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Introduction 

Proteins are involved in many different processes in the body and are essen-
tial for life. However, proteins can also cause deadly diseases. Both are true 
for the amyloidogenic proteins. Normally, they have important functions, 
like transporting lipids/vitamins or being part of antibodies, and then they 
start to aggregate and deposit in various organs. This thesis concerns amy-
loidosis derived from immunoglobulin light chains. It was one of the first 
types of amyloidosis recognized, however, the progress has been slow on 
understanding the mechanisms behind how the light chains become amyloi-
dogenic and why the symptoms and outcome vary enormously between pa-
tients. This work has been aiming to increase the understanding about the 
complex pathogenic mechanisms behind the development of light chain 
amyloidosis.   

Protein folding 
A central event in biology is the conversion of genetic information into func-
tional proteins. This is a complex process starting with the production of a 
linear amino acid sequence by the ribosome, ending with a sophisticated 
three-dimensional conformation of the protein. At the beginning of the 
1960s, it was demonstrated that the amino acid sequence contained the in-
formation needed for a protein to form its native structure (Anfinsen et al. 
1961). The folding of a protein involves the formation of distinct interme-
diates. In general, these intermediates are believed to be native-like, with 
partially folded or misfolded structural elements such as side-chain interac-
tions (Feige et al. 2008).  The progression of the intermediates to the native 
state is often slow and involves changes like rearrangement of hydrophobic 
amino acids, stabilization of hydrogen bonds and other interactions (Gething 
and Sambrook 1992; Christis et al. 2008). The driving force for the produc-
tion of the native conformation is that it is energetically favorable. However, 
also the intermediates produced can be at a low energy level thereby produc-
ing stable, misfolded and aggregation-prone polypeptides (Clark 2004). In 
addition, the cell has a crowded environment, in which it is difficult for pro-
teins to fold properly without the aid of other proteins. These folding factors 
may catalyze slow folding steps, prevent undesirable interactions or prevent 
proteins from taking off-pathways, making it more probable for the proteins 



 12 

to reach their native conformation (Christis et al. 2008). In addition, if mis-
folded proteins are produced they can be degraded by a variety of proteases 
(Yerbury et al. 2005).    

Amyloidosis 
Although the alteration had been noted before, it was the German physician 
Rudolph Virchow who described and named amyloid (Virchow 1854). He 
stained tissue with iodine and sulphuric acid and demonstrated typical stain-
ing for starch. Therefore he named it amyloid, derived from the Greek word 
for starch (amylon) and –oid meaning resembling. Five years later Friedrich 
and Kekulé demonstrated that amyloid in fact consists mostly of protein 
(Friedrich and Kekulé 1859).  

In amyloidosis, a normally soluble protein is transformed to a fibrillar ag-
gregate. Today 27 proteins are known to be amyloidogenic and even though 
many amyloidogenic proteins do not share any sequence homology they 
produce fibrils, which are very similar. The definition of amyloid states that 
amyloid is formed in vivo, has cross beta sheet structure and affinity for the 
dye Congo red visualized by an apple green birefringence after staining 
(Figure 1A and B) (Westermark et al. 2007). When investigated with elec-
tron microscopy the fibrils are demonstrated to be non-branched and about 
7.5-10 nm in diameter (Figure 1C) (Merlini and Bellotti 2003).  

 

Figure 1. Amyloid detection with the dye Congo red is seen in picture A (light mi-
croscope, ordinary light) and B (polarized light). In picture C, amyloid fibrils are 
visualized by electron microscopy.  
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Disease caused by amyloid is called amyloidoses and they can be divided 
into local or systemic depending on the distribution of the amyloid in differ-
ent organs (Table 1).  

Table 1. Amyloidogenic proteins and associated diseases 
Amyloid protein Precursor Disorder
Systemic forms of amyloidosis 
AL Immunoglobulin light chain Primary  

Myeloma associated
AH Immunoglobulin heavy chain Primary  

Myeloma associated
Aβ2M β2- microglobulin Hemodialysis-associated 

Joints
ATTR Transthyretin Familial 

Senile systemic
AA (Apo)serum AA Secondary, reactive
Familial forms of amyloidosis 
AApoA1 Apolipoprotein A1 Familial
AApoA2 Apolipoprotein A2 Familial
AGel Gelsolin Familial
ALys Lyzosyme Familial
ACys Cystatin C Familial
Amyloidosis associated with aging or dementia 
AApoA4 Apolipoprotein A4 Sporadic
Aβ Aβprotein precursor (AβPP) Alzheimer´s disease
ATau Tau Alzheimer´s disease, fronto-

temporal dementia, ageing, other 
cerebral conditions

AMed Lactadherin Senile aortic, arterial media 
ABri ABriPP Familial British dementia
ADan ADanPP Familial Danish dementia
Tumor-associated amyloidosis 
APro Prolactin Ageing pituitary,  

Prolactinomas
ACal (Pro)calcitonin C-cell thyroid tumors
AIAPP Islet amyloid polypeptide (amylin) Islet of Langerhans  

Type-2 diabetes 
Insulinomas

AOaap Odontogenic ameloblast-associated 
protein

Odontogenic tumours 

ABri ABriPP Familial British dementia
ADan ADanPP Familial Danish dementia

 
In systemic amyloidosis, amyloid deposits can be found in most organs of 

the body, usually with the exception for the brain. The fibril protein is pro-
duced at one place, e.g. the bone marrow or the liver, and is circulating in the 
plasma before deposition as fibrils. In localized amyloidosis, the fibril pro-
tein is synthesized at the site of deposition. Many forms of localized amyloi-
dosis are related to ageing (Mucchiano et al. 1992; Enqvist et al. 2003).  
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The clinical symptoms of amyloidosis vary and the severity of the disease 
depends on the amyloidogenic protein and where it is deposited in the body 
(Yoon and Welsh 2004). Today, amyloidogenic proteins have been demon-
strated to be associated with severe syndromes like Alzheimer’s disease, 
type-2 diabetes and light chain amyloidosis (Westermark et al. 2007). How-
ever, amyloid-type of aggregation has also been demonstrated to be evolu-
tionary conserved and to have functional roles e.g. in bacteria, fungi and 
mammals (Maury 2009). In Escherichia coli and some other bacteria, fibrils 
of this type are called curli and are involved in host cell adhesion and inva-
sion (Chapman et al. 2002). In fungi, amyloid is used for defense for viral 
infections (Wickner et al. 2007). In mammals, a protein named Pmel is as-
sembled into fibrils that are involved in the regulation of the melanin synthe-
sis (Fowler et al. 2006) and some types of fish embryos have an amyloid 
fibril coat that protects against dehydration (Podrabsky et al. 2001).  

Amyloid formation 
Amyloidogenecity 
About 25 proteins are known to form amyloid in vivo, but it has been 
claimed that all proteins can form fibrils in vitro. The explanation for why 
some proteins are more aggregation prone than others is partly found in their 
amino acid sequence. For example, hydrophobicity, secondary structure 
propensity and charge are important factors for fibril formation (Chiti et al. 
2003). In addition, protein concentration, pH and ionic strength of the pro-
tein solution also influence the rate and propensity for a protein to form amy-
loid (DuBay et al. 2004). The transformation from a normal, functional and 
soluble protein to an amyloid fibril is not well understood and the mechan-
isms might differ between different proteins. It is known that the protein 
concentration has to be elevated (Buxbaum 1992) and that its stability is 
decreased by either mutations (Solomon et al. 1982), proteolytic cleavage 
(Häggqvist et al. 1999) and/or other posttranslational modifications like gly-
cosylation (Sletten et al. 1986). 

Nucleation 
Aggregation is dependent on protein concentration. When the protein levels 
are elevated the protein slowly start to aggregate into oligomers and this is 
called the lag phase. This formation of a thermodynamically unfavorable 
nucleus is the rate-limiting step in amyloid formation (Jarrett and Lansbury 
1993; Harper and Lansbury 1997). The subsequent elongation to a mature 
fibril is highly favorable and proceeds rapidly. Several intermediate struc-
tures have been identified during fibril formation and whether these are in-
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volved in on or off pathways to fibril formation is not known. However, 
immunoglobulin light chains have been shown to be able to form several 
types of intermediates that give rise to various types of aggregates involved 
in different diseases (Davis et al. 2001). The fibrils are put together by add-
ing monomers or preformed oligomers and disassembled by release of mo-
nomers (Rochet and Lansbury 2000). 

Seeding 
Several in vitro studies have shown that addition of a nucleus to a protein 
solution accelerates fibril formation compared to self-assembly of fibrils, a 
phenomenon called seeding (Jarrett and Lansbury 1993; Harper and Lans-
bury 1997). This is most probably also true in vivo. In the murine experimen-
tal model for systemic AA-amyloidosis in which the disease is induced by a 
long-term inflammatory challenge it takes several weeks for an animal to 
develop amyloidosis. This time can be shortened dramatically by addition of 
an amyloid extract from an already amyloidotic animal. Analyses have indi-
cated that the transmissible agent is the amyloid fibril itself, acting as a nuc-
leus. Consequently, the transmission resembles that in prion diseases. In 
addition, fibrils made from synthetic peptides corresponding to protein AA 
or other amyloidogenic proteins (Ganowiak et al. 1994; Johan et al. 1998;  
Yan et al. 2007) and naturally occurring fibrillar proteins can also induce 
amyloidosis in the animal model of AA amyloidosis (Kisilevsky et al. 1999; 
Lundmark et al. 2005). This data also supports the idea of cross-seeding, i.e. 
that fibrils of one protein can seed amyloid formation of another protein.  

There have also been reports of that two different proteins can codeposit 
in the same fibril. However, heterogeneous fibril formation in vivo is less 
likely than homogenous amyloid formation since co-fibril formation de-
mands partial unfolding or destabilization of two different proteins at the 
same location, processes that are highly controlled in the cell (MacPhee and 
Dobson 2000). In addition, it has been demonstrated in vitro, that if the se-
quence identity between proteins decreases even only slightly, it has a nega-
tive impact on the rate of fibril formation (Krebs et al. 2004).  

Amyloid associated components 
All amyloid deposits also contain other components, in addition to the fibril-
lar protein, namely extracellular matrix (ECM) components, Serum amyloid 
P-component and apolipoproteins.  

Extracelullar matrix (ECM) components are believed to play an important 
role in the deposition of amyloid. Glycosaminoglycans (GAGs), particularly 
heparan sulfate, have been found in every amyloid deposit investigated, 
(Snow et al. 1987). Studies have demonstrated that up regulation of some of 
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these genes precede amyloid deposition (Woodrow et al. 1999). The heparan 
sulfate proteoglycan perlecan has been demonstrated to accelerate fibril for-
mation of Abeta and stabilize the formed fibrils (Castillo et al. 1997). It has 
also been shown that overexpression of heparanase make mice resistant to 
AA amyloidosis (Li et al. 2005).  Heparan sulfate has been shown to in-
crease beta sheet-structure in the amyloidogenic variant of the protein serum 
amyloid A (SAA) (McCubbin et al. 1988). A schematic model AA fibril 
suggests that it is built up as follows. The inner layer consist of amyloid P-
component bound to chondroitin sulfate proteoglycan, followed by a layer of 
heparan sulfate proteoglycan and finally the outermost layer consist of the 
amyloidogenic protein AA (Inoue and Kisilevsky 1996).  

Serum amyloid P-component, SAP or AP, is a glycoprotein, produced by 
the liver and is circulating in plasma. AP binds to all amyloid deposits in 
vivo, in a calcium dependent manner. The role of AP in amyloid deposits is 
not known but it has been proposed to be involved in the resistance of pro-
teolysis of the fibrils (Tennent et al. 1995). There is equilibrium between P-
component in the circulation and in the deposits and therefore radiolabelled 
AP can be used as a tracer for amyloid. This method is used frequently in the 
clinic in order to estimate the amount and distribution of amyloid in patients 
(Hawkins et al. 1998).   

Apolipoproteins have a complex involvement in amyloidosis. They can 
act as the main fibrillar protein (Booth et al. 1995; Benson et al. 2001; 
Röcken and Shakespeare 2002; Bergström et al. 2004) or colocalize with 
different types of amyloid deposits (Sakata et al. 2005). Apolipoprotein E 
(apoE) has been found in all types of amyloidosis tested, suggesting a com-
mon role for this protein in amyloid formation (Wisniewski and Frangione 
1992; Castano et al. 1995). However, how it affects amyloidogenesis is not 
known, but it is intensively investigated. ApoE has been demonstrated to 
increase fibril formation of peptides corresponding to the amyloidogenic 
proteins gelsolin and amyloid A (Soto et al. 1995). Other reports have shown 
that ApoE reduced the solubility of amyloid proteins and stabilized the β-
sheets thereby preventing proteolysis (Wisniewski and Frangione 1992; Gal-
lo et al. 1994). Several studies have shown that the different ApoE isoforms 
have different effects for the risk to develop Alzheimer’s disease and influ-
ence the pathology of this disease differently (Drouet et al. 2001, Raber et al. 
2004). Patients that have inherited one or two ε4 allele of apoE have in-
creased risk for developing Alzheimer’s disease and also get the symptom at 
an earlier age. In contrast, the ε2 allele is associated with reduced risk and 
later onset of the disease.  
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Pathogenesis of tissue injury 
Effects on tissues of the aggregated proteins 
While systemic amyloidosis can result in huge masses of amyloid, demon-
strated to impair the functions of the affected organs, localized amyloid de-
posits are usually small but multiple. There is no definite correlation be-
tween the amount of amyloid detected and severity of the disease. This fact 
has been puzzling since amyloid was earlier regarded as an inert substance, 
exerting its effects on tissues only by pressure and by acting as a barrier 
against interchange between cells and blood of components, including nu-
trients and oxygen. There is now a considerable amount of data, indicating 
that in addition to the mass effect of the fibrils, the aggregated proteins may 
exert a direct toxic effect on cells. This new knowledge is mainly emanated 
from studies of localized amyloid proteins, particularly Abeta and islet amy-
loid polypeptide (IAPP). Here, it has been demonstrated that there is a poor 
correlation between the amount of amyloid fibrils and the degree of disease 
(Walsh and Selkoe 2004; Haataja et al. 2008). It has been demonstrated that 
smaller aggregates are active, and these are often referred to as toxic oligo-
mers or protofibrils not detectable by amyloid-specific dyes like Congo red, 
but possible to visualize by antibodies against the amyloidogenic protein 
(Peng et al. 2007 ; Haataja et al. 2008).  

More recent data indicate that toxic oligomers are of pathogenic impor-
tance also in systemic amyloidoses including AL (Palladini et al. 2006) and 
familial amyloidotic polyneuropathy, where degeneration has been reported 
not to be associated topologically with amyloid deposition (Sousa et al. 
2001). This possibility is supported by in vitro data showing that nonfibrillar 
forms of  immunoglobulin light chains (Brenner et al. 2004) and transthyre-
tin (Reixach et al. 2004) are toxic in cell cultures.  

Mechanisms of toxicity 
The mechanism of toxicity in amyloidosis is complex since a normally so-
luble protein becomes toxic to cells. However, there seems to be common 
toxic mechanisms independent on the protein involved (Schubert et al. 1995; 
Glabe and Kayed 2006). Most probably the conformational change into a β-
sheet rich molecule or aggregate results in gain of function toxicity (Schu-
bert et al. 1995). Misfolded amyloidogenic proteins have been shown to bind 
to the receptor for advanced glycation end products (RAGE). This results in 
reactive oxidative species and induction of oxidative stress that may be lethal 
to the cells (Yan et al. 1996). Another mechanism attributed to amyloidogen-
ic proteins is self-insertion into plasma membranes thereby disrupting the 
membranes and giving rise to leakage (Kayed et al. 2004). However, the 
toxic mechanisms are still very insufficiently understood.  
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Immunoglobulin light chains 
Structure of light chains  
Antibodies or immunoglobulins consist of heavy and light chains, figure X. 
The antigen-binding site is derived from the combination of the two variable 
domains situated in the heavy and the light chain.  Immunoglobulin light 
chains can be of kappa (κ) or lambda (λ) type. Kappa is more often found in 
the normal repertoire of immunoglobulins. The light chain molecules are 
constructed from about 35 functional Vκ and Vλ gene segments, combined 
with five Jκ or four Jλ germ line genes (Figure 2) (Solomon and Weiss 1995). 
The variable domain is then linked to the constant domain, one gene for 
kappa and four genes for lambda. Each light chain consists of about 220 
amino acid residues and is about 25 kDa. Naturally, the constant part, amino 
acid residue 109-214, of the light chain has very little variation in contrast to 
the variable domain, amino acid residue 1-108.  

 

 

A.                   B. 

Figure 2A. Schematic figure of an antibody molecule.The heavy (blue) and the light 
(red/yellow) chains, consist of a variable (V) and a constant (C) region. B. κ and λ 
light chain assembly in humans.  

In the light chain there are three areas involved in antigen binding and 
they are called hypervariable or complementarity-determining regions 
(CDR). In addition there are four framework regions (FR) that ensures the 
structural stability of the molecule (Stevens et al. 1999). 

Light chain variability 
As already described, the light chain is composed of a variable (V) a joining 
(J) and a constant segment. There are multiple germ line genes, each encod-
ing one κ or λ variable domain giving rise to several κ and λ subgroups.  In 
addition, this domain undergoes somatic mutations in order to form an anti-
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gen-binding site that perfectly fits a certain antigen. This gives rise to an 
enormous diversity in the same κ or λ subgroup. The recombination spot 
where the V and J genes align is promiscuous, giving rise to further varia-
bility between light chains. Also, there are several known pseudo genes, 
from which DNA can be inserted into functional V domains, altering the 
DNA sequence. 

Light chain associated diseases 
In some diseases, monoclonal light chains are filtered through the kidneys 
and are found in the urine, where they are called Bence Jones proteins (BcJs) 
(Beetham 2000). Light chains are involved in several protein aggregation 
diseases, the four most common ones being, light chain deposition disease 
(LCDD), myeloma nephropathy, acquired Fanconi's syndrome and light 
chain amyloidosis (Stevens 1999). 

Light chain deposition disease (LCDD) is a protein aggregation disease, 
distinguished from amyloidosis, since the deposits are morphologically dif-
ferent. They do not bind Congo and lack P-component (Buxbaum 1992). It is 
most common that κ light chains are involved and the deposits are found in 
different organs, but kidney involvement is considered to be most fatal 
(Piard et al. 1998). LCDD has some similarities with AL-amyloidosis, like 
amino acid substitutions and glycosylation (Khamlichi et al. 1992), perhaps 
reflecting a similar pathological mechanism. In agreement with this possibil-
ity, both LCDD and amyloid deposits have been demonstrated in the same 
patient (Kaplan et al. 1997). 

In myeloma nephropathy, also called light chain cast nephropathy, intra-
tubular casts of light chains, κ or λ, are believed to be cytotoxic and are 
known to induce inflammation in the kidneys, giving rise to tubular degene-
ration and renal failure (Markowitz 2004).  

Acquired Fanconi’s syndrome is characterized by impairment of the reab-
sorption in the proximal renal tubule. Incomplete degradation of light chains 
give rise to crystal formation of predominately κ light chains. These crystals 
interfere with a broad range of membrane transporters resulting in loss of for 
example glucose, amino acids, calcium and phosphorous in the urine, result-
ing in renal failure and weakening of bone structures (Lacy and Gertz 1999; 
Markowitz 2004).  

Systemic light chain (AL) amyloidosis, including primary amyloidosis 
and myeloma associated amyloidosis, is caused by deposition of amyloid 
fibrils derived from monoclonal immunoglobulin light chains produced by a 
plasma cell clone mainly in the bone marrow although splenic plasma cells 
may contribute (Solomon et al. 2009). Light chain amyloidosis is found in 
10-15 % of patients with multiple myeloma but only rarely patients starting 
off with light chain amyloidosis will develop myeloma later in life (Rajku-
mar et al. 1998). Also the benign proliferation resulting in an M-component 
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found in monoclonal gammopathy of undetermined significance (MGUS) 
can develop into a malignant paraproteinemia or light chain amyloidosis. It 
is the most common form of plasma cell dyscrasia and its prevalence in-
creasing with age (Sirohi and Powles 2006).  

In AL-amyloidosis the circulating light chains aggregates in a variety of 
organs and the large systemic deposits in the tissues have severe conse-
quences for the patients. The most common outcomes are renal failure, car-
diac and liver diseases and neuropathy (Buxbaum 1992) and the variability is 
enormous. A plasma cell clone in a tissue can also give rise to a localized 
form of AL-amyloidosis found in several organs, for example the urinary 
bladder and larynx (Westermark et al. 1982; Nishiyama et al. 1992). For 
both localized and systemic AL-amyloidosis it has been demonstrated that λ 
light chains are associated with AL deposition at least two times more often 
compared with κ chains.  

The incidence and prevalence of AL-amyloidosis in Sweden is not known 
but the incidence in areas of the USA has been estimated to be 6-7 per 
1 000,000 (Kyle et al. 1992; Falk et al. 1997). Since AL patients often are 
misdiagnosed or undiagnosed there are probably more patients suffering 
from this disease than found in the records. It is often a very aggressive dis-
order that is recognized and diagnosed at a late stage thereby giving the pa-
tients between 4-26 months survival depending on the involved organs and if 
they respond to treatment (Kyle and Gertz 1995).  

Factors influencing the amyloidogenicity and deposition pattern 
of light chains 
Not all light chains are equally amyloidogenic, with λ6 being the most pre-
valent germ line gene associated with amyloidosis (Solomon et al. 1982). 
Obviously, the primary structure of a light chain is important in the pathoge-
nesis in AL-amyloidosis. As pointed out above there is naturally a huge vari-
ation between the light chains produced, due to the large number of genes 
for the variable domain and due to somatic mutations. In addition, other fac-
tors influence the ability of light chains to form amyloid. Understanding the 
mechanisms that influence the amyloidogenicity and deposition pattern of 
light chains is challenging and is the focus of this thesis. 

Importance of the primary structure for amyloidogenesis 
Since the diversity between antibody light chains is huge, it is difficult to 
understand how the light chain amino acid sequence can influence the pro-
pensity to form fibrils. The primary structure of amyloidogenic and non-
amyloidogenic light chains are very similar, but some of the amyloidogenic 
variants contain amino acids that destabilize the protein, make it more prone 
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to adapt a β-sheet conformation, or renders it more susceptible to proteases. 
In the κ1 subgroup, four structural risk factors have been identified and 
found in 80 % of all amyloidogenic proteins in this subgroup (Stevens 1999). 
No κ1 germ line gene codes for a glycosylation site, however, the introduc-
tion of a glycosylation site by somatic mutation has been demonstrated to be 
of importance for fibril formation in the κ1 subgroup since in an investiga-
tion, 18 of 22 glycosylated light chains were from amyloidosis patients (Ste-
vens 2000).  Stevens has made an extensive effort to characterize amyloido-
genic mutations in light chains and could demonstrate that at about 20 posi-
tions the presence or absence of certain amino acid residues could be linked 
to amyloidosis. For example, a substitution of arginine in position 61 results 
in loss of a critical salt bridge, exchange of proline situated in β-turns or 
substitution of isoleucine in position 27b are destabilizing mutations and are 
considered to enhance fibrillogenesis (Stevens 1999). 

In addition, in AL-amyloidosis, there is an expression of rare light chains 
not usually utilized in the body (Abraham et al. 2007). For example, the rare 
λ6 is strongly correlated with disease. As seen in Table 2 certain germ line 
genes are more commonly found in amyloidosis or light chain deposition 
disease (Stevens 1999). Normally, κ3 dominates in kappa immunoglobulins 
but in AL-amyloidosis κ1 is over-represented (Comenzo et al. 2001). All 
these findings are in agreement with the importance of the primary structure 
in the pathogenesis of AL-amyloidosis.  

Table 2. Occurrence of amyloidosis or light chain deposition disease associated with 
different immunoglobulin light chains (Stevens 1999). 

Subgroup Gene Total Benign Amyloid LCDD 

κ1a L12a 8 1 3 4 

κ1b O18-O8 18 3 14 1 

κ1c O12-O2 9 0 9 0 

κ1d A30 1 0 1 0 

κ1e L1 10 0 10 0 

κ3a L2-L16 8 1 5 2 

κ3b A27 1 0 1 0 

κ4 B3 11 2 6 3 

κ5 B2 1 1 0 0 

λ1a humlv114 10 0 10 0 

λ1b humlv122 15 2 13 0 

λ1c IGLV1S2 4 0 4 0 

λ2a VL2.1 15 0 14 1 

λ2b DPL12 6 1 4 1 

λ3a humlv318 7 1 5 1 

λ3b hsigg1150 4 1 2 1 

λ3c VIII.1 14 1 13 0 

λ4 humlv418 3 0 3 0 

λ6 IGLV6S1 28 0 28 0 

λ8 humlv801 1 0 1 0 
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Impact of post-translational modifications on fibril formation  
Glycosylation 
Although the intrinsic properties of the light chains, depending on the amino 
acid sequence, influence the amyloidogenicity the most, posttranslational 
modifications like glycosylation may also affect the fibrillogenesis. The me-
chanism is not known but glycosylated light chains may not fold correctly, 
thereby facilitating the fibril formation process, or it might affect the clear-
ance of light chains. Clearly, glycosylation is not a prerequisite for fibril 
formation of light chains since several fibril proteins have been demonstrat-
ed not to be covalently bound to sugars (Sletten et al. 1986; Buxbaum 1992). 
The significance of glycosylation might vary between different subgroups. 
In the case of the κ1-light chains, glycosylation strongly correlates with 
amyloidosis. However, no κ1-germline gene encodes an N-linked glycosyla-
tion site. Therefore such sites are probably introduced by somatic mutation. 
Glycosylation is also believed to influence where the light chain is deposited 
(Prado et al. 1997).  

Proteolytic cleavage 
The mechanism of fibril formation is not well understood but proteolytic 
remodeling is most certainly involved. Protein fragmentation might be due to 
an aberrant light chain synthesis, limited degradation of the light chain or 
proteolysis after the amyloid has been deposited (Buxbaum 1986; Solomon 
and Weiss 1995). It is discussed whether proteolysis occurs before or after 
fibril formation, since the fibrils are composed of full length and fragments 
of light chains. Most often light chains purified from amyloid deposits con-
sist of N-terminal part of the protein and only a little if any of the C-terminus 
(Buxbaum 1992), suggesting proteolytic cleavage of an intact light chain 
rather than an aberrant produced light chain. However, in a few cases the 
major fibril protein has been derived from the constant region (Engvig et al. 
1998; Solomon et al. 1998; Wally et al. 1999). There are a few inconclusive 
reports in the literature of a circulating light chain fragments (Eulitz and 
Linke 1993; Kaplan et al. 2008). Several proteases have been shown to 
cleave light chains in vitro, for example pepsin and trypsin (Seon et al. 1973; 
Eulitz et al. 1990). However, this data cannot be translated into the in vivo 
situation since light chains do not exist in the same location as these proteas-
es. Other more relevant proteases that have been shown to be able to process 
light chains in vitro are for example neutral proteases from granulocytes 
(Solomon et al. 1976) and cathepsins from macrophages (Bohne et al. 2004).  
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Light chains and deposition pattern 
Primary sequence 
The impact of the primary structure for the deposition pattern of light chains 
is heavily debated. Abraham et al (Abraham et al. 2003) demonstrated that 
8/11 patients with AL λ2 protein had predominately cardiac involvement, 
while all five patients with λ6 light chain amyloid origin had renal disease. 
In the κ-subgroup there was a predominant use of the germ line gene O18-
O8 and most patients with AL-amyloidosis of κ1 subtype origin had deposits 
in the tongue and skin. In addition, 50 % of these patients also had symp-
toms and clinical manifestations of kidney and heart involvement (Abraham 
et al. 2003). These findings were more or less supported by studies per-
formed by Comenzo et al, which also showed that λ6 was strongly corre-
lated to renal involvement and that 3 of 7 κ1b patients had renal involvement 
and 2 of 7 had cardiac deposits (Comenzo et al. 2001). It should be pointed 
out that these prevalences were based on clinical findings. Virtually no stud-
ies have been published in which histopathological findings have been corre-
lated with light chain subgroup types. 

Post-translational modifications 
Very little has been published on the possibility that glycosylation has an 
impact on where AL-amyloid is deposited. However, it is reasonable to be-
lieve that sugar moieties can change the interaction of a light chain with 
different cell constituents, e.g. heparan sulfate. In agreement, a scintigraphic 
study in rat showed that injected glycosylated light chains were detected 
preferentially in the liver (Prado et al. 1997). 

Tissue specific proteases might also play a role in deposition if proteoly-
sis is a requirement for fibril formation (Buxbaum 1992). 

Host factors 
Glycosaminoglycans (GAGs) are always found in amyloid deposits and have 
been suggested to be involved in deposition of amyloidogenic proteins. 
These ubiquitously present molecules, e.g. as part of the basement mem-
brane might recruit the circulating immunoglobulin light chain, induce con-
formational changes and a high local concentration of the protein, facilitating 
protein-protein interactions and aggregation in a certain tissue or organ 
(Husby et al. 1994).  

It is possible that light chains recognize other tissue-specific molecules 
not yet identified as demonstrated in cast nephropathy, where aggregates are 
formed when the light chains binds to the Tamm-Horsfall protein synthe-
sized only by cells in the thick ascending loop of Henle (Agerbaek et al. 
1999). Bence Jones proteins and dimers of the variable domain of light 
chains can mimic the antigen-binding site of antibodies (Stevens et al. 1991) 
and this might be responsible for tissue affinity. The Tew Bence Jones pro-



 24 

tein was claimed to have been part of an autoantibody and that the deposition 
could have been based on an immunologic interaction (Terry et al. 1973). 
Another proposed mechanism for tissue deposition is that a local monoclonal 
plasma cell clone synthesizes a light chain that is deposited in the same tis-
sue (Solomon and Weiss 1993). However, generally there are no plasma 
cells associated with amyloid deposits in systemic AL-amyloidosis.  

Treatment of amyloidosis 
Precise identification of the amyloid fibril protein and characterization of the 
extent of amyloid deposition throughout the body are crucial in order to se-
lect a suitable therapy. Distribution of amyloid deposits in the body and the 
successful rate of treatment can be visualized by radiolabelled SAP scinti-
graphy (Hawkins 2002). The best way to diagnose AL, AA and TTR amy-
loidosis is to perform rectal or subcutaneous fat tissue biopsies (Westermark 
and Stenkvist 1973). The later is the method of choice since it is technically 
simpler and less expensive than rectal biopsies. It is both sensitive and spe-
cific (Westermark et al. 1979; Gertz et al. 1988,). It is important to determine 
the biochemical type of amyloid since the therapy depends completely on the 
type of amyloidogenic protein involved (Lachmann et al. 2002; Merlini and 
Westermark 2004; Westermark et al. 2006). The therapies used/developed 
today will most probably be used in combinations.  

Lowering the amount of the amyloidogenic protein 
Transplantation 
The desperate need for new treatments of amyloidosis is illustrated by the 
fact that today, transplantation is performed in order to lower the amount of 
the precursor protein by removal of the organ producing it. In the case of AL 
amyloidosis, the clone producing the aberrant light chain is treated with cy-
totoxic therapy and/or autologous stem cell transplantation (ASCT) (Comen-
zo et al. 1998). However, this therapy has only been successful in patients 
who have fewer than two organs clinically involved at the onset of ASCT. 
Due to the severe hematological complications this somewhat drastic therapy 
should not be considered in other cases (Moreau et al. 1998). Transplantation 
is the only significant causal therapy that can be offered in familial transthy-
retin amyloidosis (Suhr et al. 2004). In addition, transplantation of single, 
invaded organs is used in for example AL- or AA amyloidosis.  
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Clearance of the precursor protein by medical approaches 
In AA amyloidosis the precursor protein and acute phase reactant serum 
amyloid A (SAA) is produced at highly elevated levels. If the disease is 
treated with anti-inflammatory drugs the amyloid deposits might regress and 
the patients will have improved survival (Gillmore et al. 2001).  

Immunological approaches for treatment 
Immune therapy has been successful in animal models of Alzheimer’s dis-
ease (AD) (Schenk et al. 1999) but has not yet been beneficial for AD pa-
tients. Patients were actively immunized with aggregated Aβ-peptide and 
some developed Aβ antibodies. These patients had a slower rate of cognitive 
decline. However, the clinical trial was terminated since some patients de-
veloped meningoencephalitis. In addition, passive immunization also re-
sulted in improvement of the cognitive functions without toxic side effects 
(Geylis and Steinitz 2006).   

Inhibition of amyloid specific proteases 
Association of specific proteases with amyloidogenesis is not known for 
most amyloid forms. However, in Alzheimer’s disease, the toxic Aβ is pro-
duced by aberrant cleavage of its precursor protein by β- and γ- secretase, 
instead of cleavage with the right combination of enzymes namely γ- and α-
secretase (Esposito et al. 2004). Increased β-secretase activity is correlated 
with Aβ production in the brain (Li et al. 2004).  Knock-out of β-secretase in 
mice lead to less production of Aβ and thereby inhibition of its downstream 
pathological events. The depletion of β-secretase did not affect the health of 
the animals, thereby rending it to be a suitable therapeutic target (Luo et al. 
2001). A small-scale phase two study of a γ-secretase inhibitor showed a 
decrease in plasma Aβ concentrations with side effects like reversible rashes 
and hair color changes. However, a large long-term study is needed since 
there were more severe side effects in some cases that could not be statically 
significant in this small study (Fleisher et al. 2008).  

Inhibition of deposition/fibrillogenesis 
Interference of the binding between heparan sulfate and amyloidogenic pro-
teins might inhibit the rate limiting nucleation process and thereby inhibit 
fibril formation. This possibility has been supported by studies from Kisi-
levsky's group on both an animal model of AA amyloidosis and an in vitro 
Aβ fibril study (Kisilevsky et al. 1995). Yet no drug is on the market but the 
heparan sulfate like molecule eprodisate has been shown to delay progres-
sion of renal disease in AA-amyloidosis patients (Dember et al. 2007). 
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This drug inhibits formation of AA amyloid and does not affect the inflam-
matory condition. Further studies are needed in order to evaluate the safety 
of this drug. 

Stabilization of fibril precursor proteins 
Intensive work, especially in the field of transthyretin amyloidosis, is fo-
cused on finding small molecules that can stabilize amyloid precursor pro-
tein. These small compounds are believed to be functional by increasing the 
kinetic barrier associated with tetramer dissociation and thereby inhibit fibril 
formation (Adamski-Werner et al. 2004).   

Aggregation inhibitors  
Protein aggregation is hard to inhibit since low molecular drugs are often not 
capable of inhibiting protein-protein interactions. Drugs cannot be targeted 
against a small “hot spot” area, rather the contact area between two interact-
ing proteins is large. In addition, protein surfaces are very plastic enabling 
them to bind small molecules but still function.  An approach developed to 
circumvent this problem is to design a small molecule that gains access to a 
relevant area between the proteins of interest and then attach it to a bigger 
molecule like a chaperone that can inhibit the interaction by its large size. 
Chaperones are advantageous since they have the ability to bind misfolded 
proteins and target them for degradation (Gestwicki et al. 2004).  

Enhancement of amyloid degradation 
Amyloid fibrils are believed to be protected against proteolytic cleavage. 
Particularly, this may be due to their binding of P-component. One therapeu-
tic approach is based on inhibiting the binding of SAP to amyloid fibrils by a 
drug called CPHPC, R-1- (6-(R-2-carboxy-pyrrolidin-1-yl)-6-oxo-hexanoyl) 
pyrrolidine-2-carboxylic acid (Pepys et al. 2002). The effect of this is be-
lieved to be less formation of new amyloid deposits and /or reduction of the 
stability of the fibrils thereby promoting degradation. It has been tested in 
clinical trials on diverse amyloidotic patients and been demonstrated to be 
well tolerated, free of severe adverse effects and the drug removes SAP from 
amyloid deposits (Hirschfield and Hawkins 2003). However, its effect has to 
be proven.  
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Material and methods 

The patient material has been extensively described in paper 1-4 and will 
therefore not be discussed here. Key methods used in this thesis are briefly 
described, detailed information can be found in the articles.  

Purification of amyloid proteins 
From unfixed tissue 
Material from our laboratory archives was used for extraction of amyloid 
fibrils. The material was homogenized as described in (Bergström et al. 
2005). In summary, the material was homogenized in 0.15 M NaCl/ 0.05 M 
sodium citrate/ 0.02% NaN3, centrifuged at 27 000g for 30 min and the re-
sulting pellet was homogenized. This procedure was repeated for 7 times and 
followed by three more homogenizations in distilled water. After the last 
centrifugation the material was divided into three samples: the water ex-
tracted proteins (the supernatant), the top of the pellet and the bottom of the 
pellet. The three samples were tested for amyloid content by Congo red 
staining, lyophilized and defatted with acetone. 

In order to disaggregate amyloid fibrils, the lyophilized material was dis-
solved in 6-8M guanidine-HCl, pH 8.0, containing 1 mM EDTA and 1 mM 
dithiothreitol at room temperature for 3-5 days. Amyloid proteins were puri-
fied by size by using gel filtration chromatography and Reversed Phase - 
High Performance Liquid Chromatography (RP-HPLC) (paper 4) or ana-
lyzed by other methods like sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and Western blot (paper 1, 2 and 3). Further characterization of 
the samples was obtained by amino acid sequencing by either Edman degra-
dation (paper 2 and 4) or mass spectrometry (paper 1, 4). Edman degradation 
requires a “free” N-terminus. When the N-terminus is modified, e.g. by cyc-
lization of a glutamic acid residue, additional strategies, e.g. enzymatic clea-
vage, has to be performed.  
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From formalin-fixed and paraffin embedded material 
Amyloid fibrils can also be extracted from formalin-fixed and paraffin-
embedded tissues (Kaplan et al. 1999). However, this method demands high-
er amounts of amyloid in the tissue of interest. Shortly, 20-30 paraffin sec-
tions á 10 μm were deparaffinized, the whole section or amyloid-rich areas 
were scraped off and stirred in 8 M guanidine-HCl, pH 8.0, containing 1 mM 
EDTA and 1 mM dithiothreitol in 65°C until the material was dissolved. 
Usually this process required more than 2 weeks. Protein identification was 
achieved by RP-HPLC, enzyme-linked immunosorbent assay (ELISA) and 
amino acid sequence analysis (paper 2). 

Amyloid detection  
Amyloid fibrils have been detected in three ways in this thesis: by Congo red 
staining, Thioflavin-T assay and electron microscopy.  

Congo red is a staining method used to detect amyloid fibrils in tissues or 
samples (Puchtler H 1962). When his dye recognizes and binds to β-sheets 
in proteins a green birefringence is visualized in polarized light (paper 1-4). 
It is a reliable method if the procedure is performed properly. In general, a 
diluted Congo red solution, in high alcohol concentration with high ionic 
strength and a high pH is needed in order to achieve specific binding  (pa-
per1-4).  

Thioflavin-T (ThT) also binds to amyloid fibrils, although the mechanism 
is not known. Most often it is used for fibril formation assays and when amy-
loid fibrils appear in the solution its excitation spectrum changes and this can 
be measured in a fluorometer (paper 4).  

Visualization of amyloid fibrils can be done by electron microscopy. In 
this thesis, this was done by negative “stain”. After a small drop of the sam-
ple is placed on the hydrophilic grid, in our case Formvar-treated copper 
grids, it needs to be stained so that the sample can be easily differentiated 
from the background. Therefore, samples are stained with a heavy metal salt 
that readily absorbs electrons (paper 4). 

Antibodies and immune chemistry  
Immunological detection of AL-amyloid and AL-protein is a great chal-
lenge. Commercially available antibodies are generally raised against native 
light chains and their reactivity with AL-proteins is unreliable. One cause of 
this is the high degree of structural variability of the light chains. We have 
therefore raised a number of rabbit antisera against short (9-12 amino acid 
residues) synthetic peptides mainly corresponding to parts of the constant 
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region of both kappa and lambda type (Table 3). These antisera were used 
for ELISA and Western blot analyses but did not work properly in immuno-
histochemistry. 

Table 3. Antisera raised in rabbits against AL-protein or short synthetic peptides and 
used in this thesis.  
Antisera Light chain Epitope Method 
A132 Lambda Purified amyloid fibril material Western blot 
A147 Kappa 191-202 (VYACEVTHQGLS) Western blot 
A166 Lambda 191-202 (SYSCQVTHEGST) ELISA 
A171 Kappa 124-134 (QLKSGTASVVC) Western blot 
A1435 Kappa 61-69 (RFSGSGSGT) Western blot 
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Present investigation 

Aims of the present investigation 
1. Investigate the impact of the amino acid sequence for tissue target-

ing in light chain amyloidosis. 
2. Study of a two family members with possible hereditary light chain 

amyloidosis. 
3. Investigation of the influence of primary structure for fragmentation 

pattern in light chain amyloidosis. 
4. Comparison of fragmentation in various organs in the same and dif-

ferent patients and investigate if there are any similarities in and be-
tween subgroups. 

5. Characterization of the AL-fibril. Evaluation of full-length, N-and 
C-terminal fragment content and elucidation if cleavage is pre-or 
post-depositional event. 

6. Analysis of presence of small C-terminal constant domain fragments 
in the lambda AL-fibril, earlier detected in kappa AL-fibrils. Exami-
nation of the fibrillogenic properties of the fragments and impact of 
these on fibril formation of the full-length immunoglobulin light 
chain. 

What factors influence tissue deposition in light chain 
amyloidosis? (paper 1) 
It is a great challenge in light chain amyloidosis to understand the similari-
ties in disease mechanisms between patients with diverse symptoms. The 
role of the primary structure has been discussed for decades (Solomon et al. 
1982) (Raffen et al. 1999) and the products of certain germ line genes have 
been said to preferentially deposit in specific organs (Comenzo et al. 2001; 
Abraham et al. 2003). Therefore we wanted to investigate the impact of the 
amino acid sequence for tissue selectivity. 

We included eight patients from two different germ line groups in the 
study. Four patients with κ1b and four with κ3a AL-proteins were biochemi-
cally characterized and most or all of the amino acid sequences were deter-
mined. In addition, a thorough histological examination of amyloid content 
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in available tissues and organs was performed, see the summary of result in 
table 4 or the extensive table in paper 1.  

Table 4: Summary of the amyloid content in different organs and tissues in paper 1.  

Amyloid content rated between 0-4, with 4 being the highest amount. No rating 
means no tissue available for analysis. G? glycosylation site but negative for glyco-
sylation in PAS-staining 
 

The AL-proteins had 4-10 amino acid substitutions compared to the germ 
line genes (Table 4). This is as similar as light chain proteins can be since 
until today no light chains with identical amino acid sequences have been 
described. Even though the proteins in the same germ line group had very 
similar primary structure we identified huge differences in amyloid deposi-
tion pattern. One patient had preferential tongue involvement, where others 
had deposition in almost all organs and tissues investigated. Clearly it is not 
the number of mutations that is important, rather which mutations the light 
chain receive. In fact some mutations might counteract the fibrillogenic ef-
fects of other mutations (Stevens 2000).  

Germ line Kappa 1b Kappa 3a
Case
(pI)

Es305
(5.36)

312
(4.68)

366
(4.09)

90
(4.4)

700
(9.8)

So124
(9.7)

292
(N.D)

324
(N.D)

Glycosylated ? - ? - - + + +
Mutations 10 9 6 5 9 9 12 7
Lung
Alveoli 1 4 3 0 1 1 1
Vessels 1 3 3 1 1 1 2

Heart
Myocardium 0 0 3 3 3 3 2 2
Vessels 1 0 3 2 2 3 2 3
Epicardium 0 1 3 2 3

Tongue 4 3 1 2 3

Liver
Parenchyma 0 0 2 0 4 4 4 4
Vessels 1 0 3 1 2 3 2 2

Spleen
Parenchyma 0 2 3 2 4 4 4
Vessels 0 3 3 2 3 3

Kidney
Glomeruli 0 0 1 0 3 4 4 1
Vessels 0 1 2 0-1 3 3 2 2

Ileum
Mucosa 0 0 2 1 3 3 3 2
M.mucosae 0 0 3 2 3 3 3
Submucosa 2 1 3 2 3 2 1 3
M.propria 2 4 3 3 0 1 0 2
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This is seen paper 1 (Table 4) where two κ1b patients with five mutations 
have a very similar deposition pattern with almost every organ and tissue 
involved. However, the other two patients in the same subgroup have 8 or 10 
mutations and a very specific deposition pattern in one specific organ each. 
In the κ3a subgroup the deposition pattern was very similar between all four 
patients. How can this data be explained? Most certainly, the amino acid 
sequence resulting from the germ line is of importance for tissue targeting 
but somatic mutations are also involved. In addition, posttranslational mod-
ifications like glycosylation and proteolytic cleavage might affect the deposi-
tion pattern (Buxbaum 1992; Prado et al. 1997). Even though the light chains 
belonging to the same germ line gene are similar they still differ at several 
amino acid residues. Proteases can cleave both at a certain conformation and 
at a specific amino acid sequence both of which are affected by the intro-
duced amino acid replacements.  For deposition of light chains this means 
that a light chain can be cleaved in a certain tissue or organ and therefore 
start to aggregate and deposit in that location. These alterations can also give 
rise to a gain of function leading to interactions between the light chain and 
tissue components that it normally would not bind to for example heparan 
sulfate proteoglycans, explaining the tissue affinity differences between sim-
ilar light chains.  

Can light chain amyloidosis be inherited? (paper 2) 
Generally the scientific field has considered light chain amyloidosis not to be 
familial. Normally, a specific mutation in an amyloidogenic protein can give 
rise to a familial type of amyloidosis (Ando et al. 2005), but in the case of 
AL-amyloidosis no specific mutation in the light chain has been coupled to 
disease. There have been a few reports of light chain amyloidosis in families 
in the literature but they seem to have been overlooked (Gertz et al. 1986; 
Miliani et al. 1996).  

In paper 2 we described a father and his son with light chain amyloidosis 
that we discovered at routine diagnosis of a patient (the son). An abdominal 
fat tissue biopsy from this patient, who, among other symptoms suffered 
from polyneuropathy, was sent to the laboratory with a strong suspicion of 
familial amyloidotic polyneuropathy since it was known the patient’s father 
had died from amyloidosis 10 years earlier. However, after the Western blot 
analysis of the sample it was clear that he had light chain amyloidosis of 
lambda type. This peculiar result lead to analysis of paraffin-embedded au-
topsy material from the father, which resulted in an amino acid sequence of a 
λ3a protein. Sequence analysis was also performed on amyloid protein puri-
fied from paraffin-embedded material from the son and he was demonstrated 
to have a λ2a light chain.  This paper highlights at least two relevant facts: 
firstly, the importance of biochemical characterization of patient’s amyloid 
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and secondly that it might be possible that light chain amyloidosis some-
times can be inherited.  

The mechanism behind this inheritance is hard to explain since the AL-
proteins of the patients were derived from two different genes. A mutation in 
a gene for a constant region should not have been associated with monoclon-
al variable regions as found here. Therefore other factors must be involved, 
for example, there might be something wrong in the rearrangements of the 
kappa locus during the maturation of the B-cell. Normally the kappa locus is 
rearranged first and since it is expressed on two chromosomes it has two 
chances to rearrange correctly before the lambda locus is used (Gonzalez et 
al. 2007). This possibly explains the fact than in the normally antibody re-
pertoire the ratio between kappa and lambda immunoglobulin light chains is 
2:1 (Abraham et al. 2003). In amyloidosis, however, the ratio is the opposite 
(Solomon et al. 1982; Abraham et al. 2003). If there were some kind of ge-
netic defect in the kappa light chain genes, this family would be more prone 
to rearrange the lambda light chain locus. Then they would theoretically be 
subjected to a higher risk to develop amyloidosis since lambda chains are 
considered to be more amyloidogenic than kappa chains. Another explana-
tion could be that this family has a higher risk to develop plasma cell dyscra-
sias, for example monoclonal gammopathy of underdetermined significance 
(MGUS). Actually, subtle monoclonal gammopathies are not rare in the gen-
eral population and may occur in families (Kyle et al. 2002). If they are more 
prone than the average family to develop a plasma cell clone in the bone 
marrow overproducing light chains they also have an increased risk for de-
veloping amyloidosis. MGUS is without symptoms and is usually found of 
other reasons. This clone, however, can during the years produce a substan-
tial amount of light chain that has deleterious effects on the body when give 
rise to AL-amyloidosis.  In addition the MGUS can progress into myeloma 
that rapidly can develop both myeloma symptoms and amyloidosis.  

Impact of proteolytic cleavage of the light chain for 
development of amyloidosis (paper 3 and 4) 
Light chain amyloid fibrils contain full-length and N-and C-terminal frag-
ments of the light chain (Glenner 1980; Buxbaum 1992; Olsen et al. 1998). 
The ratio between these species varies between different cases. In general, 
the predominant specie is the N-terminal fragment but also full-length (Terry 
et al. 1973) or fragments from the constant domain (Engvig et al. 1998; So-
lomon et al. 1998; Wally et al. 1999) have been demonstrated to be the main 
proteins in the fibril in rare instances. A central question regarding the pa-
thogenesis of AL-amyloidosis is whether fragmentation is a pre-or post-
fibrillogenic event (Eulitz and Linke 1993; Röcken et al. 2000; Buxbaum 
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2001). Therefore we wanted to make a comprehensive study of which spe-
cies the light chain amyloid fibril consists of in cases belonging to specific 
light chain subgroups. Since the cleavage pattern may depend on inter-
individual variations or local tissue factors, we studied the composition of 
the AL-proteins in different organs in the same patient. We also wanted to 
investigate if lambda fibrils, as demonstrated for kappa fibrils, contains 
small, 2-4 kDa, C-terminal fragments of the constant domain and if these can 
make fibrils and affect fibril formation of the full-length protein. 

In the proteolysis study we used extracted amyloid fibrils from 6 patients, 
3 from κ1b germ line and 3 from κ3a germline. We purified amyloid fibrils 
from 1-5 organs and analyzed the fragmentation pattern with Western blot. 
For this purpose we developed 3 antisera directed against one epitope in the 
N-terminal part of the light chain and two epitopes in the N- and C-terminal 
part of the constant domain. By using these antisera we could determine 
which part of the light chain the fragments belonged to.  

When several organs from one patient were compared there was a striking 
resemblance in fragmentation pattern, which was not seen when the same 
organs from different patients were compared. This indicates that even 
though the proteins have a very similar amino acid sequence they are still 
cleaved differently by proteases. It was also clear that in all patients the full-
length protein was always present, contradictory to some earlier statements 
(Kaplan et al. 2008). In addition, the N-and C-terminal fragments detected 
could be aligned to compose the full-length protein. This quite important 
finding suggests that cleavage of the light chain takes place after deposition. 

Lambda fibrils contained small C-terminal fragments of the constant do-
main in substantial amounts and these could make fibrils in vitro. The effect 
of these on fibril formation of full-length immunoglobulin light chains must 
be further investigated. 
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General discussion and concluding remarks 

As explained earlier it has been claimed that light chains from certain germ 
line genes are deposited in specific organs (Comenzo et al. 2001; Abraham 
et al. 2003). This is a truth with modification if it is viewed in the light of the 
results presented in this thesis. Clearly the germ line gene affects deposition 
but no general rule can be used. The fact that earlier data has been based on 
symptoms and not histological examinations obviously lead to an underesti-
mation of amyloid-involved organs (Comenzo et al. 2001; Abraham et al. 
2003). Our study (paper 1) seems to be the first to analyze the possible asso-
ciation between amino acid sequence of AL-proteins and tissue distribution 
based on histological study.  

In addition to deposition of typical amyloid fibrils another pathogenic 
mechanism, previously not known, depends on the existence of toxic oligo-
mers (Kayed et al. 2004; Reixach et al. 2004). These may also be important 
and we have had material from patients with almost only gastrointestinal 
amyloid deposits but who died from renal and/or cardiac failure. Although 
other diseases may have played an important role, it is possible that toxic 
oligomers are important players also in light chain amyloidosis. This finding 
has been supported by others (Palladini et al. 2006).  

Another important, perhaps the most determining, factor involved in de-
position are somatic mutations. It can be stated that it is not the number of 
mutations that is important but rather unique mutations affecting stability, 
susceptibility for proteolysis or introduction of a glycosylation site (Stevens 
2000). However, it is very difficult to pinpoint such specific amino acid 
substitutions due to the complexity in light chain amyloidosis.  

The present study indicates that the tissue affinity of a specific light chain 
may depend on several different factors. No such factor has been identified 
so far. This question must be central in future studies. Affinity for a light 
chain to a local tissue factor may be the starting point in development of the 
fibril and may therefore be one possible target for therapy.  

In paper 2 we again return to the important factor for survival of AL-
patients: early and correct diagnosis. We diagnosed a patient with suspected 
TTR amyloidosis who had been discussed for liver transplantation, with light 
chain amyloidosis of lambda type. The first diagnosis had been based on the 
fact that the patient’s father had passed away from amyloidosis of unknown 
type. Since the patient had symptoms from peripheral nerves and there was a 
family history it was most reasonable to assume the patient suffered from 
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familial amyloidotic polyneuropathy. As is often the case in AL-amyloidosis 
the correct diagnosis was obtained late and the patient died a couple of 
months after. Autopsy showed that the light chain had deposited in high 
amounts in the heart and by Congo red staining we could estimate that ap-
proximately 50 % of the heart material was amyloid. In agreement with our 
present data patients with familial systemic amyloidoses have been misdiag-
nosed and believed to suffer from light chain amyloidosis (Lachmann et al. 
2002). Our analyses of the amyloid of the father and son were performed 
mainly on paraffin-embedded autopsy material, which is possible with mod-
ern and sensitive techniques (Murphy et al. 2001). The study underlines the 
importance of autopsy, which however, is becoming more rare in the West-
ern world. 

We strongly suggest that every patient with systemic amyloidosis must be 
analyzed for amyloid type, most easily performed by the fast and cheap sub-
cutaneous fat tissue biopsy. This material can be used not only for the amy-
loid diagnosis but also for determination of the specific type of amyloidosis 
(El Mansoury et al. 2002; Westermark et al. 2006). An early and correct 
diagnosis is crucial for survival of the patients. 

Two out of four papers in this thesis (paper 3 and 4) concern fragmenta-
tion in light chain amyloidosis and demonstrates the importance of this issue 
in pathogenesis of the disease. Clearly, it is vital to understand when clea-
vage occurs in order to design new efficient treatment strategies. If cleavage 
occurs after deposition, as we believe, the right treatment might be to stabil-
ize the light chain in combination with chemotherapy against the protein 
producing clone. In addition, the importance of the small C-terminal con-
stant domain fragments that are fibrillogenic in vitro must be investigated 
further. If they are cleaved off after deposition their role in seeding is only an 
in vitro effect not important in vivo.  If, however, they are cleaved off right 
before deposition, possibly due to interactions between tissue components 
such as glycosaminoglycans and the light chain, or due to an antigen-
antibody interaction, they might be more important than previously believed. 
Therefore, more research is needed in order to understand the importance of 
cleavage for the pathogenesis of light chain amyloidosis.  
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Populärvetenskaplig sammanfattning 

Alzheimers sjukdom, Parkinsons sjukdom och åldersdiabetes är namn som 
känns igen av de flesta människor och många har en nära anhörig som drab-
bats av någon av dessa grymma sjukdomar. Trots detta är det få som vet vad 
som egentligen orsakar sjukdomarna och att de faktisk har en gemensam 
nämnare. Det är nämligen så att det blir fel på ett av kroppens vanliga prote-
iner och det börjar att klumpa ihop sig med proteiner av samma sort. Dessa 
proteinklumpar kallas amyloid och sjukdomarna kallas för amyloidos. I och 
med att proteinerna rekryteras till klumparna kan de inte utföra sina normala 
funktioner dessutom får proteinklumpen nya egenskaper som är skadliga för 
kroppen. Den kan t.ex. döda celler i hjärnan som i Alzheimers och Parkinson 
sjukdom eller celler i bukspottskörteln som i åldersdiabetes. I den här av-
handlingen har jag undersökt en sjukdom som orsakas av den lätta kedjan  
som ingår i våra antikroppar. Antikroppar produceras av celler i benmärgen 
och utsöndras sen till resten av kroppen för att kunna bekämpa ovälkomna 
gäster som bakterier och virus. Denna typ av amyloidos uppkommer efter-
som en av de antikroppsproducerande cellerna uppför sig som tumör som 
producerar massor av den lätta kedjan och eftersom proteinet inte tillverkas 
för att bekämpa t.ex. ett virus blir det istället skadligt för kroppen. Kroppen 
förstår inte heller att det något fel på den lätta kedjan och kan därför inte 
bryta ned den. Därför bildas det stora proteinklumpar i olika organ och det 
gör att de slutar fungera normalt och patienten blir sjuk. I min första artikel 
har jag studerat varför bara vissa organ blir drabbade och varför det skiljer 
sig mellan olika patienter. I min andra artikel beskriver jag en unik familj i 
Sverige där både pappan och sonen har drabbats av denna sjukdom. Tidigare 
har man inte trott att denna sjukdom kunde vara ärftlig. Slutligen i artikel tre 
och fyra har jag undersökt hur dessa proteinklumpar uppstår och vilka delar 
av proteinet som är inblandade. Resultaten jag presenterar i min avhandling 
kan i framtiden förhoppningsvis användas för att diagnostisera denna amylo-
idossjukdom och utveckla nya behandlingsformer.  
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