently been demonstrated to be a therapeutic target.  In a mouse model with 

large visceral amyloid deposits containing human SAP, the administration of anti-

human-SAP antibodies was shown to trigger a rapid clearance of the amyloid from 

the murine organs with no adverse effects[18].  During the period of study for this 

thesis a phase I study was conducted on 15 patients with systemic amyloidosis at 

the NAC. The drug (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-

hexanoyl]pyrrolidine-2-carboxylic acid (CPHPC) had been identified at the NAC 

many years earlier and is known to efficiently deplete SAP from the plasma, 

leaving only SAP in the amyloid deposits[94].  The 15 patients were given CPHPC 

and then the anti-SAP antibodies.  This safely triggered a presumed macrophage 

and complement reaction leading to the clearance of amyloid deposits mainly from 

the liver as visualised using SAP scintigraphy[95].  Currently development of this 

novel treatment approach is on hold.  
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Monogenic Systemic Autoinflammatory diseases 

Systemic autoinflammatory diseases (SAIDs) are disorders of innate immunity 

classically presenting with a raised acute phase response.  Many of these 

conditions are monogenic and result in lifelong inflammation.  As a consequence, 

there is a high prevalence of AA amyloidosis in those with these rare diseases, and 

the hereditary periodic fever service grew alongside the amyloidosis service at the 

NAC over the past 27 years[96].   

The autoinflammatory diseases may be rare, but those with monogenic pathology 

have provided an accelerated insight into the function of the innate immune system 

and most recently have begun to blur the distinctions between autoimmune, 

autoinflammatory, and immunodeficiency diseases.  Autoimmune diseases have 

been classically described as disorders of adaptive immune system dysregulation 

and the autoinflammatory diseases as disorders of  innate immunity defined by the 

absence of pathogenic autoantibodies and autoreactive T cells[97].  However, the 

ongoing discovery of monogenic defects in innate immune pathways, particularly 

the monogenic interferonopathies, has led to an evolution of the concept of 

autoinflammation, suggesting integration between innate and adaptive immunity 

with mutations in one pathway leading to dysregulation of both systems. Thus, 

McGonagle and colleagues suggest that inflammatory disorders are viewed as a 

spectrum, an immunologic disease continuum, with genetic disorders of adaptive 

and innate immunity at either end[98]. Further, there is increasing 

acknowledgement that newly described autoinflammatory diseases, such as 

Deficiency of Adenosine Deaminase 2 (DADA2), are associated with significant 

immunodeficiency, presenting the opportunity to gain understanding of the 

mechanisms of not only inflammation, but also of conditions such as pure red cell 

aplasia and bone marrow failure[99].    

 

Nevertheless, the clinical manifestations of SAIDs are driven by genetically-

determined dysregulation of innate immunity, resulting in overproduction of 

inflammatory cytokines; IL-1β, IL-6, IL-18, TNF, and type I interferon (IFN).  As 
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such, fever is a common presenting symptom and the most frequently diagnosed 

SAIDs are those associated with periodic fever: Familial Mediterranean fever 

(FMF); Cryopyrin-associated Autoinflammatory Syndrome (CAPS); Tumour 

Necrosis Factor Receptor-Associated Periodic Syndrome (TRAPS) and 

Mevalonate Kinase Deficiency (MKD), which is also known as 

Hyperimmunoglobulin D Syndrome (HIDS).  

Previously thought of as primarily paediatric in presentation, the recognition of 

adult-onset monogenic autoinflammatory diseases is growing.  We conducted a 

retrospective analysis of adult referrals to the fever service between 2014-

2016[100].  141 new adult patients were seen, 35% had a monogenic disorder: 

FMF n = 21 [mean age 42 years (range 19–78)]; CAPS n = 14 [mean age 42 years 

(range 16–79); TRAPS n = 13 [mean age 42 years (range 27–76); MKD n = 1 (age 

36 years); deficiency of the IL-36 receptor antagonist (DITRA), n = 1 (age 59 

years).   

Over the 20 years since their first description, the monogenic periodic fever 

syndromes have served to elucidate many mechanisms of inflammation, 

particularly by their characteristic and profound response to drugs that inhibit 

interleukin 1 (IL-1), particularly interleukin-1β (IL-1β) [101, 102].  IL-1β is an 

important mediator of fever and inflammation and acts through the IL-1 receptor.  

There is also an endogenous IL-1 receptor antagonist (IL-1Ra) which prevents the 

binding of IL-1β to its receptor.    

The huge advances in genomic techniques have led to the rapid identification of 

new monogenic inflammatory disorders with at least 30 separate genes now 

implicated in the autoinflammatory pathways[103]. Additionally, an increasing 

number of polygenic and/or acquired syndromes are recognised, such as Behçet’s 

and Schnitzler’s syndromes, which are unfortunately beyond the scope of this 

thesis [104].   
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The Pathogenesis of Autoinflammatory Diseases 

The innate immune system is genetically determined to recognise endogenous 

danger signals through the recognition of damage-associated molecular patterns 

(DAMPs) and exogenous or pathogen-associated molecular patterns 

(PAMPs)[105, 106].  The nucleotide binding domain leucine rich repeat pyrin 

containing 3 protein (NLRP3), also known as cryopyrin, is the most well understood 

member of the family of nucleotide-binding oligomerisation domain (NOD)-like 

receptors (NLRs) which, along with Toll-like receptors (TLRs), are the major 

receptor classes involved in innate immunity.   NLRP3 is the major component of 

the NLRP3 inflammasome, a cytosolic complex comprising NLRP3, the apoptosis-

associated speck-like protein (ASC) and caspase 1.  The oligomerisation of NLRP3 

and ASC results in the cleavage of procaspase-1 to caspase-1[107].  This serves 

to then cleave inactive pro-IL-1β to form the proinflammatory pleotropic IL-1β.  IL-

18 release is also stimulated by inflammasome-activated caspase-1 and is an 

important regulator of immunity.  

The binding of IL-1β to the IL-1 receptor induces intracellular signalling and the 

production of other proinflammatory proteins.  An extracellular protein, IL-1 

receptor antagonist (IL-1Ra) is an endogenous antagonist of both IL-1α and IL-1β 

at the IL-1 receptor[108].   Blockade of the IL-1 receptor or delivery of exogenous 

IL-1Ra are the therapeutic strategies that have transformed the treatment of those 

with autoinflammatory diseases[109].  These agents are investigated in detail in 

this thesis (Chapter 6). The NLRP3 inflammasome is summarised in Figure 1.7.  
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Figure 1.6: Actions of interleukin 1β 

 

 

Interleukin-1β acts on the hypothalamus to induce fever, on the blood vessels to 
induce chemokines release and adhesion molecule expression, resulting in 
leukocyte recruitment. IL-1 β also stimulates interleukin-6 (IL-6) production in the 
endothelium.  IL-1β stimulates bone to induce bone resorption and the breakdown 
of cartilage. It is directly proinflammatory to hepatocytes and also indirectly via 
induction of IL-6.  
  

 

It has been shown that the recruitment of ASC by NLRP3 is a fundamental step in 

inflammasome activation, and that if ASC recruitment fails the NLRP3 

inflammasome complex does not assemble.  The formation of the NLRP3-ASC 

association is a crucial step in the activation of the inflammasome and occurs via 

the pyrin domains of each molecule.  Additionally, the ASC has a caspase 

activation and recruitment domain (CARD) which recruits other caspases and 

forms a distinct entity, the pyroptosome, which rapidly recruits and activates 

caspase-1 resulting in pyroptosis, a form of necrotic cell death, and the release of 

the intracellular proinflammatory cytokines [110].  This process is tightly regulated 

at each stage and gain of function mutations in the NLRP3 gene cause the 

autoinflammatory disease Cryopyrin-Associated Periodic Syndrome (CAPS) a 
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spectrum of clinical manifestations that result from chronic life-long 

inflammation[111].  

Figure 1.7: The NLRP3 inflammasome  

 

 

 

The NLRP3 inflammasome tightly regulates activation of IL-1β. It is comprised of 
NLRP3, ASC and caspase-1.  It is activated by endogenous compounds such as 
uric acid and pyrophosphate crystals, asbestos, silica and amyloid β.  It is also 
activated by exogenous bacteria toxins.  Both pathways involve reactive oxygen 
species (ROS) and cathepsin B. Activation of the inflammasome leads to cleavage 
of Pro-IL-1β to form IL-1 β. There is a naturally occurring IL-1 receptor antagonist, 
IL-1Ra and deficiency of this causes the disease phenotype DIRA. PSTPIP1 and 
pyrin may also influence the inflammasome as may mevalonate kinase through a 
Rac1/P13K/PKB pathway[112, 113]. PAPA is caused by mutations in PSTPIP1 
and mutations in pyrin cause FMF and PAAND. Mutations in NLRP3 cause CAPS 
and mutations in MK cause MKD.  
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Pyrin, a 781 amino acid protein, interacts with the ASC via their respective pyrin 

domains [114]. It is expressed by mature neutrophils, dendritic cells and 

macrophages in response to pro-inflammatory cytokines and co-localises with 

microtubules via its N-terminal domain and forms a pyrin inflammasome complex 

for caspase-1 activation.  By detecting inactivating modifications of host RhoA 

GTPases, pyrin senses pathogen toxin activity rather than directly recognizing the 

molecule[115].   Thus, RhoA-modifying toxins from bacteria such as Clostridium 

difficile, Vibrio parahaemolyticus, Histophilus somni, Clostridium botulinum, 

Burkholderia cenocepacia and Yersinia pseudotuberculosis trigger activation 

of pyrin via a conserved dephosphorylation mechanism[116].  Thus, pyrin is an 

intracellular pattern recognition receptor that assembles inflammasomes in 

response to detecting homeostasis-altering molecular processes (HAMPs) from 

pathogens. However, it must have both pro- and anti-inflammatory actions.  Loss 

of function mutations in the B30.2/SPRY domain of pyrin cause pathogen-

independent activation of pyrin resulting in the periodic fever syndrome; Familial 

Mediterranean Fever (FMF)[117, 118].   

Interestingly, in its inactive state, pyrin is phosphorylated by serine-threonine 

kinases and is bound to regulatory proteins with the 14-3-3 motif that block the 

pyrin inflammasome [119]. When triggered in response to RhoGTPase 

modifications, there is dephosphorylation and loss of 14-3-3 binding resulting in 

increased pyrin inflammasome activation and enhanced IL-1β production.  A 

heterozygous mutation, p.Ser242Arg leads to the loss of the crucial 14-3-3 binding 

and is now known to be the causative mutation in the syndrome pyrin-associated 

autoinflammation with neutrophilic dermatosis (PAAND)[120]. Those with PAAND 

have recurrent fever, severe acne with skin abscesses, pyoderma gangrenosum, 

and musculoskeletal symptoms.  Similarly, PAPA syndrome, pyogenic arthritis with 

pyoderma gangrenosum and acne, is caused by mutations in PSTPIP1, an 

interactor of pyrin[121]. It has recently been shown that RhoA inactivation and 

consequent pyrin inflammasome activation occurs in another periodic fever, 

mevalonate kinase deficiency (also known as hyper-IgD syndrome, or HIDS) 

connecting previously seemingly unconnected autoinflammatory diseases[122].  
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The Periodic Fever Syndromes 

Familial Mediterranean fever (FMF) 

Familial Mediterranean fever (FMF) is the most commonly diagnosed inherited 

autoinflammatory disease and is most prevalent among populations originating 

from the eastern Mediterranean[104].  FMF was the first autoinflammatory disease 

associated with a single gene.  In 1992 as part of a systematic genome-wide 

search, the gene was mapped to  the short arm of chromosome 16[117].  By 1997 

the gene was identified as the MEFV gene at 16p13.3 and was found to encode 

the protein marenostrin, now referred to as pyrin[123].   

FMF is typically described as an autosomal-recessive disease characterized by 

acute discrete attacks of fever with serositis so severe it can mimic appendicitis.  

341 sequence variants have been identified in the MEFV gene, however only 

approximately 60 of these are considered pathogenic[103]. Most common 

pathogenic variants are located in exon 10 and  M694V is the pathogenic variant 

with the most severe phenotype[124].  It is also the variant associated with the 

autosomal dominantly inherited FMF seen in Northern European Caucasians, with 

a common haplotype suggesting a single founder living in the UK during the Wars 

of the Roses in around 1460[125].   

In addition to fever and serositis, patients also describe arthralgia and can have 

overt synovitis.  A characteristic erysipelas-like rash is well-recognised, especially 

in paediatric cases.  The Tel Hashomer criteria are the most commonly used for 

the diagnosis of FMF in children and there are a number of other diagnostic criteria 

with varying degrees of validity in different populations[126].  

Discrete attacks are associated with a marked acute phase response which 

spontaneously resolves in the majority of cases. However, even when well, up to 

30% of patients can have clinically silent inflammation and this confers a high 

lifetime risk of developing AA amyloidosis[127].   
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In 1972 the first report that colchicine could prevent attacks of FMF was 

published[128].  The efficacy of colchicine was subsequently established in clinical 

trials [129].  This is reflected in current  guidelines[130]. The mechanism of action 

of colchicine in FMF remains elusive but all science students are aware of its 

action on the spindle fibres of dividing cells[131]. It is known that the cytoskeleton 

is involved in the activation of inflammasomes and it is possible that colchicine-

induced disruption of microtubules may reduce inflammasome activation[118]. 

Those who don’t respond to colchicine may not be compliant, but in those with true 

colchicine refractory FMF the IL-1 inhibitors are highly effective and canakinumab 

has been recently licenced for this indication[102].  

 

Cryopyrin-associated periodic syndrome (CAPS)  

Cryopyrin-associated periodic syndrome (CAPS) encompasses a spectrum of 

clinical presentation previously thought to be three separate diseases it was 

brought together by the finding of a common gene mutation; (i) Familial cold 

autoinflammatory syndrome (FCAS), (ii) Muckle-Wells syndrome (MWS) and the 

more severe (iii) Chronic Infantile Neurological Cutaneous Articular (CINCA), also 

known as neonatal onset multisystem inflammatory disease (NOMID) (Table 2).   

CAPS is a rare disease, affecting one to three per million children and adults 

worldwide[111].  There is no gender or ethnic predilection.  CAPS is caused by 

gain of function mutations in the NLRP3 gene, located at chromosome 1q44[132].  

The NLRP3 gene codes for the NALP3 protein predominantly expressed by 

macrophages and an important constituent of the IL-1 inflammasome.  There are 

currently 210 known mutations in the NALP3 protein, 96 of which are considered 

pathogenic[103].  Most of these variants are single nucleotide substitutions which 

result in the over-activation of the inflammasome[133].  Most commonly 

inheritance is autosomal dominant, but de novo mutations and somatic mosaicism 

is increasingly recognised[134].  

Recently validated diagnostic criteria have been established for this condition[111].  

This international expert consensus study identified variables significantly 
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associated with CAPS (p<0.001); raised inflammatory markers (C-reactive 

protein/serum amyloid A), plus ≥two of six CAPS-typical symptoms: urticaria-like 

rash, cold-triggered episodes, sensorineural hearing loss, musculoskeletal 

symptoms, chronic aseptic meningitis and skeletal abnormalities. Attacks may last 

up to 12 hours and some patients have constitutively active inflammation from 

birth.  Severely affected individuals may experience conjunctivitis, sensorineural 

deafness, arthritis, significant fatigue and headaches secondary to raised 

intracranial pressure. Those with CINCA/NOMID can experience severe deforming 

arthritis, chronic aseptic meningitis, optic nerve atrophy and mental retardation.  

Systemic AA amyloidosis is common and seen in approximately 25% of patients 

with considerable morbidity and mortality as already discussed in this chapter.  

In 2003, two patients with CAPS and AA amyloidosis were treated with the 

interleukin-1 receptor antagonist anakinra[101].  These two cases demonstrated a 

rapid, sustained clinical, biochemical and organ response with no symptoms, 

suppressed SAA and reduction in proteinuria.  

This dramatic response and the further study of those with CAPS dramatically 

improved the understanding of the role of IL‐1β in inflammation[135].  Later a fully 

human monoclonal antibody that neutralizes the bioactivity of human IL-1β was 

generated to study the potent and long-lasting neutralization of IL-1β in 

mechanistic animal models [136].  This demonstrated complete suppression of IL-

1β-mediated joint inflammation and cartilage destruction in mice and led to the 

investigation of this monoclonal antibody in those with CAPS.  Canakinumab is an 

anti–interleukin-1β monoclonal antibody that selectively blocks interleukin-1β.  It 

has no cross-reactivity with other IL-1 family members, including IL-1Ra.  A 

multicentre, randomized, double-blind, placebo-controlled clinical trial of 

canakinumab in CAPS demonstrated rapid and sustained efficacy, with the 

advantage that it is given only every eight weeks compared to daily anakinra 

injections [137].  The use of canakinumab in CAPS is now well established and the 

National CAPS treatment service is run by and from the NAC.  Canakinumab has 

now shown proven efficacy in colchicine resistant FMF, MVKD and TRAPS[102].  
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Tumour necrosis factor receptor associated periodic fever syndrome 

(TRAPS) 

TRAPS was initially known as familial Hibernian fever after its first description in an 

Irish family with a steroid-responsive periodic fever with localized myalgia, painful 

erythema, abdominal pain and pleurisy, inherited in an autosomal dominant 

fashion[138].  Subsequently an analysis of seven affected families found missense 

mutations in the gene tumour necrosis factor receptor superfamily member 1A 

(TNFRSF1A), on chromosome 12[139].  There have now been 158 reported 

sequence variants, most within exons 2 or 4, 98 of which are considered 

pathogenic[103].  

TRAPS is a rare disease and the phenotype is characteristically broad.  Its 

diagnosis relies on clinical suspicion supported by evidence of biochemical 

inflammation and genetic testing[140]. Thirty-three per cent are diagnosed in 

adulthood and 9.1% reported their first symptoms after the age of 30[141]. 

Although recurrent discrete inflammatory episodes are commonest, 5% of patients 

experienced continuous symptoms with exacerbations. The most common 

presenting symptom is fever with rigors at onset, with abdominal pain, myalgia, 

arthralgia, cervical lymphadenopathy, maculopapular rash and periorbital oedema 

in decreasing order. In the EUROTRAPS registry AA amyloidosis developed in 

10% of 158 patients with a median age of 43 years[141]. 

The mechanisms by which mutations in the TNFRSF1A gene result in inflammation 

remain poorly understood. Pathogenic mutations appear to lead to misfolding of 

the TNFR1 protein, which accumulates in the endoplasmic reticulum, leading to 

defective autophagy, which in turn induces excessive IL-1β secretion via activation 

of the NLRP3 inflammasome[142]. 

Episodes are responsive to high-dose corticosteroids but conventional steroid-

sparing immunosuppressive drugs are not effective[143]. Anti‐TNF treatment was 

trialled due to the underlying aetiology of the diseases and initially results with 

etanercept were positive[143].  However, it is now recognised that IL-1 inhibitors 
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not only treat the disease but also significantly reduce the risk of AA 

amyloidosis[144] 

Mevalonate kinase deficiency (MKD) 

MKD is a rare autosomal recessive disease that has two distinct phenotypes; (i) 

absent enzyme activity causing the metabolic disorder mevalonic aciduria, (ii) the 

autoinflammatory disease whereby 10% residual enzyme activity remains, and a 

periodic fever syndrome begins within the first 6 months of life. These two 

phenotypes were initially thought to be separate conditions but were subsequently 

linked with the discovery of shared variants in the MVK gene on chromosome 

12q24[145]. To date, there are 217 reported variants in the MVK gene, 131 of 

which are considered to be pathogenic[103]. 

The pathologic mechanisms of the autoinflammatory phenotype of MKD are poorly 

understood.  MVK has a physiological role in cholesterol biosynthesis and in the 

synthesis of non-sterol isoprenes, such as geranylgeranyl pyrophosphate and in 

the conversion of mevalonic acid to mevalonate-5-phosphate[146]. It is thought 

that the reduced synthesis of geranylgeranyl pyrophosphate plays an important 

role in pathogenesis as it is necessary for the prenylation of small GTPases 

including RhoA and Rac1.  As previously discussed, this may lead to over 

activation of the pyrin inflammasome with abundant production of IL-1 β[147].   

Initially known as hyperimmunoglobulin D and periodic fever syndrome (HIDS), the 

diagnosis requires either two mutations in the MVK gene or one mutation with 

evidence of abnormal metabolism; raised urinary mevalonic acid during attacks or 

reduced MVK enzyme activity in leucocytes or fibroblasts[148].   

In the EUROFEVERs registry of 114 MKD patients; the median age at onset was 

0.5 years[149]. Patients had on average 12 episodes per year consisting of; 

gastrointestinal symptoms (98%), mucocutaneous involvement (86%), 

lymphadenopathy (89%), musculoskeletal symptoms (78%), headache (38%), 

cerebellar syndrome (1.75%), and mental retardation (3.5%). AA amyloidosis was 

noted in 4% of patients. 
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Treatment of MKD is not as established as the other main hereditary periodic 

fevers. As mevalonate kinase, follows 3′‐hydroxy‐3′‐methylglutaryl–coenzyme A 

(HMG‐CoA) reductase in the isoprenoid pathway, statins have been used in this 

condition[150]. Small studies have shown benefit of statins but a clinical trial shows 

only a partial response in 27% and complete response in none[151].  Similarly, 

corticosteroids, NSAIDS and colchicine have shown mixed responses.  IL-1 

inhibition is now recommended but again the response is not as profound as in the 

other periodic fevers[152]. Canakinumab has demonstrated most efficacy and is 

now licenced for the treatment of MKD[102].  The humanised monoclonal antibody 

targeting the IL-6 receptor, tocilizumab, has been used in a few cases of refractory 

MKD with success[153]. There have been reports of mevalonic aciduria cured by 

bone marrow transplantation[154].  

The features and inheritance of the main monogenic autoinflammatory diseases 

and those that are more recently described but pertinent to this thesis, are outlined 

in Table 2.  This figure includes the disease deficiency of ADA2 (DADA2) which 

was first described the year before work on this thesis began.  
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Deficiency of ADA2 (DADA2) 

In March 2014 two separate groups published a syndrome of early-onset 

vasculopathy, haemorrhagic and ischaemic stroke and both clinical and 

histopathological evidence of polyarteritis nodosa (PAN) vasculitis [155, 156]. The 

gene, now known as ADA2 encodes the enzyme adenosine deaminase 2, a 

dimeric extracellular enzyme, that is involved in the purinergic signalling pathway 

by irreversibly converting 2′-deoxyadenosine to 2′-deoxyinosine[157].  Patients with 

a variety of mutations in this gene have been shown to have very low or absent 

ADA2 activity in the blood[158].  The syndrome was termed Deficiency of ADA2 

(DADA2), the CECR1 gene renamed as ADA2, and since 2014 over 200 cases 

have been published in the literature.  These cases describe a highly variable 

phenotype of vasculopathy, vasculitis and immunodeficiency, the latter clinical 

manifestation is of importance given that ADA1 deficiency is the cause of severe 

combined immunodeficiency and is fatal if not treated with enzyme replacement, 

gene therapy or stem cell transplantation[159]. 

The pathogenesis of DADA2 and the disease phenotype and its management are 

explored in detail in chapter 7. 
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Table 1.2: Genetic and clinical characteristics of monogenic 
autoinflammatory diseases  

Syndrome 
 
 

Protein Gene 
 

Clinical Features Treatment 

FMF 

Familial 
Mediterranean 
Fever 

Pyrin MEFV 

Chromosome 16 
Autosomal Recessive  
A few dominant 
variants described 

Fever  
Serositis 
Arthralgia  
Arthritis 
Erysipelas-like rash 

Colchicine 
IL-1 inhibition 

PAAND 

Pyrin associated 
autoinflammation 
with neutrophilic 
dermatosis 

Pyrin MEFV 
Chromosome 16  
Autosomal recessive 

Fever 
Severe acne  
Skin abscesses, Pyoderma 
gangrenosum, 
Musculoskeletal symptoms 

Colchicine 
IL-1 inhibition 

PAPA 

Pyogenic 
arthritis, 
pyoderma 
gangrenosum 
and acne 

Proline-serine-
threonine 

phosphatase-
interacting 
protein 1 

PSTPIP1 
Chromosome 15  
autosomal dominant 

Deforming arthritis and skin 
lesions due to sterile, 
pyogenic, neutrophil-rich 
inflammatory infiltrate  

Treatment of 
acne 
Anti-TNF 
IL-1 inhibition 

CAPS 

Cryopyrin 
associated 
periodic 
syndrome 

Cryopyrin 
(NALP3) 

NLRP3 
Chromosome 1 
Autosomal dominant  

FCAS: 

Cold induced urticaria, 
Fever, arthralgia, 
conjunctivitis, and headache 
MWS: 

Similar to FCAS but 
symptoms less temperature 
dependant and can occur 
daily. Progressive 
sensorineural hearing loss 
CINCA/NOMID:  

Progressive aseptic 
meningitis, visual and 
hearing loss, mental 
retardation, severe 
deforming arthritis 

IL-1 inhibition 

TRAPS 

TNF Receptor 
Associated 
Periodic 
Syndrome 

TNF receptor TRNRSF1A 
Chromosome 12 
Autosomal dominant  

Fever 
Abdominal pain 
Myalgia 
Arthralgia 
Cervical lymphadenopathy 
Maculopapular rash 
Periorbital oedema  

Steroids 
IL-1 inhibition 

MKD (HIDS) 

Mevalonate 
kinase deficiency 
(hyper IgD 
syndrome) 

Mevalonate 
kinase 

MVK 

Chromosome 12 
Autosomal recessive  

Onset within 6 months of 
birth: 
Fever 
Gastrointestinal symptoms 
Maculopapular rash 
Lymphadenopathy, 
Arthralgia 
Oral aphthae 
Headache  
Ocular inflammation.    
Episodes triggered by; 
vaccination, infection or 
stress 

Statins 
Steroids 
NSAIDS 
IL-1 inhibition 
IL-6 inhibition  

FCAS2 

Familial Cold 
Monarch-1 NLRP12 

Chromosome 19 
Rash 
Urticaria 

Cold 
avoidance 
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Autoinflammatory 
Syndrome-2  
 
 

autosomal dominant Arthralgia 
Myalgia 
Headache 
Fever 
Episodes cold induced in 
most cases 
 

Steroids 
IL-1 inhibition  

DIRA 

Deficiency of the 
IL-1 receptor 
antagonist 

Interleukin-1 
receptor 

Antagonist (IL-
1RA) 

IL1RN  
Chromosome 2 
Autosomal recessive  

Arthritis 
Skin pustulosis  
Respiratory involvement 
Osteomyelitis 
Fused cervical vertebrae 
Oral ulceration 
Hepatomegaly  

IL-1 inhibition 

DITRA 

Deficiency of the 
IL-36 receptor 
antagonist 

Interleukin-36 
receptor 

antagonist 

IL36RN 
Chromosome 2 
Autosomal recessive 
 

Generalised pustular 
psoriasis  
Fever 

IL-1 inhibition 

Majeed 
Syndrome 

Lipin-2  
 
 

LPIN2 

Chromosome 18 
Autosomal recessive  
 

Fever 
Chronic recurrent multifocal 
osteomyelitis 
Dyserythropoitic anaemia: 
Fatigue, pallor, weakness, 
shortness of breath 
Neutrophilic dermatoses 

NSAIDS 
IL-1 inhibition  

Blau Syndrome NOD2  NOD2 
Chromosome 16 
Autosomal dominant 

Rash in infancy  
Arthritis with cystic swelling 
Uveitis 
Noncaseating granulomas 
present in skin, synovial 
(joint) or conjunctival (eye) 
biopsies 
Inflammatory bowel disease 
symptoms  

NSAIDS 
Steroids 
Anti-TNF  

CANDLE 

Chronic atypical 
neutrophilic 
dermatosis with 
lipodystrophy and 
elevated 
temperature 
syndrome 

Proteosome 
subunits 

PSMB8  
Chromosome 6 
Autosomal recessive  
 

Daily fever from infancy 
Facial lipodystrophy 
Thick lips 
Swollen violaceous eye lids 
Arthralgia  
Episcleritis 
Clubbing 
Hepatomegaly 

Current trial 
underway of 
an Interferon 
signalling 
inhibitor  

SAVI 

STING-
associated 
vasculopathy with 
onset in infancy 

STING 
stimulator 

of interferon  
genes 

 TMEM173  
Chromosome 5q31 
Autosomal dominant  

Vasculopathy 
Skin lesions of face, ears, 
nose, digits 
Ulceration and necrosis 
Interstitial lung disease  

Current trial 
underway with 
JAK inhibitiors 

DADA2 

Deficiency of 
Adenosine 
deaminase 2 

Adenosine 
deaminase 2 

ADA2 
Chromosome 22 
Autosomal recessive 
(carrier status may 
exist) 
 

Recurrent lacunar  
strokes 
Polyarteritis nodosa-like 
vasculitis 
Hypogammaglobulinemia 
Red cell aplasia  
Bone marrow failure 

Anti-TNF 
therapy  
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Aims and Scope of Thesis 

This thesis aims to explore the hypothesis that increased understanding of the 

pathogenesis of the systemic amyloidoses and periodic fever syndromes can lead 

to improved diagnostics and earlier targeted therapies.  

The multisystem nature of these conditions represents a challenge to the general 

physician. Understanding the significance of early clinical signs and symptoms of 

these diseases and the utility of novel diagnostics tests may improve diagnostic 

uncertainly and delay in non-specialist centres.  

Specifically, the clinical significance of transthyretin amyloid deposition in non-

cardiac tissues is investigated in Chapters Three and Four, including the utility of 

the novel diagnostic technique of carpal tunnel biopsy, which also provides 

information about the early natural history of ATTRwt amyloidosis.  Understanding 

the early phase of this form of cardiac amyloidosis is particularly important now that 

there are licenced treatments for this condition including TTR stabilisers which, if 

given early, may ultimately be used to prevent the development of cardiac 

amyloidosis. Carpal tunnel syndrome is a common presentation to general 

practice, surgery and medical clinics.  Developing the technique of carpal tunnel 

biopsy may identify many cases of the disease at a more treatable stage.   

Understanding the natural history of amyloidosis is also of importance in AA 

amyloidosis as this condition is always secondary to chronic or recurrent 

inflammation which requires treatment in its own right. Chapter Five describes the 

changing aetiology of AA amyloidosis over time.  The largest increasing cohort is 

idiopathic amyloidosis and the novel observation that obesity may be an emerging 

cause of AA amyloidosis is explored.   

Autoinflammatory diseases have a high risk of AA amyloidosis and are also likely 

to be significantly under diagnosed.  This will almost certainly change with the 

wider spread use of whole genome sequencing.  The treatment of these conditions 

has been transformed by the use of IL-1 antagonism, which has restored the 

normal life experience and expectancy in the majority of those who reliably take 
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these medicines. Yet there has been no safety data on the use of these agents at 

conception, pregnancy and breast feeding.  The children who were the first to be 

diagnosed with these genetic diseases in childhood and treated with these 

medications, are now young adults and many are unable to stop treatment and yet 

wish to become parents.  Chapter Six presents the international data on the use of 

anakinra at conception, throughout pregnancy and during breast feeding.  The first 

ever data on the use of canakinumab at conception, pregnancy and breast feeding 

is also described as well as the first data on paternal exposure to IL-1 inhibitors at 

conception.  

The final results chapter describes a novel genotype of a recently described 

autoinflammatory disease, Deficiency of Adenosine Deaminase 2 (DADA2). It is 

increasingly recognised that immunodeficiency and autoinflammation are linked 

and DADA2 has a broad phenotype ranging from a vasculitic polyarteritis 

nodosum-like illness, to immunodeficiency but, unusually for autoinflammatory 

disease, does so without significant systemic inflammation.  The data from an 

international expert consensus Delphi study on the diagnosis and management of 

DADA2 is described and the heterozygous state explored.   

Summary of aims:  

1. To investigate TTR amyloid and describe non-cardiac TTR deposition 
and its clinical significance  

 
2. To determine the role of carpal tunnel biopsy in diagnosis of TTR 

amyloidosis 
 
3. To investigate and define the changing aetiology of AA amyloidosis 
 
4. To investigate the safety of IL-1 antagonism for autoinflammatory 

disease in pregnancy 
 
5. Delphi consensus study to define phenotype and management 

approaches in the autoinflammatory disease DADA2 
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Chapter Two:  

Materials and Methods  
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Study Design 

The clinical studies in this thesis were designed by myself as a result of 

discussions with my supervisors Professor Philip N Hawkins and Dr Helen J 

Lachmann.   I collected the data and performed all the statistical analyses using 

Excel and Graphpad Prism (Version 5).  In Chapter 3 data collection was aided by 

others in the team and where this occurred it is clearly stated.  Individual statistical 

methods are discussed separately in each results’ chapter.  

Patients 

Patients for all studies were referred to and investigated at the National 

Amyloidosis Centre (NAC).  In Chapter 4 tissue was referred to the NAC for 

histological examination in its role as a national reference centre for the diagnosis 

of amyloid.  

The NAC maintains a database of clinical information including examination, 

history, clinic letters, investigations and serology and this was used to collect the 

retrospective data.  

Individual methods pertinent to each chapter are described in the relevant 

chapters. Below is described the methods that are generally applicable to the 

thesis. 

Histopathology and immunohistochemistry 

Histological and immunohistochemical analyses were performed by Janet 

Gilbertson, Nicola Botcher and Karen Boniface using standard protocols at the 

NAC: 

Formalin-fixed de-paraffinised tissue sections were cut to a 6-8 μm thickness and 

rehydrated then counter stained with haematoxylin under running tap water.  

Congo red was applied using the method described by Puchtler and colleagues[5]. 

A series of ascending ethanol concentrations to xylene were used to dehydrate the 

sections which were then mounted in DPX mounting medium.  The specimen was 

then viewed under both brightfield and under cross-polarised light. Positive controls 

were always processed and viewed in parallel. Confirmation of amyloid presence 

was performed using anti-SAP immunostaining.  
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The sections were then washed with water and incubated in aqueous (0.3%) 

hydrogen peroxide (H2O2) for 30 minutes. Sections are then washed in 

phosphate-buffered saline (PBS) containing 0.05% Tween (Calbiochem). The 

sections are then incubated for a further 30 minutes in normal non-immune serum 

prior to the application of antisera for the immunostaining.  After overnight 

incubation at 4oC the sections are rinsed with PBS containing 0.05% Tween 

(Calbiochem) and labelled with secondary antibodies. Sections are further washed 

in PBS and bound immunocomplexes complexes are viewed using a metal-

enhanced DAB (Fisher Scientific solution). Commercial immunostains are used 

and positive and negative controls run in parallel with each stain.  A panel of anti-

human monospecific antibodies reactive with: SAA (Eurodiagnostica, Huntington 

UK) AL kappa, lambda, transthyretin and lysozyme (Dako Ltd, Denmark House Ely 

UK), Apolipoprotein AI (Genzyme Diagnostics) and fibrinogen Aα chain 

(Calbiochem) were used where appropriate. For TTR staining, pre-treatment was 

performed for enhanced antigen retrieval using 10-minute incubation with 1% 

sodium periodate, slides were then washed and further incubated for 10 minutes 

with 0.1% sodium metabisulphate, washed again and incubated for 5 hours at 

room temperature with 6M Guanadine in 0.9% sodium chloride.  

Immunohistochemically stained sections were counterstained in haematoxylin, 

‘blued’ under running tap water and stained with Congo-red to aid the classification 

of amyloid deposits.  

 

Biochemical and haematological data  

These were performed by the Royal Free Hospital laboratory services using 

standard protocols.   

Serum Amyloid A Protein immunoassay 

SAA levels were measured using latex nephelometry (BNII autoanalyser Dade, 

Behring Marbury, Germany)[160].  The lower limit of detection is 0.7mg/L. 

Standardisation was based on WHO international reference standards 1987[161].  
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Genetic analysis  

Gene sequencing was performed by Dorota Rowczenio and Hadija Trojer using 

their standardised technique: Whole blood was taken in an EDTA tube and stored 

for at least 24 hours at -20 oC.  Genomic DNA was isolated using a rapid 

method[162]. 800 l of sterile, freshly prepared 0.17 M NH4CL and 200 µl of blood 

were mixed thoroughly in a 1.5 ml eppendorf tube and incubated at room 

temperature for 20 minutes.  The blood was thawed out thoroughly before the DNA 

extraction.   800 l of sterile, freshly prepared 0.17 M NH4CL and 200 µl of blood 

were mixed thoroughly and incubated at room temperature for 20 minutes then 

spun 1 minute at 12000 rpm and the supernatant was discarded. 800 µl of cold 

0.9% NaCl was added, mixed thoroughly and spun for 1 minute at 12000 rpm. The 

supernatant was discarded. The sample goes through repeated rounds of dilution 

and spinning until red blood cells were no longer visible in the pellet. The pellet 

was then re-suspended in 400 µl of 0.05 M NaOH. The sample was heated at 99˚C 

for 10 minutes, then cooled down at room temperature for 5 minutes. DNA was 

neutralised with 50 µl of 1M Tris pH8. Commercially available kits are used for the 

PCR see table 2.1. 

Table 2.1: Commercially available PCR kits used in the amplification of gene 
sequences in hereditary amyloidosis and periodic fever syndromes  

PCR Kit Gene  Exon 

HotstarTaq DNA  
Polymerase Kit 

Amyloid: 
LYZ  
GSN  
SAA1 
Fever:  
NLRP3  
TNFRSF1A  
MVK  
ApoA2  
MEFV  

 
2 and 4 
4 
3 
 
3 
2-7 
2-10 
4 
5 and 10 

PureTaq RTG PCR Kit Amyloid:  
TTR 
ApoA1  
FGA  
Fever:  
MEFV exons 1, 3 and 9 
MVK exon 11 

 
2-4 
3 and 4 
5 
 
1, 3 and 9 
11 
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Advantage® GC Genomic 
LA Polymerase mix 
 

Fever: 
MEFV 

 
2 

 

Laser capture microdissection and proteomic mass spectrometry  

The NAC technique is described by Rezk and colleagues, 2019[31]. Stained CR 

sections were viewed under brightfield and florescence using the Leica LMD7 laser 

capture microscope. Areas positive for amyloid were laser micro-dissected into 

micro-centrifuge caps. Proteins were extracted from each sample into 10mM 

Tris/1mM EDTA/0.002% Zwittergent buffer solution (35μl) by heating (99°C for 

1.5hours) followed by sonication (1hour) and then digested with trypsin 

(25ng/sample) overnight at 37°C. Each digested sample was reduced with 

dithiothreitol (50μg) at 99°C for 5min, freeze dried, reconstituted in 0.1% v/v 

trifluoroacetic acid in HPLC grade water (20μl) and analysed by HPLC-MSMS 

using a Thermo Scientific Q-Exactive Plus mass spectrometer coupled to a Dionex 

Ultimate 3000 RSLC nanoLC using a Thermo Easy-spray Acclaim Pepmap column 

(75μm x 15cm, 3μm/100Å packing). MS raw data files were queried using Matrix 

Science’s Mascot search engine (http://www.matrixscience.com) and the 

SwissProt database to assign peptide and protein probability scores. Amyloid was 

established by LDMS on the basis of the presence of the amyloid signature 

proteins defined by the presence (≥1 unique specific peptide) of two or more of the 

following proteins; apolipoproteinE(APOE), apolipoprotein A-IV (APOA4) and 

serum  amyloid  P  component  (SAP).  The amyloid fibril protein was determined 

by a Mascot score of >80 coupled with at least 2 unique specific peptides of a 

known amyloid fibril protein together with absence (Mascot score <80 or fewer than 

2 unique specific peptides) of other known amyloid fibril proteins.   

 

SAP Scintigraphy  

Highly purified SAP is radiolabelled with the gamma emitting isotope 123I.   Each 

subject undergoing SAP scintigraphy receives 60mg of potassium iodide 

immediately prior to the study and then 5 further doses over the next three days to 
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block thyroid uptake of the radioactive iodine. They receive approximately 200µg of 

SAP with 190MBq of 123I by bolus intravenous injection (3.8 mSV of radiation). In 

those with visceral amyloid deposits the tracer is localised to the affected sites in 

proportion to the amyloid amount present. Anterior and posterior imaging at either 

6 or 24 hours after injection is performed.  The imaging is performed by David Hutt 

and his team of radiographers at the NAC using an Infinia Hawkeye gamma 

camera (General Electric). The images were reviewed at the time of acquisition by 

the clinical team at the NAC. The diagnostic sensitivity in patients with AA 

amyloidosis is 100% and ~90% in AL amyloidosis.  In subjects without visceral 

amyloid deposits the tracer is rapidly catabolised and excreted. The classification 

of whole-body amyloid load is as follows; (i) None = no abnormal localisation of 

tracer; (ii) Small = visceral uptake visible but the intensity of the blood-pool remains 

normal, (iii) Moderate = abnormal uptake is sufficiently intense to partially loose the 

blood-pool signal, (iii) Large = the blood-pool signal is lost on adjustment of the 

grey scale to encompass the target-organ signal.  

Serial SAP scintigraphy is performed at six-monthly or annual intervals to monitor 

change in amyloid load. Stable amyloid load = uptake remained unchanged. 

Regression = reduction in tracer uptake or an increase in the blood-pool signal, or 

both. Progression = increase in tracer uptake in affected organs, new abnormal 

tracer uptake in a previously unaffected organ, or a decrease in the blood-pool 

background signal. 

 

99mTc-DPD scintigraphy 

NAC technique as described by Hutt and colleagues, 2017[163].  Patients were 

administered 700 MBq of 99mTc-DPD intravenously and imaged 3 hrs later on either 

a General Electric (GE) Infinia Hawkeye 4 or GE Discovery 670 hybrid gamma 

camera. Whole body images were acquired followed by a SPECT-CT (single 

photon emission computed tomography with a low-dose, non-contrast CT scan) of 

the heart[164]. The expected radiation dose from the entire procedure was 6.7 

mSv per patient. The Perugini grading system is described in Chapter 3[37].  
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Chapter Three:  

The clinical significance of transthyretin amyloid deposits in non-

cardiac tissues 
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Demographic and baseline data collection for this chapter was aided by Dr Sajitha 
Sachchithanantham for cases 1-12 and Dr Katie David for cases 14-24. 

 

Introduction 

Wild-type transthyretin amyloidosis, previously known as Senile systemic 

amyloidosis, is a disorder characterised by the deposition of transthyretin as 

amyloid within the myocardium [165].  Transthyretin (TTR) is a circulating plasma 

protein, previously known as pre-albumin, that acts as a transport protein for retinol 

bound to retinol binding protein and thyroxine.  The TTR molecule is inherently 

amyloidogenic and although the in vivo mechanism for this remains unclear, 

mutations in the TTR gene can predispose to formation of  amyloid and are 

associated with earlier onset disease often with distinctive disease phenotype; 

Familial amyloid polyneuropathy (FAP) and familial amyloid cardiomyopathy (FAC) 

[166].  TTR readily forms tetramers and for fibrillogenesis to occur the tetramer 

must be dissociated (Figure 8).  This destabilization process is favoured by 

amyloidogenic mutations[167]. More than 120 autosomal dominant pathogenic 

mutations have been described in the TTR gene with the most common mutation 

being a nucleotide substitution [168].  At the NAC, variants have been found in 

17% of those sent for genetic screening.  This highlights the need for routine 

genetic testing in the evaluation of suspected ATTR amyloidosis[9]. 

The TTR molecule is a homotetramer formed of four monomers.  Mutations in the 

TTR gene as well as strong biomechanical forces (such as shear force within the 

heart, or agitation in vitro), and proteolytic cleavage (by tryptic proteases) have all 

been reported to play a crucial role in destabilizing the TTR tetramer and in the 

release of a highly amyloidogenic 49–127 truncated protomer promoting amyloid 

formation [11]. In contrast, mutations have been identified that increase tetramer 

stability and are anti-amyloidogenic[9]. 
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Figure 3.1: Schematic representation of TTR fibrillogenesis 

  

Transthyretin is synthesized in the liver and readily forms tetramers.  These 
tetramers do not form amyloid but when the TTR molecules dissociate they can 
form amyloid fibrils. Certain mutations in the TTR gene, such as S52P, destabilise 
the tetramer by disrupting the interconnecting loops between the monomers. 
Mechanical forces promote this process.  

 

Wild-type ATTR amyloidosis (ATTRwt) is diagnosed in approximately 150 

individuals per year in the United Kingdom, but this is likely to be a gross 

underestimate of the true prevalence of the disease, as TTR deposits have been 

identified in 25% of deceased males over 80 years at autopsy [169, 170].  It has 

been classically considered a disease of older males, but this may have been due 

to ascertainment bias, and women are increasingly being diagnosed with the 

condition[171].  It is a slowly progressive disease; - median age at diagnosis of 

78 years (range 51–95) and median age at death of 81 years (range 63–96) with a 

median survival from diagnosis of 60 months (range 1–249)[9]. 

Typical presentation is with advanced heart failure symptoms, but little is known 

about the early phase of ATTRwt.  The only other well-described clinical 

manifestation of the disease is carpal tunnel syndrome, which can occur up to 10 

years before presentation with heart failure symptoms [10].  Although TTR amyloid 

deposits have been identified in carpal tunnel biopsies [172], in osteoarthritic hip 

Mechanical Force 
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joints [173], rotator cuff tears and lumbar canal stenosis [174] their association with 

cardiac disease has not been thoroughly investigated.   

The diagnosis of cardiac amyloidosis can only be made definitively by 

endomyocardial biopsy, but this is not without risk, especially in those with 

advanced heart failure symptoms [175].  Echocardiography and Cardiac MRI are 

very informative, as are the serum biomarkers N-terminal pro-B-type natriuretic 

peptide (NT-ProBNP) and troponin [176, 177].  Table 3 outlines the typical cardiac 

assessment findings in an individual with ATTRwt.  

It is now recognised that whole body scintigraphy with the technetium (99m) Tc-

3,3-diphosphono-1,2-propanodicarboxylic acid (99mTc-DPD) tracer is highly 

sensitive and specific for even clinically silent ATTRwt amyloidosis within the heart, 

and is now being used routinely to diagnose ATTRwt amyloidosis [40] (Figure 1).  

The 99mTc-DPD scan largely abrogates the need for endomyocardial biopsy and 

allows for the detection of amyloid within the myocardium, even in those without 

symptoms or echocardiographic signs.   

The intensity of myocardial uptake on 99mTc-DPD scan has four grades; 0 to 3, 

known as the Perugini grading system[37]. A scan is classified as grade 0 is when 

there is no cardiac uptake and normal bone uptake; grade 1 is where the cardiac 

uptake is less intense than the bone signal; grade 2 is cardiac uptake with intensity 

similar or greater than bone signal; and grade 3 is cardiac uptake with attenuated 

bone signal (Figure 9). 
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Table 3.1: Cardiac assessment in ATTRwt 

Investigation ATTRwt 

Clinical Assessment:  

 New York Heart Association 
Classification (NYHA) 

 6-minute walk test  

 

 I-IV 
 

 Reduced 

Blood tests: 

 NT-Pro-BNP 

 Troponin 

 

 Elevated 

 Elevated 

ECG 

 

Typical features:  

 Low voltage 

 Pseudo-infarct pattern 

 Atrial arrythmias 

 Meets left ventricular voltage 
criteria  

Echocardiogram 

 

Typical features: 

 Ventricular hypertrophy 

 Preserved ejection fraction 

 Impaired global strain rate  

 Apical sparing strain pattern 

 Interventricular wall > 12mm  
99mTc-DPD Scintigraphy  Grade 1 = early cardiac uptake  

Grade 2 = significant cardiac uptake 

Grade 3 = significant cardiac uptake      

with bone signal attenuation 

Cardiac MRI  Late gadolinium enhancement (global 

subendocardial pattern)  

Elevated extracellular volume  

Elevated native T1  
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Figure 3.2:  99mTc-DPD Whole Body Scintigraphy depicting Perugini grades 1 
to 3 in those presenting following the identification of TTR amyloid in non-
cardiac tissue 
 

 

 

A 99mTc-DPD scintigraphy revealing Perugini grade 1 cardiac uptake in an 85 year-
old female following detection of TTR amyloid deposits in a bone marrow biopsy 
investigating paraproteinaemia. At time of scan she was NYHA II, NT-ProBNP and 
Troponin were in the normal range, ECG showed normal sinus rhythm and 
echocardiogram showed 1cm ventricular walls.  There remains no progression at 
3.9 years of follow-up (Case 15).   

B Perugini grade 2 cardiac uptake in a 73 year-old male with TTR amyloid 
detected at bladder biopsy for frank haematuria.  He had a history of bilateral 
carpal tunnel decompression, was NYHA class II at presentation and 
echocardiogram was characteristic of cardiac amyloidosis with 1.5 cm wall 
thickness, atrial fibrillation and raised serum cardiac biomarkers (Case 3).  There 
was evidence of progression over 6 years of follow-up.  

C Perugini grade 3 cardiac uptake (loss of femoral bone signal likely secondary to 
increased soft tissue amyloid) in an 82 year-old man with TTR amyloid found at 
bladder biopsy again for haematuria.  He had a history of bilateral carpal tunnel 
decompression surgery and atrial fibrillation, was NHYA class II at presentation, 
had raised serum cardiac biomarkers and had an echocardiogram characteristic of 
amyloidosis (Case 1).   
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Nonetheless, histology remains the gold standard for the identification and typing 

of amyloid fibrils in tissue.   

Although ATTRwt amyloidosis is largely a disease of the 8th and 9th decades it is 

undoubtedly life shortening and progressive congestive cardiac failure results in a 

poor quality of life with increasing frailty and dependency. There is no proven 

specific treatment for ATTRwt amyloidosis. 

Management of heart failure symptoms with diuretics has, until recently, been the 

mainstay of treatment for ATTRwt amyloidosis. Beta blockers, ACE inhibitors, 

calcium channel antagonists and digoxin may be may be harmful despite their 

efficacy in other types of heart failure[178]. Thromboembolic risk is high and should 

be standard therapy in those with atrial fibrillation, although a higher bleeding risk 

exists[177].  There is limited data on the use of pacing and cardiac transplantation 

in ATTRwt and this requires further evaluation.  There is a larger evidence base for 

solid organ transplantation in those with Familial Amyloid Polyneuropathy with 

either liver transplantation alone or combined liver and heart transplantation[179].  

In addition to the management of symptoms and the possibility of organ 

transplantation there are a number of drugs under investigation for ATTR 

amyloidosis. These medicines either target the production of the precursor protein, 

stabilise the tetramer or act to eliminate existing amyloid deposits (Figure 3.3).  So 

different are their actions that it seems likely that with time these drugs may be 

used in combination.  

Small interfering RNA (SiRNA) molecules bind to and silence messenger RNA 

sequences preventing protein formation. Patisiran (ALN-TTR02) has been found to 

reduce TTR production by greater than 80% in those with ATTRm[180]. 

Patisiran improved multiple clinical manifestations of hereditary transthyretin 

amyloidosis in a very recently published phase 3 study[65]. Importantly there were 

exploratory end points for cardiac response; NT-ProBNP and echocardiographic 

features of cardiac amyloidosis.  There was a 55% reduction in mean baseline NT-
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ProBNP (p<0.01) in the patisiran treated group and reduction in mean LV wall 

thickness (p=0.02) and improvement in longitudinal strain (p=0.2).  

Inotersen is an antisense oligonucleotide that binds to RNA preventing translation 

resulting in a reduction in circulating TTR[181].  Despite safety issues with 

thrombocytopaenia, the inotersen trial was continued and has shown improved 

neurological symptoms and quality of life in patients with hereditary transthyretin 

amyloidosis[168].  There was insufficient power to measure the effects on cardiac 

function.  Both patisiran and inotersen have now been licensed for the treatment of 

Familial Amyloid Polyneuropathy.  

Diflunisal is an old-fashioned nonsteroidal anti-inflammatory agent that stabilises 

the TTR tetramer in vitro by binding via the thyroid hormone receptor sites.  There 

is little evidence of an effect in vivo and it is not an attractive agent given the risk of 

bleeding and water retention associated with its drug class[182, 183].   

Tafamadis, 2-(3,5-dichloro-phenyl)-benzox-azole-6-carboxylic acid), also stabilises 

the TTR tetramer and prevents its dissociation.  Recently a phase 3 study of 441 

patients with transthyretin amyloid cardiomyopathy who had predominantly cardiac 

manifestations, of which 335 had ATTRwt.  Tafamidis reduced all-cause mortality 

and cardiovascular-related hospitalizations and slowed the decline in functional 

capacity and in quality of life.[63]. 

Drugs that eliminate amyloid deposits are in earlier stages of development.  

PRX004 is a monoclonal antibody that binds to ATTR and activates 

phagocytosis[184].  The anti-SAP antibody and its use with CPHPC has already 

been discussed in Chapter 1.  It should be noted that there is currently a clinical 

trial underway of a combination of the commonly prescribed antibiotic doxycycline 

in combination with tauroursodeoxycholic acid in ATTR amyloidosis 

(ClinicalTrials.gov Identifier: NCT03481972).  Doxycycline has been found to 

disrupt amyloid fibrils in mice and this effect is enhanced by the addition of 

tauroursodeoxycholic acid in animal models[185].   In a study of 53 patients with 
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transthyretin cardiac amyloidosis, of which 89% had ATTRwt this combination of 

commonly used drugs led to stabilization of markers of disease progression and 

improvement in global strain rate in those with less advanced disease[186].  

As new agents appear early diagnosis becomes more important as, by analogy 

with other types of amyloidosis, that it is widely accepted that earlier treatment, 

prior to established heart failure, is likely to be more efficacious both in terms of life 

expectancy and cardiac performance status.  

We sought to identify cases in which TTR amyloid deposition was found in non-

cardiac tissue biopsies leading to referral for investigation for systemic amyloidosis, 

and to determine the clinical significance of these amyloid deposits to inform the 

natural history of ATTRwt Amyloidosis.  
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Figure 3.3: New therapeutic options under investigation in ATTRwt 
amyloidosis 

 
Figure depicting the mechanism of action of newly licenced and proposed 
treatments for ATTR amyloidosis.   
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Patients and Methods 

Patients: 

Retrospective analysis of the database of all histological specimens kept by the UK 

National Amyloidosis Centre (NAC) from 1998 – 2015.  Cases were identified 

where TTR amyloid deposition was identified in a tissue of non-cardiac origin by 

either immunohistochemistry, proteomics or both.     

Laboratory Procedures: 

Congo red binding and immunohistochemistry was performed on all samples at the 

NAC, irrespective of whether amyloid has been identified at the referring centre.  

Using standard techniques, formalin-fixed paraffin-embedded biopsy specimens 

were stained with Congo red and viewed under cross-polarized light [5].   

Immunohistochemistry was performed using monospecific antibodies to the 

amyloid precursor proteins SAA, Kappa, Lambda and TTR[187].  In cases where 

amyloid was identified by Congo Red binding but immunohistochemistry was 

unable to identify the precursor protein, amyloid deposits were micro-dissected for 

proteomic analysis, as previously described [188].  

In all cases genotyping was performed on DNA extracted from whole blood treated 

with EDTA [162].  Polymerase chain reaction was used to amplify coding exons 2, 

3 and 4 of the TTR gene, which were then sequenced using standard techniques.  

All cases with genetic variants within the TTR gene were excluded from further 

analysis [189].   

Clinical assessments and diagnostic procedures: 

All cases underwent a standardised diagnostic assessment at the NAC at first visit, 

consisting of clinical assessment, New York Heart Association Classification 

(NYHA), 6-minute walk test, serum cardiac biomarkers NT-Pro-BNP and Troponin 

T, electrocardiogram (ECG), echocardiogram, serum amyloid P component (SAP) 

scintigraphy (to exclude visceral amyloid deposits which would suggest other forms 

of systemic amyloidosis) and Tc-99 DPD scintigraphy.   

ECG was performed according to standard protocol [190], Echocardiogram 

analysis was performed according to standard recommendations including the 
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measurement of wall thickness in centimeters, ejection fraction in percentage, and 

assessment of diastolic dysfunction using global strain rate and pattern [191].   

Cardiac amyloidosis was defined using consensus criteria validated in AL 

amyloidosis due to the absence of published criteria in cardiac TTR amyloidosis, 

these same criteria are used clinically [192].  Cardiac Amyloidosis was diagnosed 

in the presence of a positive non-cardiac biopsy if there were echocardiographic 

features of amyloidosis;  mean left ventricular wall thickness (septum and posterior 

wall) of greater than 12 mm (in the absence of hypertension or other potential 

causes of left ventricular hypertrophy), right ventricular free wall thickening in the 

presence of left ventricular thickening and in the absence of pulmonary or systemic 

hypertension, doppler echocardiographic evidence of diastolic dysfunction with 

abnormalities in strain echocardiography.   

The presence of low voltage of less than 5 mm in all limb leads on a 12-lead ECG 

is suggestive of but not specific for cardiac involvement by amyloid [193], similarly 

elevations of the serum cardiac biomarkers Troponin T and NT-Pro BNP are 

suggestive but not specific [194, 195].  However, myocardial amyloid is excluded 

by normal values of NT-Pro BNP (<332 ng/L) [196]. 

SAP scintigraphy was performed using radiolabelled 123 Iodide imaged using a 

gamma camera to exclude other systemic amyloidosis [197].  99mTc-DPD scans 

were performed using 700 MBq of 99mTc-DPD and whole-body planar images 

acquired by gamma camera [164].  Cardiac retention of 99mTC-DPD was scored 

by nuclear medicine radiologists using the Perugini grading system [37].  

All patients provided written informed consent approved by the Royal Free Hospital 

Ethics Committee.  

 

Statistical Analysis: 

Age at presentation and diagnosis was expressed as median (Q1, Q3).  

Proportions of patient cohort were expressed as percentage values.  Survival was 

assessed as months from first attendance at NAC (first presentation) to date of 



91 
 

censor (01/03/2017) or death.  Mann-Whitney U test and Kaplan-Meier survival 

analysis were performed using GraphPad Prism version 5.00 for Windows, 

GraphPad Software, San Diego California USA. 

 

Results 

Cohort Characteristics 

25 cases were identified where tissue taken from a non-cardiac site revealed TTR 

amyloid deposition, they had no mutation in the TTR gene and the biopsy was the 

reason for referral to the NAC ie no previously known or suspected amyloidosis 

(Table 4).  Median age at presentation was 79.39 years (75.56, 84.65).  92 % 

(23/25) were male.  All individuals were of European ancestry, 22 were of white 

British origin, one was Polish, one American and one Greek Cypriot.  

The biopsy sites were bladder (n=13) duodenum (n=3), bone marrow (n=2), colon 

(n=1), stomach (n=1), lung (n=1), tenosynovium (n=2), prostate (n=1), muscle 

(n=1).   23/25 were typed as TTR using immunohistochemistry, in 2 cases 

proteomics was required to confirm the precursor protein type.  In 9 cases we 

received subsequent tissue samples from other areas (gallbladder (TTR), Nerve 

(No amyloid), Endomyocardial biopsy (TTR), Rectum (TTR), Liver (amyloid with no 

immunospecific stain, NISS), Bone Marrow (Amyloid NISS in one case, No 

evidence of amyloid in 2 cases).   In all cases SAP scintigraphy was negative as 

would be expected in ATTRwt amyloidosis.   
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Table 3.2: Baseline demographics and histopathology and presence of cardiac involvement  
 
 
 

Case 

No. 

Gender Age at 

presentati

on 

(years) 

Mode of 

presentation 

Biopsy 

Site 

Biops

y 

Result 

Evidence of 

Cardiac 

Amyloid 

at 

Presentatio

n† 

Evidence of 

Cardiac 

Amyloidosis  

at 

Presentatio

n‡ 

Other 

biopsy sites 

Other 

Biopsy  site 

Histology 

Other clinical 

features of 

Systemic TTR 

Amyloidosis at 

presentation 

1 

M 82.10 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 

Rectum 

Amyloid 

TTR 
Bilateral CTS 

2 

M 82.39 

Microscopic 

Haematuria Bladder 

TTR 

Y 

N 
Bone Marrow 

No Amyloid 

Bilateral CTS 

3 

M 73.68 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 

Bone Marrow 

Amyloid 

NISS 
Bilateral CTS  

Spinal Stenosis 

4 

M 81.51 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 
- 

- 

- 

5 

M 78.25 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 
- 

 

- 

6 

M 70.86 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 

Myocardium 

Amyloid 

TTR 
- 

7 

M 78.45 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 
- 

- 

- 

8 

M 86.22 

Frank 

Haematuria Bladder 

TTR 

Y 

Y Abdominal 

fat pad 

No Amyloid 

- 

9 

M 85.02 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 
- 

- 

Bilateral CTS 

10 

M 85.98 

Frank 

Haematuria Bladder 

TTR 

Y 

N 
- 

- 

- 

11 

M 71.32 

Frank 

Haematuria Bladder 

TTR 

Y 

Y 
- 

- 

Bilateral CTS 
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12 

M 77.73 

Frank 

Haematuria Bladder 

TTR 

Y 

N 
- 

- 

- 

13 

M 72.96 

Routine TCC 

follow up Bladder 

TTR 

Y 

Y 
- 

- 

Unilateral CTS 

14 

M 79.39 

Ix of known 

paraprotein 

Bone 

marrow 

TTR 

N 

N 
- 

- 

- 

15 

F 85.19 

Ix of known 

paraprotein 

Bone 

marrow 

TTR 

Y 

N 

Liver 

Amyloid 

NISS 
Bilateral CTS 

16 

M 70.63 

Gastrointes-

tinal Bleeding Stomach 

TTR 

N 

N 
- 

- 

- 

17 

M 77.61 

Ix of 

Dyspepsia 

Duodenu

m 

TTR 

Y 

Y 

Gall Bladder 

Bone Marrow 

Amyloid 

TTR 

 

No Amyloid 
Bilateral CTS 

18 

M 83.37 

Investigation  

of anaemia 

Duodenu

m 

TTR 

Y 

N 
- 

- 

Unilateral CTS 

19 

M 85.31 Ix of anaemia 

Duodenu

m 

TTR 

Y 

Y 
- 

- 

- 

20 

M 81.86 Diahorrea Colon 

TTR 

Y 

Y 

- 

 bilateral thenar 

wasting 

(suggestive CTS) 

21 

M 77.44 

Neuropathy 

and Lung 

lesion on 

CXR Lung 

TTR 

N 

N 

Nerve 

No Amyloid 

- 

22 

M 84.28 

Frank 

Haematuria, 

LUTS Prostate 

 

N 

N - - 

- 

23 

M 78.80 

Ix of known 

paraprotein Muscle 

 

Y 

Y - - 

- 

24 

F 86.70 

Carpal 

Tunnel 

Syndrome 

Carpal 

Tunnel 

 

Y 

Y Abdominal 

Fat Pad 

 

Bilateral CTS 

25 

M 73.64 

Carpal 

Tunnel 

Carpal 

Tunnel 

 

Y 

Y - - 

Bilateral CTS 
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Syndrome 

 

Table 1 legend: Ix Investigation, TTR Transthyretin, CXR Chest X –ray, CTS carpal tunnel syndrome, M male, F female, Y Yes, N No, †Cardiac amyloid diagnosed as presence 

of DPD uptake or positive endomyocardial cardiac biopsy plus or minus evidence of cardiac amyloidosis ‡Cardiac amyloidosis is clinically overt and diagnosed by author 

consensus, defined in methods.



95 
 

Cardiac Investigations 

84% (21/25) had evidence of cardiac amyloid and 64% (16/25) fulfilled criteria for 

cardiac amyloidosis at presentation, (Table 3.3).  NT-ProBNP and Troponin T were 

elevated in all cases with cardiac amyloidosis except cases 24 and 25 who presented 

with carpal tunnel syndrome but had relatively normal values for their age and renal 

function.  Of those with cardiac amyloid or amyloidosis at presentation (n=21) the most 

frequent ECG abnormality was atrial fibrillation.  Only 5 had what is regarded as 

characteristic low voltage complexes in the limb leads.  There was evidence of cardiac 

uptake on 99mTc-DPD scintigraphy in 18 of the 21 with cardiac amyloid at presentation, 

the remaining three cases were not scanned as they presented prior to the scans being 

routinely available at the centre.  Two patients underwent 99mTc-DPD scanning 2- and 4-

years following presentation due to the advent of the imaging technique.  5 cases had 

Perugini Grade 1 uptake at presentation, none of these had evidence of clinically 

significant amyloidosis and none of these progressed over the follow up period (median 

52months (31,57)) and two died; one from intracerebral haemorrhage and one from 

cause unknown.  10 cases had Grade 2 uptake and 3 with Grade 3, all had evidence of 

cardiac amyloidosis at presentation.  Table 3.4 summarises the cardiac involvement, 

progression, follow up and survival. 

All those with TTR deposits in the bladder (n=13) had evidence of cardiac involvement 

and 10 (77%) had cardiac amyloidosis. 6 of these had normal echocardiograms, but all 

had elevated cardiac biomarkers and cardiac uptake on 99mTc-DPD scintigraphy where 

scanned (n=10).  Two were NYHA Class I and 9 were NHYA Class II at presentation.  

48% of the cohort had a history of carpal tunnel syndrome and or decompression 

surgery at presentation.  In all cases with a history of carpal tunnel syndrome (n=12) 

cardiac amyloid was detectable by 99mTc-DPD scintigraphy at presentation, and 9 had 

evidence of cardiac amyloidosis.  One case had TTR amyloid found in bladder tissue, 

amyloid deposition in the bone marrow, bilateral carpal tunnel syndrome and a history of 

spinal stenosis, he was alive at censor after 80 months of follow up.  
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Table 3.3: Assessment of cardiac function  

Case 
Number 

NYHA 
Class 

6 minute 
walk test 
(metres) 

NT-Pro 
BNP 

(ng/L) 
 

 

Troponin 
T 

(ng/L) 
 
 

Echo 
Characteristic 

of cardiac 
amyloidosis 

LVS 
(cm) 

ECG 
99m

Tc- 
DPD 
Cardiac 
Uptake 

Evidence of 
Cardiac 
Amyloid 

at 
Presentatio

n† 

Evidence of 
Cardiac 

Amyloidosis  
at 

Presentatio
n‡ 

1 II 168 9252 59 Y 1.7 AF 3 Y Y 

2 III no data 1615 59 N 1.0 SR, RBBB 1 Y N 

3 II no data 2317 59 Y 1.5 AF 2 Y Y 

4 II no data 2140 - N 1.3 AF 2* Y Y 

5 III no data  13362 40 Y 1.5 AF No Scan  Y Y 

6 

II no data  4186 50 Y 1.7 

AF, RBBB, 
low voltage 
complexes No Scan  Y 

Y 

7 
II no data  5438 84 Y 1.6 

sinus, low 
voltage 3 Y 

Y 

8 II no data  5412 40 Y 1.9 AF No Scan  Y Y 

9 

II no data  3121 46 Y 2.1 

AF, low 
voltage 

complexes, 
pseudo infarct 

pattern 2 Y 

Y 

10 

I no data  829 21 N 1.0 

SR 
LAD 

poor R-wave 
progression 1 Y 

N 

11 II 22 2579 48 N 1.6 AF, LAD 2 Y Y 

12 II 339 1023 15 N 1.0 AF 1 Y N 

13 

I 337 2199 45 Y 1.5 

SR 
low voltage 
complexes 2** Y 

Y 

14 I No data 1768 45 N 1.1 SR 0 N N 

15 II 444 126 12 N 1.0 SR 1 Y N 

16 

II no data 355 10 N 1.3 

AF 
interventricula
r conduction 

delay 0 N 

N 
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17 

II no data 482 53 Y 1.4 

SR 
1st degree AV 

block, 
Low voltage 
complexes 2 Y 

Y 

18 
III no data 618 27 N 1.2 

low voltage 
complexes 1 Y 

N 

19 II 351 1447 32 Y 1.4 SR 2 Y Y 

20 II no data 888 - Y 1.6 AF 3 Y Y 

21 Not 
recorded no data 25 25 N 0.8 SR 0 N 

N 

22 

II 396 668 17 N 1.2 

AF 
T wave 

inversion in 
lateral leads 0 N 

N 

23 II 219 24618 159 Y 1.9 AF RBBB 2 Y Y 

24 II 46 203 59 Y 1.3 NSR 2 Y Y 

25 I 506 169 27 N 1.4 SR 2 Y Y 

- no result available, NT-ProBNP normal range < 332ng/L, Troponin T normal range < 15ng/L, SR sinus rhythm, AF 
atrial fibrillation, RBBB right bundle branch block, LAD left axis deviation, *performed 4 years after presentation 
**performed 8 years after presentation, †Cardiac amyloid diagnosed as presence of DPD uptake or positive 
endomyocardial cardiac biopsy plus or minus evidence of cardiac amyloidosis ‡Cardiac amyloidosis diagnosed by 
author consensus, defined in methods. 
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Table 3.4: Summary of cardiac involvement, progression, follow up and survival 

Case 
Number 

Duration 
of follow 

up 
(months) 

99m
Tc-DPD 

Cardiac 
Update 

Evidence of 
Cardiac 
Amyloid 

at 
Presentation† 

Evidence of 
Cardiac 

Amyloidosis  
at 

Presentation‡ 

Evidence of 
cardiac 

progression 
during follow 

up 

Status at 
Follow up 

Cause of Death 

1 54.08 3 Y Y N Alive - 

2 52.90 1 Y N N Alive - 

3 80.05 2 Y Y Y Alive - 

4 64.34 2* Y Y Y RIP Not recorded 

5 15.06 No Scan  Y Y N RIP UTI 

6 176.52 No Scan  Y Y Y Alive - 

7 47.51 3 Y Y Y RIP UTI 

8 45.11 No Scan  Y Y Y RIP CCF 

9 27.02 2 Y Y N RIP Cardiac amyloidosis 

10 60.07 1 Y N N Alive - 

11 23.44 2 Y Y N RIP Cardiac amyloidosis 

12 16.57 1 Y N N RIP Stroke 

13 115.50 2** Y Y Y RIP Neoplasm 

14 57.34 0 N N N Alive - 

15 47.24 1 Y N N Alive - 

16 75.98 0 N N N Alive - 

17 51.98 2 Y Y N Alive - 

18 55.56 1 Y N N RIP Not recorded 

19 33.14 2 Y Y Y Alive - 

20 47.90 3 Y Y Y RIP Not recorded 

21 18.05 0 N N N RIP NHL 

22 34.09 0 N N N Alive - 

23 17.79 2 Y Y N Alive - 

24 27.58 2 Y Y Y Alive - 

25 48.59 2 Y Y Y Alive - 

 *performed 4 years after presentation **performed 8 years after presentation †Cardiac amyloid diagnosed as presence of DPD uptake or 

positive endomyocardial cardiac biopsy plus or minus evidence of cardiac amyloidosis ‡Cardiac amyloidosis diagnosed by author 

consensus, defined in methods. UTI urinary tract infection, CCF congestive cardiac failure, NHL Non Hodgkins Lymphoma. 
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Survival 

Median follow-up for the whole cohort was 47.90 months (27.30, 58.71) to death 

or censor (Table 3.3).  Median survival was 64.34 months (Figure 11).  11 

(44%) were deceased by time of censor, with mean age at death of 83 years 

and median follow up of 45.11 months (18.05, 55.56).  Cause of death was 

recorded in eight of the eleven with single organ amyloidosis or congestive 

cardiac failure as cause of death in three cases.  Of note, 2 with amyloid 

identified in the bladder died as a consequence of urinary tract infection.   

Of the whole cohort, those without any evidence of cardiac amyloid at 

presentation (n=4) did not develop cardiac amyloidosis over time (median follow 

up 46 months (22, 71)), one died from unrelated Non-Hodgkin’s lymphoma 18 

months into follow-up.   

10 cases had evidence of progression of cardiac amyloidosis by 

echocardiography with median follow-up of 48.25 months (42.12, 88.91).  All 

cases who progressed had evidence of cardiac amyloidosis at presentation.  Of 

the 11 who did not progress, median follow-up was comparable 47.24 (17.79, 

54.08), Mann-Whitney U test P= 0.13.  

Figure 3.3: Kaplan–Meier survival from diagnosis in patients with TTR 
identified in non-cardiac tissue  

Figure showing survival from diagnosis of amyloid in those 
with TTR amyloid identified from non-cardiac biopsies.   
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Discussion 

TTR amyloid deposits can be readily identified in a myriad of tissues.  This 

cohort demonstrates that when TTR is found in non-cardiac tissue it is likely that 

there is co-existent cardiac amyloidosis, which can be readily identified by 

99mTc-DPD scintigraphy.  This study is limited by its small size (n=25) and 

retrospective design, however, this is a rarely diagnosed disease and of note 

the largest published cohorts only describe 102 and 108 patients respectively 

[10, 198].  

In our study in 64% of cases the finding of TTR amyloid deposits in non-cardiac 

tissue led to the diagnosis of cardiac amyloidosis highlighting the fact that 

amyloid identified histologically must be typed and the patient fully assessed for 

organ dysfunction.  However, not all TTR amyloid deposition is clinically 

significant, and we saw no evidence of cardiac amyloid deposition over time in 

those who did not have evidence of it at presentation.  Similarly, in those with 

no evidence of cardiac amyloidosis but cardiac amyloid deposition only at 

presentation (ie all cases with grade 1 99mTc-DPD scintigraphy), none showed 

evidence of progression to cardiac dysfunction over time.  In keeping with the 

wider ATTRwt cohort there was no difference between the outcomes of those 

with Perugini grade 2 or grade 3 cardiac uptake [39].  

Median survival was 64.34 months from first presentation.  This is in contrast to 

the median diagnosis of the whole ATTRwt cohort which is 32.52 months from 

diagnosis [10].  However, median survival of the whole ATTRwt cohort from 

symptom onset is 77.84 months.  This could suggest a poorer prognosis for 

those who present following a non-cardiac biopsy but there are many other 

explanations, such as the possibility that those with seemingly silent cardiac 

disease are frailer or less mobile and thus less symptomatic.  The study 

numbers are small, and a larger series is needed to draw firm conclusions.  

The in vivo mechanism for TTRwt amyloidogenesis remains incompletely 

understood.  Mutations in the TTR gene have been identified that are more 

readily amyloidogenic (Ser52Pro) [167] and one that appears to be protective in 

vitro (Thr119Met)  but the mechanism of why those with a wild-type gene go on 

to develop TTR amyloid deposits is incompletely known [199].   Recently a 

novel sheer stress mechanism was described that causes cleavage of the TTR 
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molecule leading to amyloid fibril formation [11].   This is interesting given the 

observation that many patients with ATTRwt amyloidosis were previous 

unusually athletic or performed physically demanding jobs. Similarly, identifying 

early features of the disease, such as carpal tunnel syndrome, may identify 

individuals at risk of developing cardiac ATTR amyloidosis [62].   

The data herein shows that when TTR amyloid deposits are found in tissues 

outside the heart it is mandatory to assess the patient for cardiac amyloidosis 

and that even subclinical disease can be readily identified using a combination 

of newer imaging modalities and serum biomarkers.  A history of atrial fibrillation 

and carpal tunnel syndrome is suggestive of cardiac amyloidosis.    

The data suggest that if there is no evidence of cardiac involvement at 

presentation with TTR amyloid outside of the heart then it may not inevitably 

develop.  The data also suggest that progression of cardiac ATTR amyloidosis 

is not only dependent on duration, with the same follow-up duration in both 

groups (P=0.13).  It is interesting that all those with bladder TTR amyloid had 

evidence of cardiac amyloid (even in the one case who was asymptomatic from 

a urological perspective but TTR amyloid was found on routine surveillance 

cystoscopic biopsy for previous cancer).  In addition, all those with a history of 

carpal tunnel syndrome had cardiac amyloid deposition, and both individuals 

with carpal tunnel biopsies positive for TTR (cases 24 and 25) had cardiac 

amyloidosis, in keeping with our broader experience of ATTRwt where 98% of 

those attending the NAC have evidence of median nerve entrapment on 

neurophysiological studies and 48% have had a history of carpal tunnel 

decompression as much as 12 years prior to their typical presentation with 

advanced heart failure symptoms [10].  These two findings suggest that bladder 

involvement may be a late manifestation of ATTRwt, after amyloid has been 

deposited in the heart, whereas carpal tunnel syndrome may be earlier in the 

disease course and can exist prior to the development of cardiac amyloid or 

amyloidosis.   

The case series described is small but suggests that nerve, muscle and bone 

marrow deposition may occur without progression to amyloidosis or early in the 

disease course, whereas bladder deposition was seen exclusively with cardiac 

deposition, even in the asymptomatic, suggesting that it may occur late as a 
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consequence of systemic ATTRwt amyloidosis (perhaps via a different 

mechanism).  

This study is further limited by the fact that the extent to which TTR amyloid 

deposition occurs naturally in tissues is not known.  It is also limited by its 

relatively short duration. Lifelong follow up of this cohort will help to determine 

whether TTR amyloid deposition in tissues inevitably leads to systemic cardiac 

ATTRwt amyloidosis given sufficient time.  
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Chapter Four:  

Carpal tunnel biopsy as a diagnostic tool to identify early cases 

of cardiac transthyretin amyloidosis 
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Introduction 

In the previous chapter the significance of transthyretin amyloid deposits in non-

cardiac tissue was explored.  In two cases transthyretin amyloid was identified 

in tissue taken during carpal tunnel decompression surgery.   

Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy of 

the upper limb with a prevalence of between one and five percent in European 

populations [200].  The syndrome results from disruption of the median nerve as 

it passes through the carpal tunnel, an anatomical space bounded by the bones 

of the carpus and the transverse carpal ligament[201]. Physiological pressure 

within the carpal tunnel ranges from 2-31mm Hg, a wide range of normal due to 

increases in pressure caused by movements at the wrist and fingers, however, 

in those with carpal tunnel syndrome measured pressure within the tunnel is 

elevated to between 32-110mmHg[202].  The increased pressure is thought to 

impair microvascular circulation in the median nerve and ultimately 

compromises its function. Thus, any condition or circumstance that leads to 

narrowing of the carpal tunnel or swelling of its contents can lead to carpal 

tunnel syndrome.  

There are two peaks in incidence of CTS; the first in the late 50’s with a large 

female predominance and the second is in the late 70s with equal distribution 

between men and women[203].   

Presenting symptoms are characteristically altered sensation of the thumb, 

index and middle finger, with pain and paraesthesia in this distribution (Figure 

4.1).   The condition can result in pain and weakness in the muscles supplying 

the thumb and forefingers and as such it incurs considerable employment and 

healthcare costs[201]. 
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Figure 4.1: The Carpal Tunnel Syndrome; anatomy and surgical 
decompression  

 

The blue area depicts the area supplied by the median nerve. Carpal tunnel 
decompression is performed along the dashed line (marked incision site).  This 
releases the pressure on the median nerve and is effective in relieving 
symptoms.  

 

Carpal tunnel syndrome often presents unilaterally but neurophysiological 

studies have shown that it is a bilateral syndrome in the majority of cases even 

if it is not clinically apparent[204].  The National Institute for Health and Care 

Excellence (NICE) outlines the current recommendations for treatment of this 

syndrome; lifestyle modifications, wrist splinting in a neutral position (especially 

at night) and corticosteroid injection into the carpal tunnel[205]. If symptoms are 

significant and nerve conduction studies identify severe latency of the median 

nerve conduction, or in the case of moderate disease, if symptoms are 

refractory to standard treatment (splinting and steroid injection) referral for 

surgery is advised.  At carpal tunnel decompression surgery typically the 
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compression of the median nerve is released by open transection of the 

transverse carpal ligament but it may also be performed endoscopically through 

a one or two port approach[206].    

There are a number of well recognized causes of carpal tunnel syndrome but 

most commonly it is considered idiopathic with no clear cause identified (Table 

4.1).   

 
Table 4.1: Commonly recognised causes of Carpal Tunnel Syndrome 
 
Idiopathic 

(Most 
common 
cause) 

Obesity Pregnancy Diabetes mellitus Hypothyroidism 

Wrist 
Fracture 

Inflammatory 
arthritis 

Osteoarthritis 
Overuse of 
hand or wrist 
Use of 
vibrating 
tools 

Medications 
(Particularly 
aromatase 

inhibitors[207]) 

Genetic 
(Higher familial 
incidence seen 

in twin 
studies[208]) 

 

However, carpal tunnel syndrome is the most well recognised early clinical 

manifestation of systemic transthyretin amyloidosis[10].  In our cohort 98% of 

those with proven cardiac ATTR Amyloidosis had evidence of median nerve 

entrapment on neurophysiological studies and 48% had a history of carpal 

tunnel decompression as much as 12 years prior to clinical presentation with 

advanced heart failure symptoms[10].   

As previously stated ATTRwt is currently diagnosed in approximately 150 

individuals in the UK annually but cadaveric studies suggest the disease 

prevalence of ATTRwt may be as much as 30% in those over 80 years[169, 

170]. A more recent study has shown that 13% of those admitted to hospital 

with decompensated heart failure symptoms but preserved ejection fraction and 

an LV wall thickness >1.2 cm on echocardiography have 

ATTR amyloidosis[171].  This is further supported by a >50fold increase in the 

number of referrals to the UK NAC since 2000, corresponding with increasing 

awareness of the disease as well as the more widespread use of cardiac MRI 

scans which can more readily identify cardiac amyloidosis than echocardiogram 

[209].   
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As described in the previous chapter, 99mTc-DPD has become a highly sensitive 

tool for the diagnosis of cardiac ATTR amyloidosis and now largely abrogates 

the need for cardiac biopsy, identifying cardiac ATTR amyloidosis with a 

sensitivity of 98% and specificity of 70%[40]. Thus, if TTR amyloid deposits are 

identifiable within the carpal tunnel years before cardiac symptoms arise, and 

99mTc-DPD can detect even pre-symptomatic cardiac ATTR amyloidosis, we 

may be able to diagnose ATTRwt amyloidosis at an earlier, perhaps more 

treatable, stage using these techniques in combination.  

This is now of increasing importance given very recent licensing of patisiran, 

inotersen and tafamidis [63-65].  Analogous to other types of amyloidosis, it is 

anticipated that earlier treatment of ATTRwt, prior to established heart failure, is 

likely to be more efficacious both in terms of life expectancy and cardiac 

performance status.  

It is well established that immunohistochemistry is readily able to identify TTR 

amyloid deposits in a myriad of tissues including that derived from the carpal 

tunnel at decompression surgery.  The prevalence of amyloid deposition within 

the symptomatic carpal tunnel has previously been investigated in several 

studies. In 1975, Stein et al initially described a 19% prevalence of amyloid 

deposition within 140 carpal tunnel biopsies from 108 patients with carpal tunnel 

syndrome collected over 11 years from a single centre in Germany [210]. 

62.96% were identified as TTR (known then as pre-albumin), with the other 

amyloid types AA, AL and β2 microglobulin also identified.  

Nakamichi and Tachibana have reported a prevalence of amyloid in the 

symptomatic carpal tunnel of 9.26%(10 of 108 individuals undergoing carpal 

tunnel biopsy) in a Japanese cohort with a mean age of 56 years and 80% 

female [211].  In this study two cases were identified as TTR with strong 

immunostaining and a further four cases showed weak staining with TTR.  

Proteomic analysis was not available in 1996.  The cohort was followed-up for a 

mean of 12.5 years (range 4.5-25 years) from symptoms onset and a mean of 

4.5 years (range 3-6 years) following surgery, no cases developed symptoms or 

signs of cardiac amyloidosis during the follow-up period.  In a more recent study 

by Sekijima et al 34.0% of 100 patients with idiopathic carpal tunnel 

syndrome showed amyloid deposition in the tenosynovial tissue[172].  All 
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identified amyloid deposits were immunophenotyped as TTR. DNA sequencing 

of the transthyretin gene did not reveal any mutations.   Analysis of the cohort 

identified age and male sex as independent risk factors for transthyretin amyloid 

deposition. These studies all predate the use of 99mTc-DPD as a non-invasive 

technique with the ability to identify even clinically silent TTR amyloidosis.  

It is not known whether amyloid deposition contributes to the pathology of 

carpal tunnel syndrome.  There have been no histopathological studies looking 

for amyloid deposits in the healthy carpal tunnel.    

We sought to identify; (i) the prevalence of amyloid deposition as TTR in the 

local population with idiopathic carpal tunnel syndrome, (ii) to investigate the 

prevalence of cardiac amyloidosis at carpal tunnel surgery in those with amyloid 

deposits, and (iii) to determine whether clinically silent amyloidosis could be 

identified in this cohort using 99mTc-DPD scintigraphy. 



110 
 

Methods:   

Carpal tunnel biopsies were taken at routine decompression surgery from 

individuals referred to a single operative surgeon at the Royal Free Hospital 

NHS Foundation Trust, London.  Cases were selected at random in those in 

whom carpal tunnel syndrome was considered idiopathic.  A small sample of 

tissue was taken from the volar aspect of the transverse carpal ligament after 

incision of the ligament to compress the carpal tunnel.  This tissue was put in 

formalin and sent for analysis for amyloid to the histopathology laboratory at the 

NAC.    

Biopsies were stained with Congo red and viewed under cross polarised light 

using standard technique as detailed in Chapter two.  Immunohistochemistry 

was used to type amyloid deposits using standardised techniques described in 

methods.  Proteomic analysis was performed in cases where amyloid could not 

be readily typed using immunostaining as detailed in Chapter two.  

Age at biopsy was expressed as mean.  Proportions of patients were expressed 

as percentage values.  Statistical analysis was performed using GraphPad 

Prism version 5.00 for Windows, GraphPad Software, San Diego California 

USA. 
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Results: 

Whole Cohort Characteristics: 

Biopsies were taken on 60 patients undergoing routine carpal tunnel 

decompression surgery between January 2015 and April 2017 by a single 

operating surgeon on those, where no cause for their entrapment neuropathy 

was identifiable from the clinical history.  There were no surgical complications 

from the biopsy being taken.  

60% of the whole biopsy cohort were female (n=36). Mean age at biopsy 77.65 

years (range 21.99-86.83 years).  16.7% of biopsies contained evidence of 

amyloid.  The cohort in which amyloid was found was older, mean age at biopsy 

was 81.85 years compared to 57.90 years in the group in which no amyloid was 

found (p=0.0092) (Table 4.2).  Table 4.3 depicts the characteristics of those 

with amyloid identified in the carpal tunnel.  

Seven (11.67%) biopsies demonstrated definitive staining with TTR (cases 

1,2,3,6,8,9,10). Two biopsies (cases 4 and 5) showed amyloid but this did not 

stain with monospecific antibodies reactive with serum amyloid A, transthyretin 

nor kappa or lambda light chains (termed NISS). Proteomics was performed on 

these samples and no amyloid signature proteins were identified.   Case 4 

declined assessment.   Case 5 was referred to the NAC and was found to have 

an IgG Kappa paraprotein of 4g/L and was on long term dialysis for 

hypertensive chronic kidney disease.  Full assessment including SAP 

scintigraphy revealed no visceral amyloid deposition and the amyloid deposits 

were assumed to be β2microglobulin.  

In one further sample amyloid was suspected due to positive Congo red binding 

and characteristic fluorescence but the sample was too small to type (TSTT). 

This patient (case 7) was referred to the NAC for assessment and all 

investigations were negative for amyloidosis.   
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Table 4.2: Whole cohort characteristics   

 Result Number Mean age at 

biopsy (years) 

Percentage 

female 

No amyloid 50 57.90 58% 

Amyloid 10 81.85 60% 

Whole cohort 60 p=0.0092* - 

*Two tailed T-test  

Table 4.3: Characteristics of cohort with amyloid identified in the carpal 
tunnel  

Patient 

Number 

Gender Age at 

biopsy 

(years) 

Congo 

Red 

Result 

Immunohistochemistry 

result 

Proteomics 

result 

1 Female 80.3 Positive TTR Not done 

2 Male 76.4 Positive TTR Not done 

3 Female 86.8 Positive TTR TTR 

4 Female 74.9 Equivocal NISS NASP 

5 Male 83.7 Positive NISS NASP 

6 Female 83.8 Positive TTR Not done 

7 Male 57.4 Positive TSTT NASP 

8 Male 69.7 Positive TTR TTR 

9 Female 84.9 Positive TTR Not done 

10 Female 83.4 Positive  TTR Not done  

 60% 
Female 

Median:  
81.9 

 
 

 

TTR transthyretin, TSTT too small to type, NISS amyloid with no specific immunostain (amyloid is present but 

did not stain immunospecifically with monospecific antibodies reactive with serum amyloid A, transthyretin 

and kappa and lambda light chains), NASP no amyloid signature proteins. Proteomics was initially only 

performed in cases where the immunohistochemistry result was uncertain or as part of another study.  
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Table 4.4: Characteristics of those with TTR deposition in the carpal 

tunnel   

 

 

Gender Age at biopsy 

(years) 

Assessment at 

NAC 

1 Female 80.3 Declined 

2 Male 76.4 Yes 

3 Female 86.8 Not yet 

6 Female 83.8 Declined 

8 Male 69.7 Yes 

9 Female 84.9 Not yet 

10 Female 83.4 Not yet 

N=7 Female = 71% Median 81.9 

years 

29% 

 

Of those with TTR amyloid within the carpal tunnel (n=7), there was a higher 

proportion of females (71%).  The median age was 81.9 years.  All have been 

referred to the NAC for evaluation. Table 4.4 lists their characteristics.  Two 

declined this assessment and three are awaiting assessment at time of censor. 

Two underwent full assessment.  Neither individual had symptoms or 

echocardiographic features of cardiac amyloidosis.  Case 2 had a slightly raised 

NT-ProBNP (186 ng/L) and possible early uptake on the SPECT done at 

99mDPD scintigraphy (see case vignette 2).  There has been no progression 

over two years of follow-up and he will continue to be assessed every two 

years.  Case 8 was also assessed at the NAC.  Interestingly, a mutation, 

Gly6Ser was found in exon 2 of his TTR gene.  This mutation causes a codon 

change GGT>AGT and has been previously described and not considered 

amyloidogenic[212].  All investigations were normal and no cardiac amyloidosis 

detected (Table 4.5). However, he was already under cardiology review for 

unexplained syncope and had an implantable event recorder at time of 

assessment precluding cardiac MRI.  He will be reassessed at the NAC in 2022.  
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Table 4.5: Cardiac assessment of those with ATTR in the carpal tunnel  

Investigation Case 2 
 

Male 76.4 years  

Case 8 
 

Male 69.7 years 

Amyloid Type TTR TTR 

TTR genotype Wild Type Gly6Ser 

Clinical 
Assessment 

Euvolaemic 
NYHA I 

Euvolaemic 
NYHA 1 

6-minute walk 
test (metres) 
% predicted 

391 
80 

584 
114 

NT-ProBNP 
(ng/L) 

186 <50 

Troponin T (µg/L) 10 11 

ECG 1st degree heart block Sinus rhythm 

Echocardiogram 
Impression 
LVS (mm) 
LVPW (mm) 
LVEF (%) 
Global strain (%) 

 
Not suggestive of 

amyloidosis 
11 
10 
59 

-23.7 

 
Not suggestive of 

amyloidosis 
9 
9 
9 

-20.3 

99mTcDPD 
scintigraphy 
(Perugini grade) 

0 
(Possible intraventricular 
wall uptake on SPECT 
see case Vignette 2) 

0 

Cardiac MRI Declined Contraindicated due to 
implantable recording 
device for recurrent 

syncope 

Follow-up 
duration 
Progression 

2 years 
No 

Awaiting follow-up 
n/a 

 

 

 



115 
 

 

Case Vignettes 

Two cases illustrate the ability to identify cardiac amyloidosis in a patient in 

whom TTR amyloid has been identified in a biopsy from a carpal tunnel.  

Case 1 

This is the index case which informed the design of, but is not included in, this 

study.   

An 86-year-old female of European ancestry presented with classical symptoms 

of carpal tunnel syndrome.  Electrophysiological studies confirmed severe 

latency of the medium nerve and she underwent right-sided carpal tunnel 

decompression at the Royal Free Hospital NHS Foundation Trust, London, at 

which time a biopsy was taken from the transverse carpal ligament.   The tissue 

was analysed at the NAC and amyloid deposits were identified.  

Immunohistochemical staining demonstrated the amyloid deposits were of the 

transthyretin type. The patient was then referred to the NAC for further 

evaluation. She described a recent hospital admission for unexplained dyspnea. 

Echocardiography showed normal systolic function but impaired global strain 

rate (–15.7%) and a strain pattern consistent with cardiac amyloidosis. The 

intraventricular septum was thickened.  99mTc–DPD revealed Perugini Grade 1 

uptake of tracer. Gene sequencing revealed no mutations in the transthyretin 

gene. Wild‐type ATTR (ATTRwt) amyloidosis was diagnosed. Figure 4.2 shows 

the investigations pertinent to the case.  
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Figure 4.2: Investigations of Case 1 revealing TTR amyloid in the carpal 
tunnel biopsy and cardiac amyloidosis on 99mTc–DPD 
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Case 2:  

This case is also referred to as case number 2 in the results section of this 

chapter. 

A 76-year-old male of European ancestry underwent unilateral carpal tunnel 

decompression surgery on the right-hand side. Based on the surgeon’s 

experience with Case 1 above, a 3mm biopsy was taken at surgery from the 

transverse carpal ligament.  The biopsy was sent to the NAC for histology.  This 

revealed amyloid (Figure 4.3) identified by Congo Red binding (Image A) and 

demonstrated apple green birefringence (B) and fluorescence (C). 

Immunohistochemistry revealed the amyloid to be of the TTR type (D). He was 

referred to the NAC for investigation.  

 

Figure 4.3: Histopathological sections from case 2 demonstrating amyloid 
of the TTR type 

 

Congo Red binding (A) Apple green birefringence (B) and fluorescence 
(C). Immunohistochemistry revealed the amyloid to be of the TTR type (D) 

A 

D C 

B 
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Gene sequencing revealed wild-type TTR gene sequence. He described no 

classical heart failure symptoms, 6-minute walk test was normal, as were the 

ECG and echocardiogram.   He declined cardiac MRI.  Blood results showed 

normal range NT-Pro BNP and Troponin.  99mTc–DPD showed no cardiac 

uptake.  SPECT was suggestive of very early cardiac uptake in the 

intraventricular septum and LV wall (Figure 4.4).  He will be followed-up for 

repeat assessment in 24 months.  

Figure 4.4: 99mTc–DPD and SPECT CT images of Case 2  

 

99mTc–DPD does not show cardiac uptake but the SPECT CT image from 
the same scan is suggestive of early uptake in the intraventricular septum 
(red circle).   



119 
 

Discussion:  

Carpal tunnel biopsy can readily identify amyloid deposition within the carpal 

tunnel, with TTR amyloid being the predominant amyloid type identified.  Carpal 

tunnel biopsy in combination with 99mTc-DPD scintigraphy has the potential to 

identify clinically silent cardiac amyloidosis at a potentially more treatable stage.   

16.7% of those with carpal tunnel syndrome undergoing decompression surgery 

had amyloid detectable within the symptomatic carpal tunnel.  Of these,11.7% 

had TTR amyloid deposits.  These prevalence rates are similar to study findings 

from other countries; Germany any amyloid 19%, TTR amyloid 16.49% [210], 

Japan any amyloid 9.26%, TTR amyloid 1.85% [211], and in a more recent 

Japanese study from 2011; 34% amyloid prevalence was found all of which was 

TTR [172].  These studies pre-dated the introduction of 99mTc-DPD scintigraphy 

which can identify early cardiac amyloidosis even before cardiac MRI[164], is 

non-invasive, sensitive and specific and can be used to follow-up those in whom 

TTR amyloid deposits have been found at carpal tunnel decompression 

surgery.   

These results suggest a low prevalence of cardiac involvement at the time of 

carpal tunnel release surgery. Only two individuals with aTTR in the carpal 

tunnel attended the NAC for assessment.  Neither had definitive evidence of 

cardiac amyloidosis and both will be kept under long-term follow-up.  The 

population in which amyloid was identified in our study was older (p=0.0092).  

This is in keeping with data from TTR amyloid biopsies taken from those with 

lumbar spinal canal stenosis[174].    There were more females with TTR 

amyloid found in the carpal tunnel than males (71%).  

Since the completion of this work a prospective study has been published 

(Sperry 2018).  This study from the U.S found a similar prevalence of amyloid 

deposits (10.2%) in the 98 patients enrolled.  7.14% had definitive TTR amyloid, 

only one of which had cardiac involvement, a 64-year-old male with a wild-type 

TTR gene, no signs or symptoms of heart failure and a normal ECG and BNP.  

Echocardiogram, however, revealed increased septal wall thickness (1.3cm) 

and impaired global strain rate of -15.8% and 99mTc-DPD scintigraphy revealed 

grade 3 cardiac uptake.  The carpal tunnel biopsy allowed the identification of 

clinically silent cardiac amyloidosis and treatment with diflunisal, an old-



120 
 

fashioned non-steroidal anti-inflammatory drug that is known to be a TTR 

stabiliser, was initiated.   

They were also able to identify the following factors from their data associated 

with an increased likelihood of finding TTR amyloid in the carpal tunnel from 

their cohort; older age, bilateral carpal tunnel syndrome, history of previous 

carpal tunnel decompression, history of spinal stenosis and spontaneous biceps 

tendon rupture.  

 
As explored in the previous chapter, little is known about the early natural 

history of ATTRwt amyloidosis.  Progression from soft tissue amyloidosis to the 

involvement of other organs over time is expected (Figure 4.5), but this does not 

appear to be inevitable, and when it does evolve, the time to organ dysfunction 

is unknown but likely to be many years.  Sperry et al measured the TTR 

concentration in the blood of those with and without soft tissue ATTR deposition 

as a possible explanation for why amyloidosis with a physiological protein may 

occur in some individuals with carpal tunnel syndrome but not others[213]. They 

found no difference in TTR concentrations between the two groups[213]. In 

addition, they used a subunit exchange assay to quantify TTR tetramer kinetic 

stability but again found no significant difference.   This suggests that there are 

other mechanisms involved in the aggregation of TTR as amyloid fibrils.  As 

discussed both genetic and wild type variants of the TTR protein form 

amyloid[167].   In vitro studies of TTR fibrillogenesis have identified a novel 

mechano-enzymatic mechanism using trypsin and 900 rpm double-orbital 

shaking that generates abundant amyloid fibrils[11]. In vivo, however, trypsin is 

synthesized by the exocrine pancreas only and is secreted exclusively into the 

duodenum and it is difficult to understand its role in TTR fibrillogenesis in 

ATTRwt deposition in the carpal tunnel, for example. Using a bioinformatics 

search for more ubiquitous proteases, plasmin, has been identified as the 

putative proteolytic enzyme[214].  Plasmin was found to cleave human TTR 

under physiological conditions promoting fibrillinogenesis in vitro and this was, 

like trypsin, greatly enhanced by mechanical agitation.   

It is interesting that agitation is necessary for TTR amyloid fibrillogenesis in vitro 

with both trypsin and plasmin because TTR amyloid is often found in tissues 

which are contractile, under pressure or shear stress.  The raised pressure in 
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the symptomatic carpal tunnel has already been described and can be as high 

as 100 mmHg upon wrist flexion,  similar to the pressure found in the left 

ventricle in systole[201].  ATTR is also reported in those with aortic stenosis 

where the pressure gradient across the valve can be greater than 60mmg Hg in 

a severely stenosed aortic valve with much agitation of the blood passing 

through the stenosed valve [215, 216].  Similarly, a high prevalence (45.3%) of 

ATTR has been found in the ligamentum flavum of those undergoing lumbar 

canal decompression surgery for spinal canal stenosis[174]. There are 

significant changes in pressure in the symptomatic stenotic spinal canal upon 

spinal movements particularly extension which can result in pressures of up to 

37.97 mmHg significantly agitating contents of the canal [217].  Yanagisawa et 

al, like Sperry et al, found no significant difference in serum transthyretin 

concentrations in patients with ATTRwt deposits in the ligamentum flavum 

and those without[174]. They also used mass spectrometric analysis to 

identify mutant transthyretin protein in serum samples but found only wild 

type TTR proteins in those with and without ATTR deposits. These patients 

did not undergo 99mTc-DPD scintigraphy or other cardiac investigations, but 

the authors comment that there were no cardiac symptoms in those in whom 

ATTR was identified. 

Another important finding from Yanagisawa and colleagues was that the 

amount of transthyretin amyloid in the ligamentum flavum was related to older 

age, to the thickness of the ligamentum flavum on MRI scanning, and to a 

higher degree of spinal segment instability[174].  This suggests that older 

individuals presenting with lumbar canal stenosis with a high degree of spinal 

instability and thickened ligamental flavum, should have histology sent 

looking for amyloid deposits and could undergo 99mTc-DPD scintigraphy to 

identify silent cardiac amyloidosis.  The bladder is another site at which TTR 

amyloid deposits can be found (Chapter 3).  The contraction of the large 

detrusor muscle generates intravesical pressure changes of up to 20mmHg 

when voiding under physiological conditions[218].  Of note, these pressure 

gradients rise significantly with bladder outflow obstruction caused by prostate 

hypertrophy; a condition afflicting older males much like the population 

diagnosed with cardiac ATTRwt amyloidosis[219].  
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Perhaps further evidence of the mechano-enzymatic mechanism of TTR 

amyloidogenesis in vivo comes from our clinical observation that many patients 

at the NAC with a diagnosis of cardiac wtTTR amyloidosis were previously 

unusually athletic (significant sporting achievements) or performed physically 

demanding jobs (farming).  In keeping with this, ATTR has also been widely 

reported in tendon tears in the upper limbs, most prevalent in older age groups 

and with significant impingement symptoms [220, 221]. TTR amyloid deposits 

are also readily identified in degenerative joints at joint replacement surgery 

particularly of the knee [222]. However, recent work suggests that ATTR 

deposition is not just a biomarker of severity of OA (a demonstration that the 

increased mechano-forces in the more severely degenerative joints promotes 

TTR amyloidogenesis but murine studies directly link ATTRwt deposition to the 

pathogenesis of osteoarthritis, with intra‐articular injection of 

aggregated TTR in WT mice leading to increased synovitis and significantly 

enhanced expression of inflammatory genes in the synovium both in surgically 

induced (destabilising of the medial meniscus) and in aging murine models of 

osteoarthritis[223]. Given the very high global prevalence of osteoarthritis this 

suggests further study is required, particularly given the new therapies licensed 

for ATTR amyloidosis. This also suggests there may be a role for the old 

fashioned nonsteroidal anti-inflammatory drug, diflunisal, which is a TTR 

stabilizer, in individuals with osteoarthritis.  

This study demonstrates that carpal tunnel biopsy can identify those who may 

be at risk of developing wATTR amyloidosis and its more widespread use will 

help to elucidate the natural history of the disease. There appears to be a low 

level of cardiac amyloidosis at the time of carpal tunnel decompression surgery 

but the majority of those diagnosed with cardiac ATTR amyloidosis have a 

history of carpal tunnel syndrome or decompression surgery. This suggests that 

carpal tunnel syndrome may occur early in the disease, many years before 

cardiac involvement and can be used to identify at-risk populations, particularly 

when used in combination with the highly sensitive and specific 99mTc-DPD 

scintigraphy. A proposed natural history of ATTRwt is depicted in Figure 4.5.  

This is a retrospective case control study and has a number of limitations.  The 

numbers of positive samples containing TTR are small and results are further 
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diminished by the difficulties encountered in inviting those with positive samples 

to attend the NAC for assessment.  

Additionally, as the cases were identified from histology requests only and as 

this was not a prospective study, we did not have clinical details about the 

individuals over and above that documented on the biopsy label i.e. basic 

demographic data and date of biopsy.  Full clinical details such as bilateral 

carpal tunnel symptoms, presence of spinal stenosis, history of tendon rupture, 

occupational or sporting history and neurophysiology results would aid 

conclusions that can be drawn from the data, particularly with respect to 

identifying an at-risk population to biopsy on clinical grounds in the future.  

Ultimately a prospective study is required with long-term follow-up.   

This study has informed the design of a multi-centre prospective study to 

identify the UK prevalence of ATTR amyloid in those with carpal tunnel 

syndrome; IRAS 181075: Prevalence of ATTR amyloid in the carpal tunnel 

(Figure 4.6).  Long term follow-up of the cohort identified by this study will help 

to inform the natural history of ATTRwt amyloidosis and permit earlier 

administration of potential disease modifying therapeutic agents, especially in 

light of new data which suggests that the recently licenced agents, which 

appear to be of greatest benefit in patients with early-stage cardiac 

disease[224]. 
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Figure 4.5: Proposed natural history of ATTRwt amyloidosis  

 

Data from Chapters 3 and 4 suggest that carpal tunnel and other 
musculoskeletal TTR amyloid deposition may develop many years before the 
accumulation of ATTR in the heart and viscera, as depicted above.  This is an 
important observation in light of the newly licenced TTR stabilising drugs, which 
if given early may prevent cardiac and visceral amyloidosis, although the 
progression to systemic amyloidosis does not appear to be inevitable and 
further studies are required.  
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Figure 4.6: Flow-chart for prospective study of the prevalence of TTR 
deposits in the carpal tunnel and long-term study to investigate the 
natural history of ATTRwt 
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Chapter Five:  

The changing aetiology of AA Amyloidosis  

 

Introduction 

Systemic AA amyloidosis is a rare but serious complication of chronic 

inflammation.  As described in Chapter One, the precursor protein is serum 

amyloid A protein (SAA), an apolipoprotein of the HDL class with postulated 

functions in innate immunity and lipid homeostasis[89]. It is synthesized mostly 

by hepatocytes in response to pro-inflammatory cytokines particularly tumour 

necrosis factor (TNF) alpha, interleukin-1 (IL-1) and interleukin-6 (IL-6).  SAA is 

a soluble apolipoprotein, with 4 related genes, the amyloid precursor is thought 

to largely derived from the SAA1 gene[90].  It has a number of polymorphisms 

and SAA1.1 homozygosity in particular is associated with a higher risk of 

developing AA amyloidosis in both humans and in murine models[225].  

The pathophysiology of AA amyloidosis is not yet fully understood but it is 

thought that circulating SAA is bound to high-density lipoproteins in the plasma 

which protect SAA from proteolysis by matrix metalloproteinases and prevent 

misfolding[14].  Unbound soluble SAA appears to be intrinsically unstable and 

readily taken up by macrophages, then degraded in the lysosome compartment 

forming stable soluble oligomers [89].  These prefibrillar oligomers accumulate 

in the extracellular space along with SAP, lipid moieties and 

glycosaminoglycans to form mature amyloid fibrils[226].   

The median physiological plasma concentration of SAA  is 3 mg/L and this can 

rise to levels as high as 2,000 mg/L in response to pro-inflammatory 

stimuli[227].  Sustained production of SAA is a risk factor for the development of 

AA amyloidosis and as such any proinflammatory insult which causes abnormal 

elevations of SAA, either from chronic inflammation or following recurrent 

episodes of inflammation over many years. The condition is highly likely to be 

underdiagnosed and large cohort data have shown a highly variable prevalence 
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between countries, probably reflecting different disease burdens locally leading 

to chronic inflammation[228].  

Typically, AA amyloidosis manifests as proteinuric renal failure and is, therefore, 

most commonly diagnosed on renal biopsy[25].  It is unclear why there is 

tropism of SAA fibrils for the kidneys but at presentation there may be other 

visceral amyloid identifiable on SAP scintigraphy, with almost universal splenic 

deposits and liver deposition demonstrable in 23% at diagnosis[25].  

Identifying the origin of the inflammation is important for targeting treatment to 

suppress the acute phase response.  The suppression of the serum SAA 

concentration to <10mg/L has the dual benefit of preventing further 

accumulation of visceral amyloid deposition, while allowing existing amyloid 

deposits to slowly regress, although this does not occur in all individuals[25].  

This process of stabilisation and regression can be readily demonstrated using 

serial SAP scintigraphy.  Regression of amyloid deposits has been shown to 

improve organ function and the degree of SAA elevation linked to poor overall 

prognosis [12, 25]. Further adverse prognostic factors that have been identified 

include: (i) older age at diagnosis, (ii) underlying sepsis, (iii) Crohn’s disease, 

and (iv) end-stage renal disease at presentation[25]. Positive prognostic factors 

are related to sustained reduction in SAA synthesis; thus, those with periodic 

fever syndromes, for which there is highly effective treatment, have a better 

prognosis[25, 229]. Therefore, detailed assessment of patients to identify the 

underlying cause of inflammation is the gold standard approach. 

 

The UK NAC systemic AA amyloidosis cohort 

The UK National Amyloidosis Centre has the largest known cohort of individuals 

with AA amyloidosis.  It has been well described in the literature [25, 91].   This 

cohort was also analysed in the context of an epidemiological study of systemic 

amyloidosis in England which determined that 48% of the UK caseload of 

patients with amyloidosis were referred to the NAC[20].   

Data from the cohort is maintained on a database which, for the purposes of 

this study, was updated from the last published data with a censor date of 
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February 2017.  There have been 659 cases of AA amyloidosis seen at the 

NAC since 1990. Over 27 years the rate of new cases has remained remarkably 

constant with a median of 24 diagnoses per annum  (IQR 18.5-30.5), however, 

AA amyloidosis represents a decreasing proportion of new cases of systemic 

amyloidosis (35-5%) due to the  large increase in diagnoses of AL and other 

forms of amyloidosis over this period of time[91].  Over time the median age of 

presentation with AA amyloidosis has increased as has the percentage of those 

presenting in end-stage renal failure (15-29%)[91]. 

The aetiology of the inflammation causing AA amyloidosis has also changed 

significantly over the cohort’s 27 years.  Between 1990-1997 the most prevalent 

cause of AA amyloidosis was inflammatory arthritis.  In contrast, between 2007-

2014 most commonly the aetiology of the inflammation could not be identified 

(termed idiopathic AA amyloidosis for the purposes of this study).  These 

patients have been extensively investigated including genetic sequencing for 

heritable periodic fever syndromes and 18F-FDG-PET CT imaging [92].   

The patients in the NAC cohort undergo serial SAP scintigraphy and SAA 

measurements to ensure the inflammatory response is adequately suppressed.   

Lachmann and colleagues reported the results of serial SAP scintigraphy scans 

on 221 patients with AA amyloidosis.  In 12% the amyloid burden increased, in 

48% it was unchanged, and in 39% there was evidence of regression from 

baseline. [25].  Figure 18 depicts amyloid regression in a patient with juvenile 

idiopathic arthritis treated successfully with anti-TNF therapy.   
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Figure 5.1: SAP scintigraphy showing regression of amyloid following 
suppression of serum SAA levels  

 

The patient with juvenile idiopathic arthritis presented with proteinuric renal 
failure.  Renal biopsy revealed aa amyloidosis.  SAP scintigraphy (anterior 
views only) demonstrated a heavy amyloid load in the liver, spleen and both 
kidneys.  Treatment with anti-TNF therapy was initiated.  Serum SAA level were 
suppressed to below 10mg/L and serial SAP scintigraphy showed regression of 
the visceral amyloid load.  

 

Lachmann and colleagues clearly established that increased production of SAA 

was the most powerful risk factor for end-stage renal failure and death[25].  

Thus, treatment must be aimed, not just at clinical remission but also at 

suppression of SAA production.  This can represent a therapeutic challenge.  

Corticosteroids are an unattractive empirical option due to the need for long 
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term, possibly life-long, treatment and their well-documented significant side 

effects.  Colchicine can be used with good effect, but dosing is often limited by 

gastrointestinal side-effects.   More recently targeted cytokine treatments have 

been trialled empirically in the NAC cohort [92, 93].  IL-1 inhibitors were given to 

11 patients with idiopathic AA amyloidosis[92].  Of these nine responded and a 

quarter of these showed regression on serial SAP scintigraphy with stabilisation 

of deposits in the rest of the responders.  IL-6 inhibition is perhaps an even 

more attractive therapeutic option in AA amyloidosis as it acts to suppress the 

main driver for the production of SAA.  The empirical use of the IL-6 inhibitor 

tocilizumab led to suppression of SAA production to <10 mg/L in all 14 cases 

within ten days of the first dose [93].  Novel therapies aimed at promoting 

clearance of existing amyloid deposits, such as the anti-SAP antibody in 

combination with CPHPC (see Chapter One) may be an effective treatment 

approach in the future, following suppression of SAA production.   

Interestingly, whilst it is well recognised that chronic elevations of SAA in the 

blood is linked to the development of systemic AA amyloidosis, it is not an 

inevitable consequence of inflammation, occurring in only 5-10% in chronic 

inflammatory diseases [230, 231].  This suggests unidentified susceptibility 

factors that may be involved in the pathogenesis of the disease.  Based on 

clinical observation that many patients attending the NAC with AA amyloidosis 

were overweight, this study sought to explore the possibility of obesity as a 

susceptibility factor in patients with idiopathic AA amyloidosis. 
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Methods 

Cases of AA amyloidosis where no cause could be found (Idiopathic AA 

Amyloidosis) were identified from the established database of the NAC AA 

amyloidosis cohort already described. The database was updated from the 

previously published data to February 2017[91].  

The control group was identified from the NAC AA amyloidosis database as 

those with a definitive underlying cause for their AA amyloidosis; (i) monogenic 

systemic autoinflammatory disease, (ii) rheumatoid arthritis and (iii) ankylosing 

spondylitis.   

Body mass index (BMI) was used as an indirect marker of body fat and 

calculated using the formula: weight (kg)/[height (m)]2 with reference ranges for 

BMI as follows: < 18.5 underweight, 18.5-24.9 normal, 25.0-29.9 overweight, 

>30 obese[232]. 

Serum amyloid A (SAA) and C-reactive protein (CRP) were quantified using 

standard techniques as outlined in Chapter Two. Normal range limits were 

<5 mg/l for CRP and <6.4 mg/l for SAA. 

Data was analysed using an unpaired t test and Kaplan–Meier survival analysis 

using GraphPad Prism® 6.0 (La Jolla, CA)  
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Results:  

Whole cohort characteristics:  

Six hundred and fifty-nine patients with AA amyloidosis were seen between 

1990 and 2017. Three hundred and fifty-four (53.7%) were male. The median 

age at first presentation was 56 years (range 90 – 91 years). The underlying 

diagnoses of the whole cohort are detailed in Figure 5.2.  

Figure 5.2: Underlying aetiology of inflammation in 659 cases of systemic 
AA amyloidosis seen at the NAC over 27 years  

 

Rheumatoid arthritis is the predominant cause of AA amyloidosis in the NAC 
cohort.  Idiopathic, or unknown aetiology, is the next most common.  Juvenile 
arthritis is third.   
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When the underlying aetiology of the systemic inflammation were analysed over 

time, changes in the underlying aetiology became apparent (Figure 5.3).  Of 

note, there has been a significant decrease in new cases of AA amyloidosis 

where the underlying cause is JIA (p<0.0001), an increase in inflammation 

caused by injected drug use and a significant increase in apparent idiopathic 

cases of AA amyloidosis.  

Figure 5.3: Changing aetiology of NAC AA amyloidosis cohort over 27 

years 

 

 

Updated analysis of the underlying aetiology of the NAC AA amyloidosis cohort.  
The original figure was published by Lane and colleagues with censor date of 
2014 [91].  This figure demonstrates the changing aetiology of the NAC AA 
amyloidosis cohort from 1990-2017.   
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Study cohort characteristics 

97 individuals with idiopathic AA amyloidosis were identified. 50% were male.  

Height and weight data was available for 73 individuals (76%) and the 

remaining 24 were, therefore, ineligible for the study as BMI at presentation 

could not be calculated.   A control cohort of 104 cases of AA amyloidosis, 33% 

male, with a diagnoses of inflammatory arthritides and systemic 

autoinflammatory disease was used for comparison.  Figure 5.4 depicts the 

underlying diagnoses in the control group.  All cases with these diagnoses in 

the NAC AA amyloidosis database and with height and weight data recorded at 

baseline were used in the control group.  Median age in the idopathic cohort 

was 59.6 years and 57.3 years in control group (p=0.41).   

 

Figure 5.4: Control AA amyloidosis cohort  

  

 

The control cohort n=104 cases with AA amyloidosis with definitive underlying 
diagnoses of rheumatoid arthritis, ankylosing spondylitis, familial mediterranean 
fever (FMF), Mavelonate kinase deficiency (MVKD), Cryopyrin associated 
periodic syndrome (CAPS), TNF-receptor periodic syndrome (TRAPS).   
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The median BMI for the idiopathic cohort was significantly higher at 27.2 vs 

24.11 in the control cohort (p< 0.0001).  Further analysis showed that of the 

idiopathic cohort; 60% were overweight and 39% obese. In the control 

group 43% were overweight, 27% obese (Table 5.1).  

 

Table 5.1: Idiopathic and control cohort baseline characteristics and BMI 

Median 
Baseline  

Characteristics  

(First visit to 
NAC) 

Idiopathic 
Cohort 

n=73 

Control 
Cohort 

n=104 

Significant 
difference 

between 
groups 

Age (years) 59.6 57.6 No 

Female  50% 67% No 

Proteinuria (g/L) 4 3.65 No 

Serum 
Creatinine 
(µmol/L) 

158 157 No 

CRP (mg/L) 22 27.5 No  

SAA (mg/L) 33 46 No 

% Overweight  60 43 - 

% Obese 39 27 - 

Median BMI 27.2 24.1      Yes 
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P<0.0001 

Figure 5.5: Body mass index between idiopathic and control groups 

 

Figure shows statistically significant difference in BMI between the two cohorts.  
Although the Idiopathic AA group have significantly raised BMI’s their median 
BMI is not in the obesity range.  

 

 

 

 

 

 

 

 

 

p< 0.0001 

 

Idiopathic AA  Control AA  
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Survival  

Median survival in the control group was 92.49 months.  In the idiopathic group 

it was 66.16 months.  This difference was of borderline statistical significance 

using the Log-rank (Mantel-Cox) test (P=0.05) (Figure 5.6).  

Figure 5.6: Kaplan-Meier survival curve of the idiopathic and control 
cohort with AA Amyloidosis  

 

Kaplan-Meier curve showing the survival from first visit of the two groups with 
AA amyloidosis.   
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Comparisons with other cohorts 

Since presentation of this data two other groups have replicated these findings 

(Table 5.2).  They have found very similar results with low grade persistent 

inflammation, mild renal impairment and low-grade proteinuria.  However, they 

both had a female predominance and BMI’s in the higher obese range.   

Table 5.2: Median baseline demographics of the three reported cohorts 
where BMI in those with AA amyloidosis have been investigated  

 

 Youngstein et al. 

n=73 

Stankovic et 

al[233]. 

n=13 

Blank et 

al[234]. 

n=37 

Age (years) 59.6 56 65 

Gender  

(%female) 

50 92 73 

Serum 

Creatinine 

(µmol/L) 

158 176 Not reported 

 

Proteinuria 

(g/L) 

4 1 2 

BMI (Kg/m2) 27.2*** 35*** 31*** 

CRP (mg/L) 22 21 15 

SAA (mg/L) 33 19 28 

 
Data showing the similarities of the three reported cohorts in which obesity has 
been identified as a susceptibility factor for AA amyloidosis.  *** denotes 
p<0.001 when comparing to individual study control group.   
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Discussion 

We found that the BMI is significantly higher in patients with AA amyloidosis of 

idiopathic origin when compared to the well phenotyped control group who 

otherwise exhibited similar baseline demographics (p< 0.0001).  This suggests 

that adipocyte synthesis of pro-inflammatory cytokines may produce a chronic 

low-grade acute phase response in some people causing AA amyloidosis over 

time.  Inflammatory markers (CRP and SAA) were both mildly elevated and 

renal impairment was not severe. Although the median BMI was significantly 

higher than in the control group, it did not fall within the morbidly obese range.   

Currently the UK population mean BMI is 27.4 in men and 26.9 in women, with 

41% of men and 33% of women classified as overweight, and 26% and 24% as 

obese. Given the data shown, this observation raises the possibility that AA 

amyloidosis may become more common, a cause for concern over and above 

the public health problems already posed by rising obesity rates [235]. Indeed, 

due to the increased complications associated with renal biopsy in those who 

are obese, it is possible that AA amyloidosis in this cohort is significantly under 

diagnosed.  

Since the initial presentation of this data[236], these findings have been 

replicated by other groups in both Germany and France, [234], [233](Table 5.2).  

The French group described 13 cases of AA amyloidosis who, despite 

extensive imaging and serological studies, had no cause for their chronic 

inflammation found[233]. All of these patients were obese, with a median BMI of 

35Kg/m2 and they concluded no other cause, but obesity, could explain the 

chronic inflammation leading to AA amyloidosis.  As in our cohort, these 

patients had low grade proteinuria (median 1g/24 hours) and a modest rise in 

acute phase markers (median CRP 21mg/L, median SAA 19mg/L), but unlike 

our cohort 92% were female. The authors also noted a possible important 

finding that warrants further research; that review of the renal biopsy in these 

cases demonstrated a higher proportion of vascular amyloid rather than the 

predominant glomerular deposition usually seen.   

The German group describe 37 cases of idiopathic AA amyloidosis with a 

median age of 65 years and median BMI of 31Kg/m2, significantly higher 
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(p<0.001) than two control groups; (i) FMF or rheumatoid disease with AA 

amyloidosis and (ii) those with chronic inflammation but no AA 

amyloidosis[234]. They also report very similar low-grade inflammation (median 

CRP 15mg/L, SAA 28mg/L) and found that, in addition to obesity, age at AA 

amyloidosis diagnosis (p = .00002) and female gender (p = .004) were 

significantly more common in their idiopathic group.   

Blank and colleagues also performed SAA1 genotyping and found the SAA1.1 

homozygous genotype was more prevalent (p < .0001) when compared to non-

inflammatory controls.  They also measured the serum levels of the adipokine 

leptin and found this correlated with BMI in all cases.   

It has long been known that excess adipose tissue is associated with a raised 

acute phase response and that cytokines and chemokines released from 

adipose tissue contribute to obesity-related complications such as 

cardiovascular and metabolic disease[237]. Macrophage infiltration is also 

increased in the adipose tissue of obese rodents and is an important source of 

inflammation [238]. Marked visceral amyloid deposition was initially described 

in obese-hyperglycemic mice with the genotype ob/ob in 1977[239].  Obesity-

induced chronic inflammation has also been reported in high fat diet challenged 

mice who went on to develop accelerated renal amyloidosis as they aged[240].  

Poitou and colleagues described a case of systemic AA amyloidosis 

concurrent with SAA overexpression in the subcutaneous white adipose tissue 

of an obese patient with a leptin receptor deficiency[241]. Based on their index 

case they investigated the role of SAA in common obesity and found much 

higher SAA expression in mature adipocytes than cells of the undifferentiated 

stroma vascular fraction (p<0.01). Moreover, SAA mRNA expression and 

circulating SAA levels were significantly higher in obese compared to lean 

subjects (p<0.001 and p<0.01 respectively)[242]. Strict calorie restriction 

resulted in a 45–75% reduction in levels of SAA transcripts and in circulating 

levels of the protein.  

Similarly, SAA was measured in the serum of 18 patients with obesity before 

and after gastric bypass surgery[243]. Weight loss significantly decreased 



141 
 

SAA concentrations as well as mRNA expression of SAA in omental adipose 

tissue (p<0.0001). 

Case vignette  

A 32-year-old female presented to her GP with lethargy and arthralgia.  

Inflammatory markers were found to be elevated.  After multiple negative 

investigations she was referred to the fever clinic at the NAC.  Her SAA was 

elevated and she was treated with empirical colchicine and then IL-1 inhibition 

with anakinra with only partial response over a decade.  She had always been 

overweight, with a BMI at presentation of 43.2 Kg/m2. Bariatric surgery with 

gastric biopsy was undertaken.  This resulted in reduction of BMI and circulating 

SAA levels (Figure 5.6). 

Figure 5.6: SAA and BMI response to immunosuppression and 
bariatric surgery in a 32-year-old female with idiopathic 
inflammation 

 

Figure showing response to immunosuppressants and then bariatric 
surgery in a female patient with significant acute phase response.   

In summary, obesity was identified as a susceptibility factor in cases of 

idiopathic AA amyloidosis.  BMI is a validated estimate of body fat composition 
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and is, therefore, an inexpensive tool that can be used in everyday clinical 

practice to identify these cases[244].  

Importantly, this phenomenon appears to be occurring in individuals who do not 

need to be significantly morbidly obese, with our data suggesting that chronic 

low-grade elevations of circulating SAA over many years is important in the 

pathogenesis.  These findings have now been replicated in two other groups, 

although the median BMI in both populations was higher and in the obese 

range.  

We postulate that BMI in the over-weight and obese range is likely to be an 

important and emergent cause of renal impairment with major public health 

implications given the scale of the predicted obesity epidemic (dialysis costs 

£30,800 annually in the UK [245].  As such, active management of inflammation 

in overweight and obese patients is important.  In obese patients with 

proteinuria renal biopsy is often considered high-risk due to body habitus. The 

potential renal complications of severe obesity include diabetes, hypertension 

and nephron loss, obesity related glomerulopathy and we now suggest AA 

amyloidosis. Consequently, SAP scintigraphy and or abdominal fat biopsy 

should be considered to look for AA amyloid deposition.  

Empirical attempts to reduce circulating serum SAA levels should be made.  

This can be done by intensive weight-loss programme in the first instance.  In 

cases where AA amyloidosis is established it may be necessary to use IL-6 

inhibition until BMI and SAA normalise, as we know that even very low-level 

SAA levels (within what would be reported as normal range) have been shown 

to be closely linked to poor outcome[25]. Suppression of circulating SAA may 

lead to stabilisation and eventually improvement in renal function, delaying or 

negating the need for renal replacement therapy.  Figure 5.7 summarises a 

proposed management algorithm.  Future research directed to working with 

general practitioners and bariatric services may identify a larger cohort, to 

explore further the prevalence and role of the SAA1.1 homozygous phenotype. 

This will allow identification of cases with AA amyloidosis at an early stage 

where renal function may be preserved using a calorie restriction and cytokine 

inhibition approach.   
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Figure 5.7: Proposed algorithm for the management of those with 
raised BMI an acute phase response and suspected AA amyloidosis 

Figure showing proposed algorithm for the investigation of those with raised 

BMI and acute phase response, including the consideration of cytokine 

inhibitors. treatment.  
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Chapter Six:  

Interleukin-1 inhibitors in Pregnancy  

 

 

“I am 20 weeks pregnant with my first child and I have chosen 

to continue to take anakinra during my pregnancy. 

I have lived with CAPS symptoms for the initial 27 years of my 

life.  Now that I have had a ‘holiday’ from CAPS I could never go 

back. Not even for one day. 

No one wants to put an untested drug into their body when they 

are pregnant.  Most other pregnant women are worrying about 

avoiding prawns and ibuprofen, however, it made perfect sense 

to me that my body would not be a welcome or suitable 

environment for an unborn child if I was experiencing 

symptoms” 

 

 

 

Email correspondence sent to me and shared with consent from a patient with 
CAPS when pregnant with her first child.  
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Introduction 

The first interleukin-1 inhibitor was licensed for use in rheumatoid arthritis in 

2001, however, these agents have been most dramatically effective in the 

systemic autoinflammatory diseases (SAIDS)[246]. These diseases generally 

present during childhood, and with better disease recognition and diagnostics, 

their apparent incidence is rising and diagnostic delay is decreasing [247].  

Treatment with interleukin-1 (IL-1) antagonists completely controls symptoms in 

a number of SAIDS, with dramatic and sustained improvement in quality of life 

[229].  For those with genetically determined SAIDs, these life-transforming 

therapies are likely to be required lifelong and many are unable to stop the 

medication prior to conception or during pregnancy. 

More than a decade after the first reported use of IL-1 inhibition in SAIDs an 

increasing number of patients are reaching reproductive age and contemplating 

starting a family [101]. For those with well controlled disease and an expectation 

of a near normal duration and quality of life, information concerning their fertility 

and the potential risks to themselves and their children is of enormous 

importance.  However, even compared to other biologic medications, few data 

on the safety of IL-1 antagonist are available in relation to conception, 

pregnancy or breast feeding. This paucity of sound evidence is recognized in a 

recent international consensus document on use of antirheumatic drugs around 

pregnancy whilst this may reflect the rarity of SAIDs, the lack of data is 

compounded by exclusion of reproductively active subjects from drug trials, and 

by manufacturers discouraging the use of biologic agents in women 

contemplating pregnancy [248].  As men must also use contraception when 
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participating in drug trials, there is a total lack of published data on the health of 

offspring born to fathers receiving IL-1 antagonists.    

Currently there are three IL-1 antagonists, anakinra (Kineret®, Sobi), 

canakinumab (Ilaris®, Novartis) and rilonacept (ARCALYST®, Regeneron 

Pharmaceuticals) and their characteristics are summarized in Table 6.1.   

Anakinra is a small molecule that differs from the physiological IL-1 receptor 

antagonist by a single methionine base pair.  Canakinumab is a monoclonal 

antibody with characteristic Fc domain and rilonacept is a dimeric, glycosylated 

fusion protein composed of the extracellular domains of the interleukin 1 

receptor and an accessory protein IL-1-RAcP fused to the Fc domain of human 

IgG1.  The presence of the Fc domain in Canakinumab and Rilonacept means 

that both drugs can be actively transported across the placenta by the neonatal 

Fc receptor in the second and third trimester and thus be exposed to the 

developing foetus in contrast to Anakinra that lacks the Fc domain.  

 

Patients and methods 

A request for data was made in 2012 to members of the International Society 

for Systemic Autoinflammatory diseases.  A data collection sheet was used to 

obtain standardized retrospective data including maternal age, 

autoinflammatory syndrome diagnosis, obstetric history, type and duration of IL-

1 blockade, biochemical and clinical response to IL-1 inhibition, pregnancy 

duration and delivery mode.  Infant data for APGAR (Appearance, Pulse, 

Grimace, Activity and Respiration) score, birth weight, congenital abnormalities, 

development, breast feeding status and age at last follow-up were collected.  

The study was approved by the Royal Free NHS Trust ethical committee, and 
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consent was obtained by the treating physician and indicated on the data 

collection sheet. Paternal exposure data were collected by retrospective review 

of case notes.   
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Table 6.1: Licensed interleukin-1 antagonists and evidence for their use in pregnancy and lactation 

IL-1 Antagonist Half-life 
 

Animal data Human Data FDA Pregnancy 
Category† 

Lactation 

Anakinra  
(Kineret®, Sobi) 
recombinant human IL-1 
receptor antagonist  
(IL-1 Ra) 

5.7 hours 
[249] 

No evidence of 
impaired fertility or 
fetal harm in rats or 
rabbits at doses > x25 
human dose 

5 completed pregnancies in 
Adult Onset Stills Disease 
(AOSD) [250, 251]  
9 completed pregnancies in 
CAPS [252] 
See Table 6.5 
 

B IL-1 Ra is a normal 
component of breast 
milk. Single report; No 
adverse outcomes 
reported [251] 

Canakinumab (Ilaris®, 
Novartis) 
human IgGkappa monoclonal 
antibody to IL-1Beta 

29 
Days 
[229] 

No fetal abnormalities 
in Marmosets, 
delayed cranial 
ossification in mice 
but no teratogenicity. 
[253]  
 

No data C No data 

Rilonacept 
(ARCALYST®, Regeneron 
Pharmaceuticals) Dimeric, 
glycosylated fusion protein 
composed of the extracellular 
domains of the interleukin 1 
receptor and an accessory 
protein IL-1-RAcP fused to the 
Fc domain of human IgG1  

8.6 days  
[254]  

 

Teratogenic in 
Cynomolgus 
monkeys; increased 
incidence of stillbirths, 
lumbar ribs, fusion of 
ribs and thoracic 
vertebral bodies and 
arches 
[255] 
 

No data C No data 

†The United States Food and Drug Administration (FDA) Pregnancy Category B: animal studies have failed to demonstrate a risk 
to the foetus, there are no adequate studies in pregnant women; Category C: There are no adequate and well-controlled studies in 
pregnant women. Based on animal data, may cause foetal harm.  
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Results 

43 pregnancies exposed to IL-1 inhibitors were identified.  These came from 

seven countries, including 14 canakinumab-exposed pregnancies, of which 8 

were maternal (Table 6.2) and 29 anakinra-exposed pregnancies of which 23 

were maternal (Table 6.3).  We report the first data on paternal exposure to 

anakinra (n=6) and canakinumab (n=5) (Table 6.4). We report the outcome of 

14 neonates breast fed by mothers taking anakinra (n=10) or canakinumab 

(n=4) for up to ten months duration, with no reported serious infections (Tables 

6.2 and 6.3). There were no developmental abnormalities with median follow-up 

of 18 months (range 1 week to 10 years).  There were no cases of rilonacept 

use in pregnancy.  

In keeping with the known favourable safety and efficacy profiles of these 

medications, there were no reported serious infections in the mothers nor 

neonates and disease was in complete clinical and biochemical remission in all 

but three cases (detailed below) 

Canakinumab  

Eight pregnancies, from seven women, were exposed to canakinumab and 

resulted in seven live births (Table 6.2).  A single case of miscarriage occurred 

at six weeks to a 26-year-old mother with refractory Cogan Syndrome, with only 

a partial clinical and biochemical response to canakinumab at a dose of 150mg 

monthly.  This was her second miscarriage, the first occurring on anakinra the 

previous year. Of the seven live births, mean maternal age was 24 years (range 

16-32 years), all were in complete clinical and biochemical remission for CAPS 

(n=4), FMF (n=2), and one case of unexplained inflammatory illness. 

Pregnancies were uneventful, all reaching full term and normal birth weight; 
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mean 3.58kg (range 3.3-4.48kg).  Data on mode of delivery were available for 

five cases, with three caesarean sections and two vaginal deliveries.  

Duration of treatment and its relation to pregnancy differed in each case; two 

babies were conceived on canakinumab which was discontinued as soon as 

pregnancy was confirmed in the 1st trimester, at 8 weeks and 12 weeks 

respectively.  Two mothers switched to anakinra, at 8 and 36 weeks, and one 

was treated from before conception to term with 300mg canakinumab 8 weekly, 

with last dose at 36/40.   

Five babies were born to three fathers who were on long term treatment 

(median 24 (Range 6-73) months) at time of conception for CAPS (n=2) and 

TRAPS (n=1).  This included two fathers who had CAPS complicated by AA 

amyloidosis and prior to effective treatment with anti-IL-1 agents (one each of 

anakinra and canakinumab) were confirmed infertile with severe oligospermia. 

66% of the offspring were male (Table 6.4).  At mean follow-up of 6.83 (range 4-

10) years, no growth or developmental abnormalities have been identified.  

Four babies were breast fed by mothers’ who were prescribed regular 

canakinumab. There were no reported serious infections and no developmental 

abnormalities at a mean follow-up of 2.2 years (range 5 months to 4 years).  
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Anakinra 

29 pregnancies were exposed to anakinra in total, 23 through maternal 

exposure, resulting in the births of 28 infants (Table 3).  Mean maternal age was 

29 years (range 20-38 years).  Maternal diagnoses were CAPS (12), adult onset 

Still’s Disease (AOSD) (4), FMF (3), TRAPS (2), pericarditis (1), and Cogan 

syndrome (1). All patients were in complete clinical and biochemical remission 

with exception of the 2 women with AOSD and Cogan syndrome, whose 

diseases were less well suppressed.  39% of mothers took anakinra 

continuously from before conception to delivery and during the puerperium. 

Three mothers conceived on anakinra but discontinued it when pregnancy was 

confirmed at up to 16/40. Three women started anakinra during pregnancy; two 

were switched to anakinra from canakinumab before 8/40, and one started at 

22/40 due to active inflammatory disease.   A single miscarriage occurred, at 12 

weeks gestation in a 25-year-old female with refractory Cogan syndrome; she 

had achieved only a partial clinical and biochemical response despite dose 

escalation of anakinra to 200mg daily, which she had taken before conception 

and throughout the first trimester.  

A 29-year-old female with AOSD, who had a history of two miscarriages at 10 

and 13 weeks and an ectopic pregnancy, delivered a healthy girl at 38 weeks, 

having started anakinra 100mg before conception and continued it until 25/40.  

There was no history of infection in either the mothers or babies exposed to 

anakinra.  Where data were available regarding mode of delivery, seven (60%) 

babies were born via spontaneous normal delivery, four by caesarean section 

and two deliveries were induced at between 35+1 (for vaginal bleeding)- 41+1 

weeks.  
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All babies were born healthy with normal APGAR scores at 10 minutes and 

50% were male. There was a single case of ectopic neurohypophysis with 

growth hormone deficiency and left renal agenesis in a baby boy born to a 

mother aged 30 years with AOSD.  It was the mother’s first pregnancy and she 

had corticosteroid refractory disease at the time of conception.  Anakinra 

therapy began at nine weeks gestation and continued until elective caesarean 

section at 38+1/40 with excellent clinical and biochemical response.  The infant 

was developing normally at time of last contact aged 15 months.  

Ten babies were breast fed by mothers taking anakinra for up to ten months 

with no reported infections or developmental abnormalities.  

Six babies were conceived whilst their fathers were taking anakinra.  There 

were no congenital or developmental abnormalities reported at follow-up of 

between 4 weeks and 8 years (Table 6.4).  
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Table 6.2 Canakinumab exposed pregnancy and breast-feeding outcomes  

 

Kgs Kilograms, Un-SAID uncharacterized systemic autoinflammatory disease, PC prior to conception, PPT confirmation of pregnancy (positive pregnancy test) , D delivery, VD vaginal delivery, I-VD 
induced vaginal delivery, EM-CS emergency caesarean section, EL-CS elective caesarean section, NR not reported, CAPS Cryopyrin Associated Periodic Fever Syndromes, FMF Familial 
Mediterranean fever, AOSD Adult Onset Stills Disease, TRAPS TNR Receptor Associated Periodic Fever Syndrome,† due to gestational diabetes ‡ due to patient choice, * denotes patient who 
received both canakinumab and anakinra during same pregnancy,  †denotes same patient who received both canakinumab and anakinra in two separate pregnancies both resulting in miscarriage 
(see also Table 3

Maternal age 
at pregnancy 

(years) 

Diagnosis Dose and duration of 
canakinumab 

Dates and 
mode of 
delivery 

Birth 
weight 

Kgs 

APGAR 
Score 

Gender of 
Infant 

Development Age at 
last 

contact 

Mode of 
feeding 

25 
 

CAPS 150mg 8 weekly 
PC to 8/40 

38 
El-CS† 

 

3.54 10 Male Normal 3 years Bottle 

32* 
 

CAPS 150mg 8 weekly PC to 
PPT (12/40) 

40 
VD 

4.48 10,10,10 Female Normal 5 months Breast 

24* 
 

CAPS 150mg  
8 weekly until 36/40 

40 
NR 

3.57 NR Male Normal 7 days NR 

16 CAPS 120mg single dose 
post conception prior 
to PPT 

38 
NR 

3.29 9,9,10 Male Normal 4 years Breast 

21 Un-SAID 300mg 8 weekly 
PC to D 
(last dose at 36/40 

39 
VD 

NR 10,10,10 Male Normal 1 year NR 

21 FMF 150mg 4 weekly 
PC-D 

37 
El-CS‡ 

 
 

3.3 “Normal” Male Normal 11 
months 

Breast 

27 FMF 150mg 8 weekly 
PC to PPT 4/40 

40 
El-CS‡ 

 

3.3 “Normal” Female Normal 3.5 years Breast 

26† Cogan 
Syndrome 

150mg 4 weekly 
PC-6/40 

Miscarriage  
6/40 
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Table 6.3 Anakinra exposed pregnancy and breast-feeding outcomes 

Maternal 
age at 

pregnancy 
(years) 

Diagnosis Dose and 
duration of 
anakinra 

Dates 
(weeks) & 
Mode of 
delivery 

Birth 
weight 

(kg) 

APGAR Gender Development Age at 
last 

contact 

Mode of 
Feeding 

29 
 

CAPS 50mg alt/days 
PC to D 

39 
I-VD 

3.94 9,9,9 Male Normal 4 years Bottle 

32 
 

CAPS 50mg alt/days 
PC to D 

39 
VD 

NR NR Female Normal 2 years Bottle 

30 
 

CAPS 100mg daily 
PC to D 

41+1 
VD 

3.6 9,9,10 Male Normal 2 years Breast 

32* 
 

CAPS 100mg daily 
PPT to D 

40 
VD 

4.48 10 Female Normal 5 
Months 

Breast 

24* 
 

CAPS 100mg daily  
36/40  
to D 

40 
NR 

3.57 NR Male Normal 7 days NR 

20 CAPS 100mg 
PC to PPT 

36+6 
NR 

2.83 10,10,10 Male Normal 10 weeks Bottle 

24 CAPS 100mg 
PC to D 

38+6 
EM-CS

1
 

NR NR NR Normal 6 months NR 

34 CAPS 100mg daily  
PC to 6/40 

40 
El-CS

2
 

NR NR Male Normal 18 
months 

NR 

25 CAPS 100mg daily  
PC to D 

NR NR NR Male Normal 8 years Breast 
10/12 

35 CAPS 100mg daily 
Dates NR 

40+1 
NR 

NR NR Female Normal NR NR 

38 CAPS 100mg 
Dates NR 

NR NR NR Female Normal NR NR 

28 CAPS 100mg 
Dates NR 

NR NR NR Female Normal NR NR 

33 FMF 100mg daily 
PC-D 

36+1 
El-CS

3
 

2.17 8 Male Normal 2 years Breast 

28 FMF 100mg daily 
12/40 to D 

40 
VD 

3.17 10 Female Normal 19 
months 

Breast 
3/12 
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PC prior to conception, PPT confirmation of pregnancy (positive pregnancy test) , D delivery, VD vaginal delivery, I-VD induced vaginal delivery, EM-CS emergency cesarean 
section, EL-CS elective cesarean section, NR not reported, CAPS Cryopyrin Associated Periodic Fever Syndromes, FMF Familial Mediterranean fever, AOSD Adult Onset 
Stills Disease, TRAPS TNR Receptor Associated Periodic Fever Syndrome, mg miligrams, kg kilograms, 

1
failure to progress, 

2
patient choice, 

3
per vaginal bleed started at 

34/40,  
 
* denotes patient who received both canakinumab and anakinra during same pregnancy,  †denotes same patient who received both canakinumab and anakinra in two 

separate pregnancies both resulting in miscarriage (see also  Table 6.2). 

24 FMF 100mg daily 
PC-D 

36 
VD 

1.6 7 Female Normal 9 months Breast 

38 Idiopathic 
Pericarditis 

100mg daily 
PC to PPT 

38+2 
VD 

2.93 8,9,9 Male Normal 12 weeks Bottle 

29 AOSD 200-300mg 
daily 

PC-16/40 

37 2.45 9 Female Normal 10 
months 

Bottle 

31 AOSD 100mg daily 
22/40-32/40 

Then alt days 
to 33/40 

35+1 
NR 

2.02 9 Male Normal 18 
months 

Breast 

30 AOSD 100 mg daily 
9/40 to D 

38+1 
El-CS

2
 

NR 7,8,9 Male - Left  Renal 
Agenesis 
- Ectopic 
Neurohypophysis 
with growth 
hormone deficiency 

1 year 
3months 

Breast 
3/12 

29 AOSD 100mg daily 
NR 

38 
VD 

3.06 Normal Female Normal 9 months Breast 

29 TRAPS 100mg daily 
PC to D 

41 
I-VD 

3.23 9,9,9 Male Normal 8 months Breast 

29 TRAPS 100mg 
PC to D 

NR NR NR Female Normal NR NR 

25† Cogan 
Syndrome 

200mg daily 
PC-12/40 

Miscarriage 
12/40 
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Table 6.4 Pregnancies with paternal exposure to anakinra or canakinumab 
at conception  

Diagnos
is  

Numbe
r of 
off-

spring 
expos

ed 

Drug/Dose Drug 
duration 
prior to 

concepti
on 

(months) 

Congenital 
Abnormaliti

es 

Developmen
tal 

Abnormaliti
es 

Gend
er 

Age 
at last 
conta

ct 

AOSD  1 Anakinra 
100mg 
daily 

Not 
known 

None None Femal
e 

4 
weeks 

AOSD 
 

1 Anakinra 
100mg 
daily  

Not 
Known 

None None Femal
e 

10 
month
s 

CAPS  3 Canakinum
ab 
150mg 8 
weekly 

248 
75 

None 
None 
None 

None 
None 
None 

Male 
Male 
Femal
e 

10 
years 
8 
years 
4 
years 

CAPS  1 Anakinra 
100mg 
daily 

25 None None Male 8 
years 

CAPS 1 Canakinum
ab 
150mg 8 
weekly 

23 None None Male 7 
years 

TRAPS 2 Anakinra 
100mg 
alternate 
days 
 

3 
57 

None 
None 

None 
None 

Male 
Femal
e 

5 
years 
6 
month
s 

TRAPS  1 Anakinra 
100mg 
daily 

66 None None Male 16 
month
s 

TRAPS  1 
(IVF) 

Canakinuma
b 
150mg 8 
weekly 

24 None None Femal
e 

2 years 

AOSD Adult Onset Stills Disease, CAPS Cryopyrin Associated Periodic Fever Syndromes, TRAPS 

Tumour Necrosis Factor Receptor Associated Periodic Fever Syndrome, IVF In Vitro Fertilization.  
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Discussion 

Potential parents greatly wish to minimize any risks to a future child and the 

decision to proceed with pregnancy on novel therapies of uncertain safety 

remains extremely difficult for the family and their physicians.  SAIDs frequently 

relapse rapidly after treatment withdrawal and many patients on long-term anti-

IL-1 agents can only tolerate very brief suspension of treatment. Consequently, 

simple symptomatic management throughout pregnancy is not generally 

feasible. In addition, uncontrolled inflammatory activity has deleterious effects 

on fertility and pregnancy outcomes; poorly controlled FMF is associated with a 

modest increase in foetal loss, preterm delivery, low birth weight and caesarean 

section[256]. Male fertility is also reduced in the presence of chronic 

inflammation and testicular AA amyloidosis is a recognized cause of 

azoospermia[257].  In two fathers reported here, long term control of CAPS, first 

with anakinra and then canakinumab, resulted in regression of amyloid that was 

evident on serial SAP scintigraphy, resolution of associated nephrotic syndrome 

and reversal of previous infertility. Uncontrolled inflammatory disease carries its 

own risks to fertility, the foetus and the mother and these should be included in 

preconception parental counselling  

The data reported here substantially increases the evidence base for anakinra 

and canakinumab use prior to conception, during pregnancy and breast-

feeding. They include the first human data on canakinumab-exposed 

pregnancies and the largest reported series receiving anakinra. In general, the 

data are reassuring for both agents and for paternal and maternal exposure. 

There are no data on rilonacept and we would not advocate its use in 

pregnancy based on teratogenicity in animals. 
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There was a single case of congenital abnormality in a boy born to a mother 

with active refractory AOSD.  AOSD is the most heterogeneous of diseases 

included in the study with no known genetic susceptibility and its diagnosis is 

based on relatively loose criteria.  The patient had active disease at the time of 

conception and had had considerable prior treatment including azathioprine and 

high-dose corticosteroids. Anakinra was initiated at nine weeks gestation.  

Prenatal screening identified an ectopic neurohypophysis, resulting in growth 

hormone deficiency, and a single kidney. Renal tract abnormalities, including 

unilateral renal agenesis, have been reported to occasionally occur in 

individuals with ectopic neurohypophysis[258]. Moreover, the latter condition 

has been associated with gene variants in the sonic hedgehog (SHH) pathway, 

[259] and SHH pathway molecules are present in the developing human renal 

tract [260].  Our case is important, as it is now the second report of renal 

agenesis in anakinra-exposed pregnancies.  Chang et al reported a twin 

pregnancy in which one foetus died in utero and had bilateral renal 

agenesis[252]. The surviving twin had no developmental abnormality and was 

well at last reported follow-up. The mother was 19 years old in her first 

pregnancy having received anakinra for eight years for CAPS. She was 

prescribed a higher dose of anakinra at conception than in our cohort, at start of 

pregnancy 239 mg, increasing to 300 mg daily. She also had a history of 

diabetes mellitus both this and the twin pregnancy are known risk factors for 

renal tract abnormalities [261].  

Wiesel et al reported unilateral renal agenesis in 58 of 709,030 live births, 

stillbirths, and induced abortions, and 95 cases of bilateral agenesis in the same 

population [262]. Therefore, one case of either renal malformation among 36 
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anakinra-exposed foetuses is higher than the expected frequency. Whilst 

experimental evidence for a direct role of the IL-1 axis in normal or abnormal 

renal development is currently lacking, reassuringly in an experimental murine 

model of a hostile uterine environment in which IL-1 is known to be elevated, 

inhibition of IL-1 may improve the likelihood of implantation and prevent 

pregnancy loss[263], [264] Future research should seek whether IL-1 and its 

receptors are expressed in the normal and malformed renal tract, and the 

spatial and temporal relation of these molecules to those in the SHH pathway. 

The current study has a number of limitations; it was retrospective and is 

therefore prone to errors such as recall bias and variable data collection 

between centres. Nonetheless this represents the best data to date and 

highlights the pressing need for prospective data collection using existing 

registries with rapid feedback of relevant information to our patients and their 

families.  

Overall the data show that the use of anakinra and canakinumab appears well 

tolerated, and efficacious during pregnancy and in males at conception.  

Serious questions remain about the increased incidence of renal tract 

abnormalities seen and suggests that this should be discussed with all potential 

parents at preconception counselling.  We acknowledge that reported numbers 

remain small with 43 maternal cases in the literature (summarized in Table 6.5). 

Our current practice is to advise that paternal use of IL-1 antagonists at 

conception appears safe, albeit based on limited clinical experience. We offer 

counselling for prospective parents before conception in all cases and discuss 

the option of temporarily ceasing IL-1 inhibiting treatment, whilst highlighting 

that this approach is often poorly tolerated and may carry risks to conception 
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and foetal growth associated with uncontrolled inflammation. For women who 

are unable or do not wish to stop IL-1 antagonists, there are two options; (i) not 

to conceive a child, and (ii) to proceed with conception and pregnancy following 

an informed discussion on risk-benefit.  For women who do wish to become 

pregnant, we favour the use of anakinra at the current time, based on clinical 

experience to date, its homology with natural IL-1Ra, and its short elimination 

half-life. A theoretical concern regarding canakinumab is the possibility of active 

transport of IgG monoclonal antibodies across the placenta from 30 weeks and 

combined with the prolonged half-life of immunoglobulins in neonates, we 

suggest that canakinumab should not be administered from 22 weeks gestation 

in line with EULAR recommendations and should be avoided where possible.  
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Table 6.5 Summary of previously published data on anakinra use in pregnancy   

Reference Maternal 

Diagnosis 

 

Treatment and 

dose 

Delivery Birth weight 

(kgs) 

APGAR 

Score 

Gender Development Duration of 

follow up 

Method of feeding 

Berger 2009 

[251] 

 

AOSD Anakinra 

100mg daily 

2 years prior to 

and through 

pregnancy and 

delivery 

VD 

 

2.7 kg 7,8,9 Female Normal 4 months Breast 

Fischer Betz 

2011 [265] 

Case 1 

AOSD Anakinra 100mg 

daily, 1 year 

prior to 

pregnancy and 

throughout 

VD 

39/40 

3.1 kg NR Male Normal NR Bottle 

Fischer Betz 

2011  

Case 2 

AOSD Anakinra 

100mg daily 

12/40 onwards 

CS 

36/40 

2.8 kg NR Male Normal NR Bottle 

Chang 

2014[252] 

Case 1 

CAPS Anakinra VD 

41/40 

3.74 kg NR NR NR NR Bottle 

Chang 2014 

Case 2 

CAPS Anakinra VD 

41/40 

3.63 kg NR NR NR NR Bottle 

Chang 2014 

Case 3 

CAPS Anakinra  VD 

38/40 

3.40 kg NR NR NR NR Breast 

3 months 
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Chang 2014 

Case 4 

CAPS Anakinra VD 

37/40 

3.46 kg NR NR NR NR Bottle 

Chang 2014 

Case 5 

CAPS Anakina  VD 

37.5/40 

2.98 kg NR NR NR NR Bottle 

Chang 2014 

Case 6 

CAPS Anakinra VD 

39/40 

3.35 kg NR NR NR NR Bottle 

Chang 2014 

Case 7 

CAPS Anakinra CS 

40/40 

4.14 kg NR NR NR NR Breast 

1Year 

Chang 2014 

Case 8* 

CAPS Anakinra VD 

38.7/40 

2.64 kg NR NR NR NR Breast 

< 1 month 

Chang 2014 

Case 9 

CAPS Anakinra CS 

“term” 

3.52 kg NR NR NR NR Bottle 

CAPS Cryopyrin Associated Periodic Syndrome, VD Vaginal Delivery, CS Cesarean Section, NR not recorded * twin dichorionic-diamniotic pregnancy with fetal demise of one 

fetus with bilateral renal agenesis, surviving twin had no congenital abnormality.
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Chapter Seven:  

Deficiency of Adenosine Deaminase 2 (DADA2) 
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Introduction 

In March 2014, in the same issue of the New England Journal of Medicine, two 

separate groups published a syndrome of early-onset vasculopathy, 

haemaorrhagic and ischaemic stroke and both clinical and histopathological 

evidence of Polyarteritis Nodosa (PAN) vasculitis, linked to loss of function 

mutations in a common gene located on the q arm of chromosome 22 at 

position 11.1[155, 156]. The gene, known then as Cat Eye Syndrome 

Chromosome Region, Candidate gene 1 (CECR1), had been previously 

associated with the Cat Eye Syndrome, a rare congenital disorder of variable 

phenotype characterised by ocular colobamata, down sloping palpebral 

fissures, anal atresia, hypertelorism, periauricular skin tags, urogenital and 

cardiac defects[266].  

The CECR1 gene encodes the enzyme adenosine deaminase 2 (ADA2), a 

dimeric extracellular enzyme, that is involved in the purinergic signalling 

pathway by irreversibly converting 2′-deoxyadenosine to 2′-deoxyinosine[157].  

Patients with a variety of mutations in this gene have been shown to have very 

low or absent ADA2 activity in the blood[158].  The syndrome was termed 

Deficiency of ADA2 (DADA2), the CECR1 gene renamed as ADA2, and since 

2014 over 200 cases have been published in the literature.  These cases 

describe a highly variable phenotype of vasculopathy, vasculitis and 

immunodeficiency, the latter clinical manifestation of importance given that 

ADA1 deficiency is the cause of Severe Combined Immunodeficiency and is 

fatal if not treated with enzyme replacement, gene therapy or stem cell 

transplantation[159]. 

ADA1 and ADA2 both play a pivotal role in regulating the signalling molecule 

adenosine, but are different in their structure, function and expression. ADA1 is 

a ubiquitous monomeric intracellular protein with a clear, but thus far cryptic, 

role in the development of adaptive immunity[267]. Deficiency of ADA1 has no 

known vascular phenotype. In contrast, the ADA2 protein is highly expressed by 

myeloid cells and is secreted by activated monocytes undergoing differentiation 

into macrophages and dendritic cells but is not secreted by the vascular 

endothelium [268, 269]. ADA2 additionally exhibits growth-factor like ability by 
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inducing T-cell dependent differentiation of monocytes, possibly through its N-

terminal domain that is notably absent in the ADA1 molecule which appears to 

have no similar action[270].The absence of an identifiable murine ADA2 

ortholog has impeded in vivo studies of ADA2 function thus far. Adenosine 

Deaminase Growth Factors (ADGFs) are present in other organisms and share 

high sequence homology with human ADA2. The absence of ADGF in Xenopus 

laevis embryos using morpholino oligonucleotides causes a reduction in the 

body size and abnormalities of the body axis [271].  The injection of adenosine 

into early stage Xenopus embryos causes similar changes, both suggesting that 

extracellular adenosine concentrations may regulate vertebrate embryogenesis, 

a finding further demonstrated in mice with transgenic expression of ADA2 

resulting in defects in organogenesis (heart and kidney)[272].  Thus, ADA2 not 

only has a catalytic role but also a role in cell proliferation and differentiation.   

The vasculopathic phenotype of DADA2 patients suggests that ADA2 also has 

a crucial role in endothelial integrity, whilst not being expressed by the 

endothelium itself.  The pathogenesis of this again remains uncertain but is 

clearly demonstrated in the initial description of the disease, whereby cecr1b 

knock-down Zebrafish embryos revealed intracranial bleeding and neutropenia 

[156](Figure 7.1).  The same paper demonstrated disruption of the cell junction 

in cocultured human microvascular endothelial cell-layers in those with ADA2 

deficiency and staining of DADA2 patient skin and brain biopsies with anti-CD31 

antibodies revealed substantial endothelial damage.    Endothelial-cell activation 

was also demonstrated by E-selectin staining.    
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Figure 7.1: Cecr1b-knockdown Zebrafish 

 

Figure showing intracranial haemorrhage in cecr1b-knockdown Zebrafish [156], a very visual 
illustration of what may happen in the brains of those with DADA2 and suggesting that ADA2 
plays a crucial role in endothelial integrity.  

 

ADA2 is actively secreted by monocytes and, via a T-cell dependent 

mechanism, induces the differentiation into macrophages or dendritic cells.   

High levels of ADA2 can be found in those with active inflammation, perhaps 

suggesting a role in regulating extracellular adenosine at sites of inflammation.  

ADA2 has even been postulated as a biomarker in several diseases such as 

tuberculosis and hepatitis [273, 274]. Adenosine signalling dampens the 

inflammatory response in acute disease states preventing end organ damage 

but if adenosine levels remain chronically elevated, which may occur at a 

cellular level in those with DADA2, high levels of adenosine may activate 

inflammatory pathways promoting  tissue injury and fibrosis [275].   

Skin biopsies analysed from patients with DADA2 demonstrates interstitial and 

perivascular inflammatory infiltrate (composed of MPO+ neutrophils and CD68+ 

macrophages, and CD3+ lymphocytes respectively) and shows strong TNF-α, 

interleukin-1β, and nitric oxide synthetase staining indicating inflammation [156].  

However, clinically there appears to be a spectrum of serologically detectable 

inflammation, with cases in the literature with significant symptoms such as 

fever and vasculitis with relatively normal markers of acute phase response, as 

well as cases with significant inflammation leading to renal AA amyloidosis[276]. 

In those with deficiency of ADA2 increased concentrations of pro-inflammatory 

cytokines such as TNF- α and a reduction in the number of lymphocyte subsets 

has been demonstrated as well as a polarization towards the pro-inflammatory 

M1 macrophage subset [277].  
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The DADA2 syndrome was initially considered to be primarily a monogenic 

vasculitis with a phenotype similar to PAN, however, with time it is increasingly 

recognised that there is a broad haematological phenotype and that the clinical 

picture of this disease is highly variable even within families with the same 

mutation [99, 158, 278].  

DADA2 does appear to be an autosomal recessive disorder but a carrier state is 

also recognised by some with lower levels of ADA2 activity measurable 

compared to age matched controls, and a later onset of milder symptoms 

including migraine, stroke in the fourth and fifth decades and livedoid rash, 

although this is controversial [279, 280].  To date 61 disease causing mutations 

have been described, most of which are missense variants, and are either novel 

or found at low allele frequency in public genomic databases consistent with the 

prevalence of other recessive rare disease causing mutations [281]. The 

majority of patients with DADA2 are compound heterozygous for missense 

mutations. The most common disease variants described to date are: 

p.Gly47Arg (p.G47R), p.Gly47Ala (p.G47A), p.Arg169Gln (p.R169Q), 

p.Tyr453Cys (p.Y453C).   The homozygous p.G47R mutation has been most 

associated with the PAN phenotype but there is little other phenotype-genotype 

correlations[281].   

In the initial description of DADA2 patients a PAN-phenotype with a mild 

immunodeficiency is recognised with low IgM as the predominant feature and 

increased rates of B-cell death compared to healthy controls[156].  However, 

there appears to be a distinct immunodeficiency phenotype of DADA2 patients, 

who can present at any age, although most commonly in childhood, with a 

clinical range from mild immunodeficiency to severe cytopaenias and bone 

marrow failure.  This suggests an additional regulatory role for ADA2 in the 

activation and survival of immune cells.  It has been shown that ADA2 binds to 

proteoglycans and possibly adenosine receptors on distinct subtypes of immune 

cells; neutrophils, CD16+ monocytes, B cells, NK cells, and regulatory T cells 

expressing CD39 and lacking the receptor for ADA1[270].  In a description of 

two related patients with the same homozygous mutation, inflammation, 

lymphoproliferation and immunodeficiency, profiling of immune cells showed 

increased CD4+ T-cells, increased naïve B-cells numbers, reduced 
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plasmablasts and memory cells and reduced CD8+ T-cells[282].  This suggests 

a defect in B-lymphocyte differentiation and / or T-cell provision of help.  

However, like with the PAN-like phenotype, there appears to be a wide range of 

phenotypic variability in haematological disease even between siblings with the 

same genotype[99].   

In summary, the physiological role of ADA2 appears to extend beyond its role 

as a catalyst for the deamination of adenosine to inosine.  The identification of 

individuals with deficiency of this enzyme, has in a few short years, allowed us 

to explore the function of ADA2 as a growth factor, in immune regulation and in 

maintaining the integrity of the vascular endothelium.  However, the 

mechanisms of these functions remain poorly understood and with cases 

increasingly diagnosed, may questions remain.   

A seeming omission from this introduction is a detailed overview of the broad 

phenotype of DADA2 and the diagnosis and management of this newly 

described disease.  This is intentional as it is explored in detail in this chapter.  

Part 1 of this chapter focuses on the description of the novel Pro251Leu 

homozygous phenotype in a highly consanguineous family, demonstrating the 

wide variability in clinical presentation even within families with the same 

homozygous mutations. Part 2 enlists international expert opinion to explore 

consensus on the diagnosis, investigation and management of this newly 

describe disease.  
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Phenotypic characterisation of the Pro251Leucine mutation  

Introduction 

The phenotype of DADA2 

The initial descriptions of DADA2 in 2014 depicted a phenotype of 

vasculopathy, vasculitis and neurological manifestations[155, 156]. Since that 

time the description of the disease has significantly evolved most notably with 

numerous haematological and immunological consequences of mutations in the 

ADA2 gene.   

Cutaneous manifestations  

Cutaneous manifestations of DADA2 are now well recognised[283].  Livedo 

racemosa is described and biopsies of this loose livedoid rash demonstrate 

perivascular T-cell infiltration and infiltration of the interstitium with neutrophils 

and macrophages but a classical PAN-like necrotising arteriitis is also 

reported[155]. Raynaud’s phenomenon appears common and many cases of 

more extensive vasculopathy with digital necrosis and cutaneous ulcers have 

been described[156].  

Neurological manifestations 

Early onset stroke, under the age of ten, typically a lacunar infarct (sparing 

white matter) is now well described, although haemorrhagic strokes are 

recognised also, particularly after infarction.  Navon Elkan et al demonstrated 

both erythrocyte extravasation and endothelial cell activation in brain biopsies in 

their initial publication[155]. There is a single report of DADA2 presenting as 

spastic paraplegia with cranial nerve dysfunction and systemic vasculitis [284].  

Unpublished data from the NIH shows no incidence of stroke in those treated 

with anti-TNF therapy which raises many questions regarding the need for 

treatment in asymptomatic carriers which is explored later in this chapter 

(personal communication).  
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Haematological manifestations  

Haematological manifestations were largely absent from the original 

descriptions of the disease, but it is increasingly evident that there is a broad 

haematological phenotype ranging from mild immunodeficiency to bone marrow 

failure.  These haematological manifestations have been reported both with and 

without clinical evidence of inflammation or PAN-like vasculitis but which, 

unusually for haematological disease, appear to also respond to anti-TNF 

therapy[99, 285, 286]. Autoimmune haemolytic anaemia has been described as 

has Pure Red Cell Aplasia as the only presenting feature in patients with 

homozygous ADA2 mutations[286, 287] with features similar to Diamond-

Blackfan Anaemia (a congenital red cell aplasia) but without the ribosomal 

mutations and with no congenital malformations.  Thrombocytopaenia and 

severe neutropenia have been reported[288]. 

Lymphadenopathy has been reported in numerous cases, both with and without 

vasculopathy including a clinical picture resembling autoimmune 

lymphoproliferative syndrome (APLS)[285].  In two cases of lymproliferation, T 

cell large granular leukaemia has been described[289]. 

Haematological stem cell transplantation has been trailed in several cases and 

has been shown to not only reverse the haematological pathology but also 

vasculopathy by restoring normal range plasma ADA2 activity levels[282].   

Immunodeficiency and Autoimmune manifestations 

Hypogammaglobulinaema and low serum IgA and IgM were reported in 

associated with ADA2 mutations in the initial descriptions of the disease and 

subsequently feature commonly in case series [155, 156, 281].   

Since that time there have been published reports of patients identified with 

ADA2 mutations following unusual or chronic infections with opportunistic 

organisms[290].  This suggests a defect with the B cell compartment, 

demonstrated further in a cohort of patients with antibody deficiency 11 of 181 

(6%) had homozygous or compound heterozygous mutations in the ADA2 gene 

thought to be responsible for their presentation and 10 of the 11 cases had low 

memory B cells[291].   

The autoimmune phenomena in DADA2 are less common but positive 

autoantibodies including anti-phospholipid and anti-nuclear antibodies have 

been reported[155, 156]. This is important due to the new association of ADA2 
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mutations with Sneddon’s syndrome; the syndrome of adult-onset stroke and 

livedo with antiphospholipid antibodies[292]. 

The Pro251Leucine Phenotype 

The initial descriptions of the phenotype and the identification of a single gene 

led many to look retrospectively through their cases to identify those who may 

have a diagnosis of DADA2.  In late 2014, our team identified a young male 

patient in whom we identified a homozygous mutation at position 251 in the 

catalytic domain of the ADA2 protein (Figure 7.2).  This mutation has been 

reported in the compound heterozygous state only by Navon Elkan et al [155]. 

The index case was from a highly consanguineous family and had three 

siblings.  The adult siblings (two brothers) and his parents were referred for 

assessment to the National Amyloidosis Centre. 

Figure 7.2: The ADA2 Protein  

 

The ADA2 protein showing location of the Pro251Leu mutation, SS = signal 
sequence domain, dimerization domain, PRB = putative receptor binding 
domain, catalytic domain.  

 

In silico modelling by Navon Elkan and colleagues demonstrated that there is a 

hairpin turn at residues 250-261 of ADA2 which is critical in defining the shape 

of the active site[155].   The Pro251Leu mutation would introduce a proline 

residue at 251 which would introduce flexibility and a large hydrophobic group, 

causing disruption to the critical active site of the enzyme [155].  
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Methods 

Patients 

Prospective clinical assessment of adult family members with the same 

mutation in the ADA2 gene referred to the NAC.  

Imaging 

All images were acquired on clinical grounds using standard techniques at the 

Royal Free Hospital NHS Trust, London.  

Genetic analysis  

Sequencing of the ADA2 gene was performed in the index case and then family 

members who consented as part of his clinical care at Great Ormond Street 

Hospital, London, using Sanger sequencing on an Applied Biosystems 3730 

DNA Analyzer. 

ADA2 activity levels 

My work in this field led to a collaboration with a group from Coimbra University, 

Portugal. Plasma ADA2 activity levels were assayed in three of the Pro251Leu 

kindred as part of a study on the neurological condition, Sneddon’s syndrome 

[292].  Dr Gustavo Santo of Coimbra University performed the assay, using a 

modified technique from Muraoka and colleagues[293].  Blood samples were 

collected from all participants into lithium heparin tubes. The tubes were 

centrifuged at 1,500 g at 4 °C for 10 min and plasma was separated and frozen 

at –80 °C until analysis. Total ADA-T was determined through a commercial 

method (Diazyme) based on the conversion of adenosine into inosine and 

further into hypoxanthine (by purine nucleoside phosphorylase) and into uric 

acid and hydrogen peroxide (by xanthine oxidase). The conversion of hydrogen 

peroxide by peroxidase into the quinone dyes 4-aminoantipyrine and N-ethyl-N-

(2-hydroxy-3-sulfopropyl)- m-toluidine was then monitorised at 550 nm in a 

thermostatised spectrophotometer at 37 °C (UVIKON 933 UV/Visible). ADA2 

activity was measured by the same method, in the presence of 0.1 mM of 

erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA, Sigma), a potent 

selective inhibitor of ADA1. ADA1 activity was then calculated by subtracting 

ADA2 activity from total ADA activity. Each sample was run in duplicate and 2 

control samples (with high and low levels of ADA activity) were assayed in each 

day for internal quality control. The intra-assay coefficient variation, calculated 
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fr[279]om 6 repeats, was 6.4%, and the inter-assay coefficient variation, 

calculated for 13 runs performed, was 5.5%. 
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Results 

Index case 

A male of Pakistani origin but born in the U.K.  He had initially presented aged 

one year with an intermittent livedoid rash, recurrent fever and ischaemic left 

little finger tip.  He was managed locally to his home, initially as an infective 

episode.  Aged three he then suffered an ischaemic stroke resulting in a hemi-

paresis.  At time of stroke he had a fever and a CRP rise of 20-30 mg/L.  He 

was transferred to great Ormond Street Hospital where a rash on his feet was 

noticed and biopsied.  This revealed a necrotising vasculitis with polymorphs 

and he was diagnosed with Polyarteritis Nodosa.  He was treated initially with 

steroids, intravenous cyclophosphamide and azathioprine.  He made a 

significant recovery from the stroke but developed an axonal polyneuropathy 

that did not significant affect his mobility.  In 2014, at the age of 11-years, 

Sanger sequencing identified homozygous mutations, Proline to Leucine at 

position 251 of the ADA2 gene, and a diagnosis of DADA2 was made. Due to 

the evolving literature that, unusually for a vasculitis, DADA2 may respond to 

TNF-α inhibition, he was started on anti-TNF in the form of intravenous 

infliximab.   This was stopped after two years of clinical and biochemical 

remission, but he then developed fever, malaise and worsening livedoid rash 

and anti-TNF was re-started with resolution of symptoms, and he continues to 

receive this treatment at censor.   

 

Parents  

The mother and father of the index case are both of Pakistani origin and born in 

Lahore.  They are second cousins and the mother’s grandparents were first 

cousins (Figure 7.3).  To their knowledge there was no family history of stroke, 

early onset stroke, livedo or vasculitis.   

Gene sequencing revealed the father has a single heterozygous mutation at 

position 251 of the ADA2 gene.  He was 40 years of age at time of study, 

working in a clerical job and with no significant past medical history.  He had no 

symptoms of ill health and entirely normal clinical examination.  
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The mother aged 41 years was found to be homozygous for Pro251Leu 

mutation.  She is a housewife and describes lifelong livedoid rash and 

significant migraine.  Over the past 5 years she has developed a right-hand 

paraesthesia and episodes of intermittent fever.   All pregnancies (n=4) were 

complicated by hypertension and ankle oedema.  Clinical examination was 

remarkable only for right-median nerve entrapment neuropathy (carpal tunnel 

syndrome).   

Figure 7.3: Pedigree diagram of Pro251Leu family, including genotype 
status of all available relatives 

 

M denotes Mother, F Father, B1 Brother 1, B2 Brother 2, WT Wild Type. This 
has been adapted and modified based on history taking from the patients from a 
manuscript I co-authored [158].  
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Siblings  

A younger sister (aged 6 years) also homozygous for Pro251Leu was not seen 

or examined at her parents request but was reportedly asymptomatic.  

Brother 1 

 A 21-year-old university student at time of study.  He had a history of a self-

limiting episode diagnosed as Henoch-Schoenlein purpura ten years previously.  

There has been a single episode diagnosed as testicular torsion with 

spontaneous resolution.  2 years prior to study he was admitted to his university 

hospital with an episode of fever, ankle swelling, livedo reticularis, diarrhoea, 

weight loss and night sweats (Figure 7.4). All investigations at the time, 

including inflammatory markers, were negative or normal.  Symptoms 

subsequently resolved without treatment.  At time of study symptoms were mild; 

occasional migrainous headache, and cold or exercise induced livedo. Clinical 

examination was unremarkable.  

Figure 7.4: Photographs of Brother 1 during disease exacerbation 
showing livedo racemosa and arthritis    

 

Brother 1’s own photographs used with permission showing right ankle swelling 
(left) and livedoid rash (right) on the forearm during an acute episode.  

 

Brother 2:  A 17-year-old A-level student, with a history also remarkable for 

testicular torsion, post-prandial pain and diarrhoea, especially after fatty foods.  

He denied fever but reported rare episodes of night sweats.  He described 

exercise and cold-induced livedo.  Clinical examination was normal.  
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The four adult family members underwent routine blood testing (Full Blood 

Count, Urea and Electrolytes, Liver Function Tests, ESR, Immunoglobulins, and 

serial CRP and SAA measures – six samples two weeks apart), and non-

invasive magnetic resonance (MR) angiography of the brain as well as MR 

brain.  The results of their investigations are found in Table 7.1 and Figure 7.5. 

 

Table 7.1: Baseline characteristics of first-degree family members with 
ADA2 mutations 

Family 

Member 

Serial 
SAA 
mg/L 

(range) 

Serial CRP 

mg/L(range) 

IgM 

g/L 

Creatinine/EGFR 

µmol/Lml/ and 

min/1.73 m
2 

BP 

mm/Hg 

Urine 
Dipstick 

Brother 
1 

5.4-
12.2 

2-4 0.6 86/100 141/63 No blood 
No protein  

Brother 
2 

<3.5-
3.9 

<1-2 0.4 78/100 109/59 No blood 
No protein 

Mother 

(BMI 36) 

8.7-
12.8 

8-9 0.6 72/82 119/57 No blood 
No protein 

Father 4.4-
6.8 

1-3 0.8 81/100 149/92 No blood 
No protein 
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Figure 7.5: Baseline imaging in first-degree family members with ADA2 
mutations 

 

 

Magnetic resonance angiography of the viscera (top row), brain (middle row) 
and Magnetic resonance imaging of the brain in the four family members. All 
investigations were normal.  
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Figure 7.6: Plasma ADA2 activity levels compared to 13 healthy adult 
controls with homozygous wild type ADA2 genotypes  

 

 

Samples were sent for analysis to Coimbra University, Portugal. Analysis 
performed by Dr G Santo. Controls (n=13) = 7.95 ± 3.44 U/L; Father = 1.59 U/L; 
Brother 2 = undetectable; Mother = 0.24 U/L.  Both homozygotes (Brother 2 and 
Mother) have very low/undetectable ADA2 levels.  Father is heterozygous and 
has lower ADA2 activity levels than the controls.   WT = Wild Type.  
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Table 7.2: Summary characteristics of published Pro251Leu/Arg169Glu 
compound heterozygotes from Navon Elkan et al 2014[155] 

Sex 
 

Age at 
last 

follow 
up 

(years) 

Age at 
onset 

(years) 

Clinical 
Features 

Treatment Response 

Female 
 

30 2 Stroke 
Livedo 
Myalgia 
Hypertension 
PNS 
dysfunction 
Renal artery 
occlusion 

Cyclophosphamide 
Azathioprine 
Methotrexate 
Anticoagulation 
Statin  

Persistent 
hemiparesis 
Skin and 
neuropathy 
in remission 

Female 
 

19 7 Stroke 
Myalgia 

Cyclophosphamide 
Azathioprine 
Anti-platelet 
agents 
Statin 

Remission 

Male 
 

15 13 Stroke Etanercept 
Azathioprine 

Remission 

Male 
 

9 2 Livedo 
Myalgia 

Etanercept Remission 
Persistent 
livedo lower 
limbs 

 

These cases were from a German family of five siblings, one asymptomatic with 
neither mutation and four detailed with significant manifestations of ADA2 
deficiency.  The father was heterozygous for the Pro251Leu and, like the father 
in our cohort, was asymptomatic.  It is not known whether he underwent any 
investigations.  
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Discussion 

We have described a family of Pakistani origin with one sibling significantly 

affected by DADA2 and four other family members with the same Pro251Leu 

homozygous mutation.  The parents and second cousins and the maternal 

grandparents were first cousins, explaining the homozygosity of the mother and 

all four children.  The mother has vague symptoms of headache and livedo and 

no inflammation, however, she has very low ADA2 activity levels in her plasma.  

Her two older sons have both had episodes describes as testicular torsion, as 

well as vague abdominal symptoms and livedoid rashes.  Their younger brother 

has been severely affected from a young age, despite the same genotype.  He 

suffered a stroke and has been unable to stop anti-TNF therapy due to ongoing 

PAN-like vasculitis, vasculopathy and fever. Imaging of the adult family 

members has revealed no evidence of silent infarction or haemorrhage within 

the brain.  There is borderline low IgM in all homozygous cases.  The 

heterozygous father has no symptoms and no abnormal laboratory or imaging 

findings, however, his ADA2 level is lower than wild-type healthy controls.   

Cerebral and visceral angiography was normal in all cases with no aneurysm 

formation or occlusive stenotic lesions.  This contrasts with the G47V phenotype 

reported in which vascular manifestations appear to predominate[276].   

The absence of a significant disease phenotype in the homozygous mother and 

homozygous siblings poses a significant clinical dilemma.  The imaging and 

laboratory findings are reassuring but we know there is a stroke phenotype 

associated with the homozygous state.  As the symptomatic index case has the 

same parents and has grown up in the same environment as the other siblings, 

suggesting there may be other genetic or epigenetic factors responsible for the 

disease phenotype – the wide spectrum of disease phenotype described in this 

condition certainly suggests that is possible. It is not certain how to predict “at 

risk” periods for stroke and whether stroke can be prevented by 

immunosuppression or by controlling classical risk factors.  In keeping with 

verbal communication of unpublished data from the NIH our index case has had 

no further neurological events on anti-TNF therapy.  To date the mother and the 

adult siblings have not been treated with anti-TNF therapy and it is unlikely that 

funding would be available for this in the UK in any case.  
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International Delphi survey for the classification of the diagnosis, 

management and follow-up of those with suspected DADA2 and their 

relatives  

 

Introduction 

DADA2 was first described in 2014 and by early 2017 over 80 cases had been 

described in the literature. The broad clinical phenotype even between 

homozygotes with the same mutation from the same family was described 

earlier in this chapter.  

In 2016 the DADA2 Foundation, a charity established in the U.S by a former 

surgeon whose family have the disease, invited clinicians and scientists to the 

USA from all over the world to present their cases and discuss their theories of 

pathogenicity (http://www.dada2.org/conference).  The abstracts submitted to 

this meeting depicted broad clinical heterogeneity and mounting anecdotal 

evidence for the use of anti-TNF, a treatment strategy that has been hitherto 

largely unsuccessful in the other vasculitides [294].  

With increasing recognition of this disease and increased availability of genetic 

testing there was a clear need to define disease and carrier status, and to 

develop consensus regarding diagnosis, investigation and management of 

those with this disease and their family members.  

 

Methods 

The Delphi technique is a consensus building methodology designed to 

combine judgments from a group of experts[295]. The Delphi Technique 

involves a series of well-defined questionnaire-based surveys each of which is 

based on the results of the previous step. The process stops when consensus 

of at least 80% of the participants on each item is reached[296].  

Using the online survey platform Survey Monkey®, the first round was created 

by TY and tested by HJL.  It consisted of 44 fictional clinical case-based 

questions.  The survey was sent to all attendees of the Inaugural DADA2 

Foundation symposium via the DADA2 Foundation charity 
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(http://www.dada2.org) and the corresponding authors of all published 

manuscripts on DADA2. Three reminder emails were sent.  After three months 

Round 1 was closed. The responses were analysed to generate a further series 

of statements employed as the basis for Round 2 and sent to those who had 

responded in Round 1.  

Round 2 consisted of 17 questions and was designed to bring consensus in 4 

key areas: (i) Diagnosis, (ii) Investigation and Management, (iii) Follow-up 

Investigation and Management (iv) Screening of relatives.  An invitation to 

participate was then sent out to all the previous study participants.   

 

 

  

http://www.dada2.org/
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Results  

The survey generated > 4,000 data points and many pages of free text written 

by international experts.  The results and discussion in this chapter will focus on 

the main areas of accord and discord.   

Round 1 was sent in February 2017.  There were 69 participants.  76% 

paediatricians 20% adult physicians; rheumatologists, nurse practitioners, 

haematologists, nephrologists, immunologists, geneticist, and clinical lab 

geneticists.  

 Round 2 was sent out to participants from Round 1 in November 2017.  There 

were 17 questions in total. 53 people participated.   

 

Participants 

Figure: 7.7: Responses to Question: How many cases of confirmed 
DADA2 cases have you previously managed? 

 

In keeping with the current rarity of the disease most participants had managed 
< 5 cases of DADA2.  A few participants were non-clinical thus had not 
personally managed cases.  
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Figure 7.8: Do you routinely refer to a geneticist for genetic counselling at 
your centre? 

 

Figure shows a wide variety in practice regarding genetic counselling in this 
condition.  However, 62.9% are performing genetic counselling either by referral 
or during clinic.  

Figure 7.9: Responses to Question: Are you able to perform the gene 
sequencing at your centre? 

 

 

 

 

 

 

 

 

 

Figure shows that 61.2% of study participants can perform gene sequencing in 
the centre in which they work.   
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Figure 7.10: Responses to Question: Are you able to measure ADA2 

activity levels? 

 

 

 

Figure shows that 72% of study participants are unable to measure ADA2 
enzyme activity levels in their own centre.  
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Theme 1: Diagnosis 

Figure 7.11: Responses to Question: What do you consider to be the gold 
standard diagnostic test/(s) for DADA2? 

 

Figures shows that there is consensus on the gold standard diagnostic test 
which is genetic test and enzyme activity.  61% can perform their own gene 
sequencing but only 18.9% are able to measure enzyme activity in their own 
centre.  

 

Figure 7.12: Responses to Question: What do you consider to be a 
positive test for DADA2 in a symptomatic patient? 
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There is consensus that homozygous or compound heterozygous mutations 
and low ADA2 activity in a symptomatic patient is diagnostic of DADA2.  56.9% 
do not think the enzyme activity is necessary with homozygous mutations and 
symptoms. 62.7% consider a true heterozygous with low activity and symptoms 
to be diagnostic.  

 

 

Figure 7.13: Responses to Question: True heterozygotes can have 

DADA2? 

 

37.3% do not believe a true heterozygote can have DADA2.  This is a 
controversial area.  For the 62.7% who diagnose DADA2 in those with only a 
single gene mutation, most wrote free text to say they would need strong clinical 
evidence and low ADA2 levels.  Disease in true heterozygotes suggests other 
genes may be involved in the phenotype, and/or environmental factors.  
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Table 7.3: Responses to the Question: Which do you consider to be 

presenting symptoms/signs of DADA2? 

Presenting Symptoms and Signs 

(From published cases to February 2017) 

Agreement 

(%) 

Headache 

Non-specific 

47.06 

Headache 

Migraine 

19.12 

Non-specific abdominal pain 39.71 

Livedoid rash 95.59 

Digital gangrene  83.82 

Fever 86.76 

Peripheral neuropathy 52.94 

Weight loss 42.65 

Stroke 94.12 

Post-prandial pain 16.18 

Arthralgia 45.59 

Rash - other 54.41 

Arthritis 51.47 

Ocular inflammation 27.94 

Vomiting 19.12 

Diarrhoea 17.65 

Night sweats  16.18 

Visual disturbance  45.59 

Haematuria 20.59 

Erythema nodosum 41.18 

Symptomatic Anaemia 54.41 

Failure to thrive 33.82 

Raised serum creatinine  26.47 

Active urinary sediment 19.12 

Lymphadenopathy  38.24 

Cytopaenias  67.65 

Splenomegaly 63.82 

Hepatomegaly 58.82 

Oral ulceration  27.94 

Genital ulceration 14.71 

Hypertension 50.00 

Hearing loss 22.06 

Hypogammaglobulinaemia 66.18 

Low IgM 42.65 

Low IgA 23.53 

 

Respondents were asked to vote for the symptoms they considered to be 
suggestive of DADA2 based on the presenting features of all published cases to 
date of censor (February 2017).  Green = > 80% = consensus, Orange = > 60% 
= moving towards consensus.  
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Theme 2: Investigations 

Figure 7.14: Responses to Question: I measure the following at baseline 
diagnosis of DADA2 

 

Figure shows there is consensus on the measurement of the acute phase 
response markers, baseline liver and renal function and immunoglobulins.  SAA 
is only requested in a small proportion and yet AA amyloidosis has already 
been reported in these patients. Skin biopsy is requested by 62.3%.  

 

Figure 7.15: Responses to Question: I request the following investigations 
at baseline, irrespective of symptoms  

 

Figure shows that it was not possible to reach consensus on any imaging 
modality because 30% of study participants do not routinely image patients 
unless symptomatic in that organ system.  64% participants do request baseline 
cerebral imaging.    
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Figure 7.16: Responses to Question: I request the following imaging 
investigations only if the patient is symptomatic in that organ system 

 

There is not yet consensus to image the brain in those with neurological 
symptoms.  There is also no consensus on the use of angiography in these 
cases in contrast to that of PAN where it is standard.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Angiography 
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Figure 7.17: Responses to Question: What investigations do you use for 
follow-up of patients on treatment 

 

Figure identifies that CRP and symptoms are used by consensus majority to 
monitor follow-up. 

 

Figure 7.18: Responses to Question: What do you consider a raised CRP 
in DADA2?  

 

Figure shows that a CRP value of > 5mg/L has consensus agreement that this 
is elevated in DADA2.   
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Figure 7.19: Responses to Question: In those with a confirmed diagnosis 
of DADA2 and established on treatment with normal CRP would you 
routinely use imaging if asymptomatic at follow-up? 

 

Figure shows no consensus agreement regarding investigations at follow-up.  
35.8% would not perform any routine investigations and 34% would only 
request these if done at baseline.  
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Theme 3: Treatment  

Figure 7.20: Responses to Question: In an acute event i.e. stroke in a 
proven case of DADA2 I would treat with the following  

 

Figure shows that steroids and anti-TNF are suggested treatment in the majority 
in those with DADA2 and an acute event, however, neither reaches the 80% 
threshold for consensus.  

 

Figure 7.21: Responses to Question: For the treatment of DADA2 my first-

line treatment is  

 

Figure shows that steroids and anti-TNF, or anti-TNF alone reach consensus for 
the use of anti-TNF in DADA2; 83.01%. Other agents suggested in free text 
were; mycophenolate mofetil, thalidomide, azathioprine, methotrexate and 
hydrozychloroquine.   

 

 

If acute event 

not a bleed 
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Figure 7.22: Responses to Question: If funding was no object my 
preferred long-term treatment in DADA2 would be:  

 

Figure shows there is a clear consensus (96%) that anti-TNF is the preferred 
long-term treatment for DADA2.  Many study participants have difficulty 
accessing these high cost drugs.   

 

Figure 7.23: Responses to Question: Anti-TNF, if effective, should be 

given  

 

Figure shows that in those who use anti-TNF (consensus majority), there is 
further consensus that this should be either indefinitely until more information is 
available, lifelong or until bone marrow transplantation; 71.2+9.6+13.5=94.4%.  
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Figure 7.24: Responses to Question: If no history of haemorrhage, such 
as haemorrhagic stroke, based on currently available evidence I routinely 
anti-coagulate my patients with DADA2 

 

Anti-coagulation is not recommended by consensus (98%). This is based on 
concerns that there can be vasculitic lesions in the brain that may be friable and 
bleed causing stroke in additional to the traditional risks posed by anti-
coagulants.  

 

Figure 7.25: Responses to Question: If no history of haemorrhage, such 
as haemorrhagic stroke, based on currently available evidence I routinely 
give anti-platelet agents to my patients with DADA2 

 

Consensus has not yet been reached on the use of anti-platelet agents in 
DADA2.  Anti-platelet drugs are an important adjunct in stroke and digital 
ischaemia but there is concern regarding brain haemorrhage in those with 
DADA2. 
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Theme 4: Screening of relatives  

 

Figure 7.26: Responses to Question: Genetic screening, please select 
only one choice that best reflects your current practice 

 

Figure shows percentage responses to the question of genetic screening in 
relatives of those with DADA2.  There is not yet consensus on genetic 
screening of relatives, although only a single respondent didn’t request gene 
sequencing on any relatives.  

 

Figure 7.27: Responses to Question: In asymptomatic relatives with a 
mutation/s in the CECR1 gene, in an ideal world I would 

 

Figure shows percentage agreement on the investigation of asymptomatic 
relatives in whom mutations have been identified.  There is no general 
consensus but agreement can be found if just the question of measurement of 
ADA2 activity levels is used: 32.1+66= 98.1.   
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Figure 7.28: Responses to Question: Would you follow-up asymptomatic 
relatives with heterozygous mutations in CECR1? 

 

Figure shows large split in expert opinion as to whether asymptomatic 
heterozygotes should be under routine follow.   

 

Figure 7.29: Responses to Question: In which circumstances would you 
follow-up carriers of mutations in DADA2:  

 

Figure showing that 34.85% do not follow-up any asymptomatic carriers. 
56.65% will follow-up carriers.  

 

 

 

 

 



199 
 

Discussion 

At the time the first round of the Delphi was designed only 89 cases of DADA2 

had been reported in the literature.  The fact that there were 66 very eminent 

and knowledgeable respondents from all over the world was especially 

gratifying, representing one expert respondent to every 1.3 patient published. 

Since that time there has been an explosion of interest in this disease, and 

considerably more cases identified.  Of note, the disease phenotype has 

evolved over this short period of time to include a haematological and 

immunodeficiency phenotype.  Of particular interest to me, the diversity of 

phenotype suggests a broad physiological role of the ADA2 enzyme that 

requires further elucidation. In the past, monogenic diseases have proved to be 

a fertile area for research into specific genes, helping to elucidate their function 

and ultimately to develop treatment for the condition involved. 

I presented the data from the Delphi study conducted at the start of the 2nd 

DADA2 congress in Bethesda, Maryland in November 2018 and the results 

prompted much discussion.   

Diagnosis 

There is consensus that the gold standard diagnostic test for DADA2 is both a 

genetic test and an enzyme activity assay (81.1%). This poses a logistical 

problem as currently only 61% of centres can perform their own gene 

sequencing, while only 18.9% are able to measure enzyme activity in their own 

centre.  

There is consensus that homozygous or compound heterozygous mutations 

and low ADA2 activity in a symptomatic patient is diagnostic of DADA2.  

However, despite 81.1% agreeing that a diagnostic gold standard is both the 

genetics and enzymatic activity, 56.9% do not think the enzyme activity is 

necessary for diagnosis in the presence of homozygous mutations and 

characteristic symptoms. It is too early to know whether those homozygotes 

with low ADA2 activity will always go on to develop a disease phenotype.  

Consensus has been reached that livedoid rash, stroke, fever and digital 

gangrene are presenting symptoms of DADA2.  Cytopaenias, splenomegaly 

and hypogammaglobulinaemia had reached agreements of greater than 60% 
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and, given the expansion of interest in the haematological manifestations of this 

condition since the survey was conceived, it is likely that these figures would 

now reach higher levels of prominence in the diagnosis of DADA2.  

 

 

Investigation 

There is consensus on the measurement of the acute phase response markers, 

baseline liver and renal function and immunoglobulins.  SAA is only requested 

in a small proportion and yet AA amyloidosis has already been reported in these 

patients despite fairly low-grade inflammation in the literature[297]. This is likely 

to be an important observation and further research is required to understand 

pathogenesis and identify those patients most at risk.  Skin biopsy is requested 

by 62.3%.  

It was not possible to reach consensus on any imaging modality at baseline or 

follow-up because 30% of study participants do not routinely image patients 

unless symptomatic in that organ system.  This may be due to local availability 

of imaging, as well as cost to the provider and the patient.  Of note, 64% or 

respondents do request baseline cerebral imaging.    

CRP and symptoms are used by consensus majority to monitor follow-up and 

the group have defined a CRP of greater than 5 mg/L as abnormal in DADA2.    

Treatment  

There is overwhelming consensus that anti-TNF is the treatment of choice in the 

long-term management of this condition currently (96.1%).  Corticosteroids and 

anti-TNF are suggested treatments in the majority in those with DADA2 and an 

acute event, such as a stroke, however, neither reaches the 80% threshold for 

consensus individually. IVIG and Fresh Frozen Plasma (FFP) may contain 

ADA2 and theoretically this may be therapeutic but no data exists, although 

several studies are underway and one was aborted due to the difficulty of 

administrating enough FFP to raise ADA2 levels in the blood.  Although there is 

no agreement for a role for mycophenolate mofetil, thalidomide, azathioprine, 

methotrexate and hydroxychloroquine in the treatment of DADA2, they do 
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appear to be in use by some and this perhaps reflects local funding restrictions 

on biologic therapies, and this was frequently described in the free text of the 

Delphi.   

There is consensus that anti-TNF therapies should be used either indefinitely or 

until more information is available (94.4%). Autologous stem cell transplantation 

has been reported in 18 cases of DADA2 to date with mixed results[99]. Gene 

therapy is being investigated as it has been transformative in the treatment of 

ADA1[281]. The risk of anti-TNF resistance due to immunogenicity may prove to 

be a problem over the longer term for individual patients and will need to be 

given consideration.  

There is consensus agreement that anti-coagulation should not be given (98%). 

This is based on concerns that there can be vasculitic lesions in the brain that 

may be friable and bleed causing stroke in additional to the traditional risks 

posed by anti-coagulants.   

However, consensus has not yet been reached on the use of anti-platelet 

agents in DADA2.  Anti-platelet drugs are an important adjunct in other forms of 

stroke and in digital ischaemia, although there is concern regarding the risk of 

brain haemorrhage in those with DADA2. 

There was also consensus in the free text that statins should not be used 

unless indicated by raised serum lipids and that hypertension should be 

routinely screened for and treated with angiotensin converting enzyme inhibition 

in preference.  

Screening of relatives 

There is not yet consensus agreement on the genetic screening of relatives, 

although only a single respondent does not request gene sequencing on any 

relatives. Genetic counselling is available to most respondents, either directly in 

their clinic, performed by them, or they can refer to a specialist service.  This is 

important, not least given the risk of stroke in these patients that extends into 

adulthood and which may influence life choices and pose insurance difficulties 

when information regarding prognosis in this disease remains unclear.  It is also 

remains to be determined whether any treatment prevents stroke, however, I 
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am aware that unpublished data from one large group has shown not one single 

stroke occurring on anti-TNF treatment (verbal communication).  

There is no general consensus on how to investigate asymptomatic relatives in 

whom mutations have been identified.  Agreement can be reached if the 

answers regarding measurements of ADA2 activity levels are combined to 

suggest that there is consensus that if mutations are found in asymptomatic 

relatives, further investigation should be guided by ADA2 activity levels (98%).  

This fits with data from earlier in the study that shows that 62.7% consider a 

true heterozygote with low activity and symptoms to have a diagnosis of 

DADA2. Nevertheless, 34.85% do not follow-up any asymptomatic carriers. 

While 56.65% will follow-up carriers. Based on the data presented the following 

algorithm is proposed (Figure 7.30).  

This work has generated the foundations for a larger consensus study on 

DADA2 beginning in April 2019.  This will include patient reported outcome data 

to further inform our understanding of this condition and its treatment.  Once 

diagnostic criteria and outcome data have been established, large scale clinical 

trials can be conducted.   Large international studies are necessary in rare 

diseases, although it should be noted that ADA2 gene sequencing may be 

added to routine haematology genetics panels for the screening of those with 

bone marrow failure and pure red cell aplasia, and it may transpire that this 

disease is not as rare as previously considered.   

There remains a pressing need for further work on the heterozygous state and 

for the carrier status defined, with mounting evidence that those with 

intermediate levels of ADA2 activity (mutation carriers) are susceptible to 

migraine, late‐onset strokes and Raynaud phenomenon. This will be aided by 

an international collaborative prospective approach where cases are collated 

and subject to a standardised set of investigations and follow-up schedule. 

Cases of DADA2 are already being registered on EUROFEVERS 

(https://www.printo.it/eurofever/index.asp). Environmental data such as smoking 

status and risk factors for vasculitis such as hepatitis serology should be 

collected.  Additionally, work could be directed into looking for somatic 

mosaicism of ADA2 in adult onset PAN.   
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The highly variable phenotype of DADA2 means that awareness of this 

condition needs to be raised across the medical specialities, both in paediatric 

and adult medicine, especially in light of the emerging evidence that anti-TNF 

therapy may augment stroke risk. 

Figure 7.30: Proposed algorithm for the investigation and management of 
those with suspected DADA2 

 

This figure depicts a proposed algorithm based on data from the study showing 
that those with a suggestive phenotype should undergo genetic screening and 
have their ADA2 enzyme activity level checked.  In those with a confirmed 
diagnosis anti-TNF should be started. Genetic counselling should be offered, 
and genetic screening performed in all first-degree relatives with ADA2 levels 
checked in those with variants in the ADA2 gene.  
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Chapter Eight:  

General Conclusions & Future Directions 
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The fields of both amyloidosis and autoinflammatory diseases are rapidly 

evolving, largely due to improvements in genetic, laboratory and imaging 

diagnostics as well as tremendous leaps forward with biologic therapies over 

the past 20 years.  

These advances have led to an apparent increase in the prevalence of systemic 

amyloidosis and SAIDs but it is likely many remain underdiagnosed and 

diagnostic delay remains the norm.  

The work contained in this thesis has contributed to knowledge and 

understanding of the clinical phenotypes of systemic amyloidosis and 

associated autoinflammatory diseases, with the common theme that improving 

our understanding of their pathogenesis can lead to early diagnoses and 

improved outcomes. Rather than a long Discussion chapter at the end of this 

thesis, there are in depth discussion sections at the end of each chapter.  

Investigation of ATTRwt deposition in non-cardiac tissues determined that 

musculoskeletal deposition is probably an early event and visceral deposition 

occurs late.  Carpal tunnel biopsy could be developed in routine practice to 

diagnose ATTRwt early, although it remains to be established whether 

progression from soft tissue to cardiac tissue is inevitable.  Understanding the 

early natural history of ATTRwt is particularly important given emerging data to 

suggest it is a major cause of diastolic heart failure and in light of newly licensed 

treatments for ATTR.  The development of a longitudinal cohort may shed light 

on the natural history of this disease and is now underway (IRAS 181075: 

Prevalence of ATTR amyloid in the carpal tunnel). 

Advances in therapeutics over two decades have revolutionised the outcomes 

of many diseases, especially those of inflammatory arthritis; in both adults and 

children. Thus, the aetiology of AA amyloidosis, always a result of chronic 

inflammation, has changed over time.  Further investigation of this changing 

aetiology has led to the novel observation that obesity may be an important 

emerging cause of AA amyloidosis, which has the potential to pose a major 

public health threat. Future work to explore the role of obesity in chronic low-

grade inflammation and subsequent AA amyloidosis should be directed to 



206 
 

establishing cohorts in bariatric clinics.  Screening for SAA polymorphisms in 

these cohorts may identify at risk individuals.    

The treatment of the monogenic autoinflammatory fever syndromes with long 

term IL-1 inhibition is now well established.  Restoring normal life experience to 

these young adults has led to questions regarding the safety of these agents in 

pregnancy.  The data in Chapter 6, gathered from expert centres across 7 

countries, is the first study showing outcomes on the use of anakinra and 

canakinumab at conception in males and females, throughout pregnancy and 

during breast feeding. The data are reassuring, and it is now our practice not to 

cease the use of, particularly anakinra, in pregnancy.  Although there is a higher 

than expected incidence of renal agenesis in anakinra exposed pregnancies, no 

scientific explanation exists as to how exogenous IL-1Ra, which only differs 

from endogenous by a single methionine residue, may have a deleterious effect 

on nephrogenesis.  Further data on the use of IL-1 antagonists in pregnancy 

need to be gathered on international registries and work is underway to 

establish this via the EUROFEVERS registry 

(https://www.printo.it/eurofever/index.asp).  

Lastly, it is increasingly recognised that immunodeficiency and 

autoinflammation are linked.  Chapter 7 explored the phenotype of Deficiency of 

Adenosine Deaminase 2 (DADA2) to demonstrate that it clearly extends beyond 

the initial vasculitis and vasculopathy description.   Further, the international 

consensus study carried out identified areas of clear consensus such as 

diagnosis and treatment, but areas of clear contention, most notably the 

possibility of a carrier state, remain.  This work has led to planned future studies 

exploring the action of ADA2 on the endothelium and further consensus building 

work, with a small panel of international experts led by the DADA2 foundation, 

due to commence during the 10th International Congress of FMF and 

Autoinflammatory Diseases, in Genoa, Italy, in April 2019.  

The findings in this thesis do not exclusively inform those working in highly 

specialised services.  In fact, centres such as the NAC rely on the knowledge of 

a myriad of generalists in the community and smaller hospitals to identify these 

patients and refer them on for specialist input.  For example, the results herein 
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identify carpal tunnel syndrome as an early presenting feature of TTR 

amyloidosis and suggest that a history of heart failure should be sought in those 

who present with this condition later in life. They also suggest that a carpal 

tunnel tissue biopsy can be taken at routine surgery to identify amyloid 

deposition in the carpal tunnel.  The results also demonstrate that those 

presenting with haematuria and found to have bladder amyloid on cystoscopic 

biopsy may have concurrent cardiac TTR amyloidosis for which new treatments 

are available.  Knowledge of this, and the availability of the non-invasive Tc-

DPD scan, could change practice in urology and further highlights the 

importance of histopathology laboratories developing experience in diagnosing 

and typing amyloid deposits outside tertiary centres. Similarly, quantification of 

proteinuria in those who are overweight may identify more cases of AA 

amyloidosis associated with adiposity, presenting the opportunity to treat raised 

circulating SAA (by weight management or immunosuppression) and avoid end 

stage renal disease. This strategy could be developed in general practice, a 

multitude of medical clinics, and more specialised bariatric clinics.  Further, the 

data on the use of IL-1 inhibitors at conception, in pregnancy, and breast 

feeding significantly adds to existing knowledge in this area and can be used to 

counsel patients by obstetricians and maternal medicine physicians alike.  

Whilst DADA2 is unlikely to be diagnosed in general practice, these cases will 

almost certainly present to general paediatric and adult rheumatology, 

dermatology and neurology clinics – thus highlighting the importance of raising 

awareness and defining diagnostic criteria and management pathways for those 

with rare disease.  
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