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■ Abstract 
Ligand binding grooves of MHC class I molecules are able 
to load a panel of endogenous peptides of varying length 
and sequence derived from self or foreign origin to activate 
or deactivate cytotoxic CD8+ T cells. Peptides are assembled 
with class I molecules by pathways that are either dependent 
or independent of transport by ABC proteins (TAP) and 
degradation in the immunoproteasome by its subunits 
LMP2 and LMP7. Those peptides that require TAP and 
LMP treatment appear to be subject to control and optimi-
zation by TAP for proper customizing and efficient presen-
tation. Therefore, allelic variations in the coding sequences 
of TAP and LMP were suspected for a long time to be re-
sponsible for improper antigen processing, interruption of 
self-peptide presentation and reduced cell surface expression 
of MHC class I molecules which may result in the activation 
of autoreactive CD8+ T cells. In this article, we reviewed the 
controversial findings regarding the role of TAP and LMP 

genes in autoimmune diabetes and reevaluated data of 
eleven separate studies in a cross-study analysis by genotype 
and HLA haplotype matching. We could confirm previous 
results by showing that TAP2*651-A/F and TAP2*687-
A/A are significantly associated with disease, independently 
of linkage disequilibrium (LD). LMP2-R/H surprisingly 
seems to be primarily disease-conferring although a weak 
association with DR4 serotypes can be observed. Our analy-
sis also suggests that LMP7-B/B, TAP1-A/A and 
TAP2*687-A/B are the protective genotypes and that these 
associations are not secondary to LD with DRB1. Conse-
quently, intracellular antigen processing associated with 
TAP- and proteasome-dependent pathways seems to be a 
critical element in T cell selection for the retention of a bal-
anced immunity. 
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Introduction 
 

       ajor histocompatibility complex (MHC) class I  
       molecules are expressed on any human cells 

except erythrocytes and trophoblasts. These molecules 
are essential for the presentation of endogenous pep-
tides that can be of the body’s own or of foreign (viral) 
origin on the surface of virus-infected or antigen-
presenting cells (APC) [1]. Usually, CD8+ cytotoxic T 
lymphocytes (CTL) can recognize peptides presented 

at these sites of cells using a receptor consisting of an 
α- and a β-chain together with the CD3 complex, 
which is known as the T cell receptor (TCR), and form 
an adherent binding site using their CD8 molecule 
(Figure 1) [2, 3]. In recent times it has been shown that 
even alloreactive CD4+ T cells, which are assumed to 
play a major role in the preclinical period of autoim-
mune diabetes, are capable of recognizing self-peptides 
loaded on MHC class I epitopes [4-6]. The recognition 
of virus-induced self-peptides on cell surfaces by an 



 
Genetic Susceptibility to T1DM  The Review of Diabetic Studies 41  

  Vol. 2 ⋅ No. 1 ⋅ 2005 
 

www.The-RDS.org  Rev Diabetic Stud (2005) 2:40-52  

autoreactive class I T cell repertoire is considered to be 
a critical impetus for the establishment of the autoim-
mune response against pancreatic β-cells and the onset 
of clinical disease [6, 7]. The mechanism is still not un-
derstood in detail. Basically, MHC class I molecules are 
able to present a large amount of different peptides [8]. 
The class of peptides presented by these molecules de-
termines the repertoire of specificities exhibited [9]. 
TCRαβ seem to have an inherent structural capability 
to react with diverse peptide/MHC structural patterns 
even other than the original patterns that might have 
been used to positively select that TCR [8]. Further-
more, the set of TCRαβ specific for a definite pep-
tide/class I pattern may be highly heterogeneous [10]. 
This may allow for a high incidence of cross-reactivity 
which seems to reflect a feature of the positive selec-
tion mechanism in the thymus and the need for T cells 
in the repertoire to have an expanded capability for re-
sponding to a large variety of foreign antigens [8]. 

In normal environments antigen specificity and 
self-reactivity is controlled by regulatory factors in the 
APC/T cell interaction. This is achieved by the usage 
of co-receptors and the induction of apoptotic pro-
grams to maintain a proper and balanced T cell selec-
tion [11, 12]. Upon appearance of failures in the anti-
gen-processing pathway, proper T cell selection may 
be impaired resulting in the induction of autoreactive 
T cells [13]. In order to prevent the subsequent lym-
phocyte-mediated destruction of pancreatic β-cells or 
to reverse autoimmunity of this kind it is thus neces-
sary to understand the genetic determinants of func-
tional mechanisms involved in the MHC class I-
induced activation of site-specific autoreactive T cells. 

Peptides derived from exogenous sources such as 
bacteria are presented by MHC class II molecules on 
the surface of APC. The intracellular antigen process-
ing is different from that of endogenous peptides in 
that these proteins are synthesized in the cytoplasm 
and the assembly of the peptide/class II molecule in 
the ER is augmented by the invariant chain. While 
MHC class I molecules are encoded by human leuko-
cyte antigen (HLA)-A, -B, and -C, MHC class II is en-
coded by HLA-D genes. Many studies have reported 
evidence for the participation of both class I and class 
II genes in the pathogenesis of T1DM. Much emphasis 
has centered on DR and DQ and their associated hap-
lotypes that may have a positive or a negative associa-
tion with T1DM [14-16]. In comparison, available in-
formation on the association of class I genes with dia-
betes is smaller than those for class II genes. Possibly, 
the association of class I genes and T1DM was not ap-
parent since variations in these genes, if involved in 

diabetic etiology, 
should lead to the 
same defects in all 
human cells and im-
paired antigen presen-
tation may induce 
survival of potential 
target cells, as ob-
served classically in 
carcinoma cells [17], 
rather than their de-
struction. The mecha-
nism, therefore, may 
be attributed to the 
observation that, un-
der consideration of 
factors responsible 
for specific antigen processing, cellular autoimmune 
responses mediated via class I molecules can indeed be 
tissue-specific caused by phenomena termed cross-
reactivity of antigenic presentation to CD8+ T cells, 
which were first observed in transplantation studies 
[18, 19]. This article, therefore, follows the notion that 
T1DM may be hallmarked by a defective immune re-
sponse resulting from failures in the presentation of 
self-peptides and thus focuses on the possible in-
volvement of antigen-processing genes. 

Antigen processing in the class I pathway of 
epitope presentation and its genetic basis 

Endogenous peptides are generated by proteolytic 
degradation of endogenous peptides mediated by the 
proteasome and translocated from the cytosol into the 
lumen of the ER by transporters associated with anti-
gen processing (TAP) for assembly with HLA class I 
molecules [20, 21]. After transport into the Golgi ap-
paratus, compounded HLA class I/antigen complexes 
are presented on cell surfaces of APC forming the epi-
tope for interaction with CD8+ T cells. The TAP pep-
tide transporters belong to the adenosine triphosphate 
(ATP)-binding cassette transporters that use energy 
provided by ATP to translocate solutes across cellular 
membranes and, besides antigen presentation, they are 
involved in diverse processes, such as signal transduc-
tion, protein secretion, bacterial pathogenesis and 
sporulation [22, 23]. TAP molecules are heterodimers 
encoded by the TAP1 and TAP2 genes which are lo-
cated within the MHC class II gene region between the 
immune-responsible DP and DQ genes at several 
codons in a region of 25-50 kb in length (Figure 2). 
TAP1 codes for the hydrophobic transmembrane and 

 
Figure 1. Recognition of an antigen 
presenting cell (big) by a CD8+ T 
cell (small) via interaction between 
TCR and MHC class I antigen epi-
tope. 
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TAP2 for the carboxyl-terminal nucleotide-binding 
domain of the transporters [24] with the latter domain 
energizing the peptide transport. A peptide binds to a 
site shared between TAP1 and TAP2 and this has been 
mapped to the cytoplasmic loops in the membrane 
domains of the subunits [25]. 

TAP is a critical element in the antigen processing 
pathway. This is shown by its selective transport of 
peptides with appropriate affinity for binding to class I 
molecules capable of inducing CTL responses [26, 27]. 
Peptides may also be associated with class I molecules 
via cytosolic processing pathways independently of ac-
tive transport by ATP-binding cassette (ABC) proteins 
into the ER if they are expressed carboxyl-terminal to 
an ER signal sequence derived from an adenovirus gly-
coprotein [28, 29], but those that become associated 
with the empty 1α chain in the ER are required to be 
transported by TAP into this compartment. Newly 
synthesized empty class Iα chains bind to the multi-
component loading complex consisting of TAP, 
Tapsin and Calreticulin allowing only the release of 
class I molecules with stably bound peptide ligands, 
which affirms the role of TAP to function as an intra-
cellular checkpoint [30]. It was successfully shown that 
mutant HLA molecules that load peptides which are 
rapidly released from the cytosol to the cell surface in a 
TAP-independent manner appear to be instable [31]. 
Much evidence for the relevance of TAP for intracellu-
lar peptide kinetics and proper antigen presentation 
has been gathered by experiments with TAP knockout 
cells or modified TAP genes. Thus antigen presenta-
tion may be completely blocked if a cell is TAP-
deficient [32] and the mechanism of peptide assembly 
and intracellular transport is impaired as a result of 
non-functional TAP genes [33]. Furthermore, defective 
TAP subunits give rise to reduced MHC class I expres-
sion and render APC to become ineffective in inducing 

CD8+ T cells [34]. This phe-
nomena have been suggested to 
induce the positive selection of 
self-reactive CTL [35] and cor-
relate with progression to dia-
betic autoimmunity in NOD 
mice and humans [36]. Interest-
ingly, NOD mice carrying the 
rare TAP1B allele are reported 
to express conformationally ab-
normal class I molecules on 
their cell surfaces inducing the 
emergence of lymphocytes re-
sistant to lysis by class I re-
stricted CTL [37]. This has 

guided the attention to the existence of polymor-
phisms in TAP coding sequences associated with dia-
betic pathogenesis. Several randomized controlled 
studies were carried out since the early nineties, but the 
results have appeared to be controversial. Some results 
does not support the relevence of TAP genes in auto-
immune diabetes [38, 39]. Others found significant as-
sociations, in particular with TAP2*687 and TAP2*651 
[40, 41]. It thus remains questionable which role TAP 
may capture in the pathogenesis of T1DM. These un-
certainties accentuate the need for further investiga-
tions. 

Another group of molecules critical for antigen 
processing includes the large multifunctional proteases, 
LMP2 and LMP7, which are also involved in the 
pathway of epitope delivery by degradation of proteins, 
protein cleavage, and catalysis of antigen processing 
generated in the proteasome. After endocytosis and 
intermediate storage in the endosome, where peptides 
are acidificated and translocated into the cytosol, anti-
gens are fragmented and trimmed in the proteasome 
prior to further processing in the ER. LMP molecules 
are subunits of the 20S proteasome which are respon-
sible for processing antigens with high into those with 
low molecular weight. They particularly modifies pep-
tidase activities to facilitate the production of those 
types of peptides that are preferentially transported 
into the ER and selectively bound to MHC class I 
molecules. The 20S proteasome has two subunits (α 
and β) with several active sites in the seven β-subunits. 
Crystal structure imaging revealed that the β-subunits 
can cleave peptides after hydrophobic (chymotrypsin-
like activity in β5), basic (trypsin-like activity in β2) and 
acidic (peptidylglutamyl peptide-hydrolyzing (PGPH) 
activity in β1) residues (Figure 3) [42, 43]. Under the 
influence of IFN-γ, the 20S proteasome is converetd 
into the immunoproteasome with its subunits being 
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Figure 2. MHC class II gene region. The map shows genes which are relevant in the etiology 
of T1DM. Positions of TAP and LMP genes were determined in several studies by amplification 
refractory mutation system (ARMS)-polymerase chain reaction (PCR) [41, 72]. TAP and LMP 
genes are centromeric in the MHC class II region to DPA1 and DOB. 
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replaced by LMP2, LMP7 and multicatalytic-endo-
peptidase-complex-like-1. The proteasome cleaves pro-
teins to generate the exact C-terminal of CTL epitopes, 
and the N-terminal with possible extension of three 
amino acids or more. N-terminal trimming thus plays 
an important role in antigen presentation, since the 
peptides that are loaded onto MHC class I ligand bind-
ing grooves are usually not more than eight to ten 
amino acids long [44]. The proteases increase the rates 
of cleavage after basic and hydrophobic residues and 
decrease cleavage after acidic residues [45]. The corre-
sponding coding sequences are closely located to the 
TAP genes between the DP and DQ loci in the MHC 
class II gene region (Figure 2). The proximity of LMP 
and TAP genes to the highly diabetes-susceptible HLA 
region have cast them into doubt of linkage disequilib-
rium (LD). 

The contributing role of the proteasome in generat-
ing CTL has been gathered through the observation 
that this proteolytic complex indeed degrades ubiquiti-
nized proteins from the CTL-restricted parent proteins 
[46, 47]. The lack of one subunit leads to reduced lev-
els of MHC class I cell-surface expression and to inef-
ficient presentation of endogenous antigens [48]. Al-
terations in LMP genes are considered to be responsi-
ble for impaired antigen processing and reduced ex-
pression of class I/peptide complexes [49], which may 
result in deficient education and positive selection of 
self-specific CTL. Allelic variants of LMP genes in in-
bred mice are reported to be responsible for differ-
ences in the selection of peptides presented on the cell 
surface of APC giving rise to abnormal immune re-
sponses [50]. However, other lines of experimental 
data suggest that the proteasome plays a less significant 
role in the production of peptides to associate the dif-
ferent polymorphic forms of the MHC class I mole-
cules. In LMP2 and LMP7 knockout mice and cells 
that lack either or both of these subunits, normal pres-
entation of viral and intracellular derived peptides on 
the cell surface has been observed [51, 52]. Studies 
analyzing the relevance of LMP genes in T1DM in dif-
ferent populations as a result show divergent outcomes 
[38, 53, 54]. The information collected from the vari-
ous studies suggests that proteasome-dependent and 
proteasome-independent mechanisms may act in intra-
cellular kinetic pathways and in the generation of the 
spectrum of class I binding peptides. This observation 
resembles the findings that have been derived from 
studies on the association of TAP genes with T1DM 
and has led to the consideration that the relevance of 
both compartments in autoimmune disease is still an 
open question and requires further examination. 

The mechanisms of how conformational changes in 
the primary sequences of LMP and TAP molecules 
contribute to peptide formation are not yet fully un-
derstood. How can we derive their relevance in the 
pathogenesis of autoimmunity? Generally, the process 
of intrathymic T cell selection is associated with the 
presentation of MHC/peptide complexes on APC to 
premature thymic T cells, and the level of this interac-
tion reflects the degree of positive and negative selec-
tion of T cells [55]. The repertoire of receptors with 
which mature T cells are featured is shaped by interac-
tions of this kind and by the number of TCRαβ en-
gaged with peptide/class I complexes. Thereby, low 
numbers have been observed to correlate with positive 
and high numbers with negative selection [56]. The 
dimension of the TCRαβ repertoire thus depends on 

β1

PGPH 
activity

β2

Tryptic
activity

β5

Chymo
-tryptic
activity

 
Figure 3. Crystal structures of the proteasome 20S surface. 
The images represent the crystal structures of 20S proteasome 
surfaces. Cleavage of peptides takes place at active sites of the 
β-subunits after acidic (peptidylglutamyl peptide hydrolyzing 
(PGPH) activity in β1), basic (trypsin-like activity in β2), and hy-
drophobic (chymotrypsin-like activity in β5) residues. Each image 
shows the nucleophilic Th1 in sticks, the basic residues in blue, 
the acidic residues in red, and the hydrophobic residues in white. 
Image courtesy by Olivier Coux, CRBM-CNRS, France. 
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the diversity of intrathymic epitope supply, which ap-
pears to be closely associated with the pathway of anti-
gen/class I expression [57]. Polymorphisms in LMP 
and TAP genes may account for a limited and variable 
expression of islet antigens in the thymus, contributing 
to the loss of self-tolerance against pancreatic β-cells 
[58]. The emergence of variant or uncommon poly-
morphic molecules in the MHC class I pathway of epi-
tope presentation may thus critically influence suscep-
tibility to autoimmune and other diseases [59]. 

The efficiency of peptide transport into the ER has 
been suggested as being dependent on the peptide-
binding ability of the individual’s TAP subunits [60]. 
Structural differences in either TAP1 and TAP2 vari-
ants induced by genetic polymorphism may result in a 
loss of binding ability or in a change of binding speci-
ficity thus influencing antigen presentation for the ac-
tivation of CD8+ effector T cells. The endogenous 
peptide processing seems to be indeed allele-specific as 
different subsets of peptides bind to different antigen-
binding grooves of MHC molecules under specific ge-
netic variation [61, 62]. As the absence or deficiency of 
TAP can result in low class I surface expression this 
may provoke positive selection of self-reactive T cell 
repertoires [13] and confer the emergence of autoim-
mune diabetes finally [36]. Decreased peripheral inter-
action of T cells and self-peptide/class I molecules 
seems to be linked with this phenomenon [63]. Thus 
differences in binding selectivity appear to be a deter-
minant for the observed alterations in immune re-
sponses, and this may be associated with genetic dif-
ferences in the pathway of intracellular peptide proc-
essing. Therefore, allelic variations of genes that are 
responsible for intracellular transport kinetics in con-
cert with other genes involved in the class I pathway of 
epitope delivery may lead to aggravation in antigen 
processing and thus may be considered as being dis-
ease conferring in the pathogenesis of T1DM. These 
considerations together with the “strategic” position of 
LMP and TAP genes in the HLA region has prompted 
investigators to test for the association of these genes 
with T1DM and whether they are in LD with HLA 
genes. 

Association of LMP and TAP genes with 
T1DM 

The presence of dimorphic sites on TAP genes led 
to the identification of 5 TAP1 (TAP1-A to TAP1-E) 
and 8 TAP2 (TAP2-A to TAP2-H) allelic variants [40, 
64]. A and B are the most common alleles for instance 
coding for amino acids Ile and Val (Stop and Gln) at 

position TAP1*333 (TAP2*687 respectively). Other 
alleles have either been observed at very low frequency 
or not at all. Early studies have reported that the ho-
mozygous genotype TAP2-A/A, defined by sequence 
analysis that identified dimorphic patterns at position 
687, exists at relatively high frequency in an Italian 
population of T1DM patients, whereas the TAP2-B 
allele was observed in a negative relation to T1DM 
[65]. It is, however, disputed if the observed associa-
tions are primary to the disease or secondary to LD 
between TAP2 and DQB1 or DRB1. According to 
Caillat-Zucman et al. [66] the negative association is in-
dependent of LD, whereas others found that the posi-
tive association is due to strict LD between DR and 
TAP2 [54, 67]. TAP1 alleles, on the other hand, 
seemed to have little or no association with diabetes in 
the Italian as well as in other populations [54, 65, 66, 
68]. 

Allele TAP2-F was first analyzed in a large popula-
tion of Northern American T1 diabetics of Caucasian 
origin by Jackson and colleagues in 1995 [40]. Due to 
the conformity of this allele to the frequently ocurring 
TAP2-A allele at all known positions except at position 
651 causing amino acid substitution of Arg to Cys and 
to the fact that alleles had not always been tracked by 
full-length cDNA analysis until that time, it is reason-
able that previous studies counted TAP2-F as TAP2-
A. Jackson et al. tracked a polymerase chain reaction 
(PCR) product of 2191 bp that included the entire 
translated portion of the cDNA and some untranslated 
regions. They found that TAP2-F much more fre-
quently exists in patients than in healthy controls [40]. 
Homozygosity of this allele was not detected in the 
208 controls and heterozygosity with A was encoun-
tered in patients almost four times more frequently 
than in controls (52:14). 

Most of the LMP2 and LMP7 alleles analyzed in 
randomized controlled studies carried out between 
1994 and 1997 were observed no more frequently in 
patients than in controls [39, 53, 54, 69]. Two LMP2 
alleles at position 60 causing an Arg to His substitution 
were widely analyzed, generally identified by sequence-
specific oligonucleotide typing. In a study by van En-
dert and co-workers, LMP2-R homozygosity appeared 
twice as frequently in healthy individuals, suggesting 
that this allele has a protective property [54]. Subse-
quent studies reported that this is due to LMP7-R/R 
being in LD to DRB1*04-DQB1*03 [53, 69]. The re-
sults of studies analyzing the association between 
LMP7 alleles at position 37360 and T1DM are contra-
dictory. While Undlien et al. found a significant associa-
tion of genotype LMP7-A/B with healthy individuals 
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[69], Deng and collea-
gues detected a higher 
frequency of this type 
in American T1DM 
patients of Caucasian 
origin (103:83) [53]. In 
contrast, homozygosity 
of the A allele was in-
creased in patients (p 
= 0.02) and B homo-
zygosity was found 
three times as fre-
quently in healthy sub-
jects than in patients (p 
< 0.001) in the Deng 
study [53]. Both effects 
were found to be in-
dependent of LD with 
HLA-DR or -DQ hap-
lotypes. In a younger 
study, the protective 
property of the LMP7-
B/B effect was con-
firmed [70]. 

The heterogeneity 
of results regarding the 
association of LMP 
and TAP genes with T1DM raises the question of how 
these differences could have originated. One possible 
explanation is that most of the study samples are too 
small to yield statistical robustness. Statistical tests are 
also rather sensitive to the process of data collection 
and identification. Early studies of TAP genes applied 
sequence-specific oligonucleotide analysis which haz-
ards the consequence of ignoring similar but different 
alleles that are included in the full-length of the DNA. 
A study that analyzes a larger population could clear 
some of the statistical considerations and balance bi-
ases in data collection and identification. For this rea-
son we carried out a cross-study analysis comprising 
data collected from eleven separate studies in the fol-
lowing section. 

Cross-study analysis of LMP and TAP gene 
susceptibility to T1DM 
Data and methods 

We have compared studies that investigated the 
relevance of genes involved in the pathway of antigen 
processing (LMP and TAP) for susceptibility to T1DM 
in human patients. The general parameters of the stud-
ies incorporated in our cross-over comparison are 

summarized in Table 1. In respect to LMP2, five stud-
ies (van Endert et al. [54], Deng et al. [53], Chauffert et 
al. [39], Undlien et al. [69], Ding et al. 2000 [71]) were 
compared that typed intronic polymorphisms at posi-
tion 60 (causing amino acid substitution Arg to His) 
containing a total of 616 T1DM patients and 709 con-
trols (616/709), 441 of which are DR-matched. Con-
sidered data of studies regarding other genes are: 

 
- LMP7 (position 37360, codons for Val/Leu substi-

tution, 3 studies (Deng et al. [53], Undlien et al. [69], 
Ding et al. 2001 [70]), 460/499 subjects), 
 

- TAP1 (position 333, codons for Val/Ile substitu-
tion, 5 studies (Colonna et al. [65], Kawaguchi et al. 
[38], van Endert et al. [54], Chauffert et al. [39], Ma 
et al. [72]), 364/371 subjects), 
 

- TAP2 (position 687, codons for Gln/Stop substi-
tution, 4 studies (Colonna et al. [65], van Endert et 
al. [54], Jackson et al. [40], Chauffert et al. [39]), 
291/273 subjects), 
 

- TAP2 (position 651, codons for Arg/Cis substitu-
tion, 2 studies (Jackson et al. [40], Penfornis et al. 
[41]), 299/158 subjects). 

Table 1. General parameters and reported results of studies incorporated in the cross-over comparison 
 

 

Studies 
 

T1DM
(n)* 

 

Controls
(n)* 

 

DR3/4-
matched 

(n)* 

 

Population 

 

Genes 
examined 

 

Reported susceptibility 
to T1DM 

 

          

Colonna et al. 1992 50 37 - Italian TAP1, TAP2*687 Significance to TAP2
       

Kawaguchi et al. 1994 45 53 - Japanese TAP1 No significance 

van Endert et al. 1994 77 102 112 Danish LMP2, TAP1, 
TAP2*687 

No significance 
       

Jackson et al. 1995 142 124 - Caucasian TAP2*651, 
TAP2*687 

Significance to 
TAP2*651 

       

Deng et al. 1995 198 192 186 Caucasian from 
US 

LMP2, LMP7 Significant inde-
pendently from LD 

       

Chauffert et al. 1997 92 117 - Senegalese LMP2, TAP1, 
TAP2*687 

No significance 
       

Undlien et al. 1997 191 227 96 Norwegian LMP2, LMP7 No significance 
       

       

Ma et al. 1997 119 92 106 Finnish TAP1 Significant inde-
pendently from LD 

       

Ding et al. 2000 68 71 47 Chinese LMP2 Significant inde-
pendently from LD 

       

Ding et al. 2001 71 86 52 Chinese LMP7 Significant inde-
pendently from LD 

       

Penfornis et al. 2002 157 88 - Finnish TAP2*651 Significant due to LD
 

Legend: n: number of subjects, DR3/4-matched: number of subjects with identical haplotypes either DR3 
or DR4, LD: linkage disequilibrium. * Maximum numbers included in the cross-over study (numbers can be 
smaller for different genotypes). 
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Altogether 4040 genotypes (2030 T1DM patients 
and 2010 controls) collected from 2399 subjects (1210 
T1DM patients and 1189 controls) from 11 separate 
studies have been included in our cross-over study 
(Table 2). Note that Table 1 indicates the numbers of 
subjects included in our study, but some of them are 
genotyped for more than one gene. Table 2 shows the 
numbers of subjects specified per gene. Therefore, to-
tal numbers of subjects in Tables 1 and 2 cannot cor-
respond, since data from some individuals are used 
several times for analysis. 

Data were compared using χ 2 test without Yates’ 
corrections to determine cross-over significance. Bon-
ferroni corrections for p-values were used where ap-
propriate. LMP and TAP alleles as well as DR3/4 hap-
lotypes were used as match-
ing criteria for the eleven 
data sets. 

Polymorphisms in T1DM pati-
ents 

Studies analyzing the as-
sociation of TAP and LMP 
alleles with T1DM draw dif-
ferent pictures. We have first 
compared studies and exam-
ined whether the frequency 
of genotype appearance is 
independent from group 
membership. Cross-over data 
demonstrate significant de-
pendencies in genotype fre-
quencies and group member-
ship in all analyzed genes 
(Table 3). Polymorphisms in 
TAP and LMP genes seem to 
be significantly associated 
with disease (we take a closer 
view on the transmission of 

risk and protection 
mediated by specific 
genotypes in the 
subsequent section). 
Table 3 shows that, 
among the disease 
conferring TAP ge-
notypes, TAP2*651 
(p=0.005) and TAP2 
*687 (p=0.001) are 
most strongly asso-
ciated with diabetes. 
Apparently, geno-

types B/B and F/F are rare variants of the TAP genes. 
The study samples do not seem to be large enough to 
find numbers of individuals bearing these types suffi-
ciently often for imposing statistical power. As their 
number is small we face the hazard that the obtained 
specifications and identified distributions of B/B and 
F/F genotypes remain non-representative. 

Moreover, small differences in the distribution of 
these types may have a strong impact on the statistical 
significance and can result in an excessive distortion. 
Therefore, we have also calculated the χ 2- and p-values 
for the examination of TAP gene susceptibility to 
T1DM adjusted by the omission of these types (paren-
thesized values in Table 3). Significance of susceptibil-
ity to T1DM rises for TAP1 and TAP2*651 and de-

Table 2. Genotype matching, studies, and total numbers of subjects per gene 
 

 

Gene 
 

Polymorphism 
and position 

 

Amino acid subs-
titution 

 

T1DM 
(n) 

 

Controls 
(n) 

 

DR3/4-
matched (n)

 

Studies 

 

LMP2 
 

R/H-60 
 

Arg/His 
 

616 
 

709 
 

441 

 

van Endert, Deng,   
Chauffert, Undlien, Ding 

       

LMP7 G/T-37360 Val/Leu 460 499 303 Deng, Undlien, Ding 
TAP1  A/B-333 Val/Ile 364 371 160 Colonna, Kawaguchi, van 

Endert, Chauffert, Ma 
       

TAP2 A/F-651 Arg/Cys 299 158 92 Jackson, Penfornis 
TAP2 A/B-687 Gln/Stop 291 273 41 Colonna, van Endert,  

Jackson, Chauffert 
 

Table 3. Independence test of LMP and TAP genes obtained from cross-over data 
 

 

Gene 
 

Group 
 

Genotypes and frequencies 
 
 

 

 

χ 2 
 
 

 

p 
 
 

 

 
 

 
 

 R/R R/H
 

H/H
 
 

 

 
 
 

LMP2 Random T1DM 226 356 34
 

6.3 0.042
 

 Random controls 296 362 51
 

 
 

       

  A/A A/B B/B    
LMP7 Random T1DM 181 212 67  15.8 < 0.001

 

 Random controls 157 221 121
 

 
 

       

  A/A A/B B/B    
TAP1 Random T1DM 232 122 11  7.3 0.025 
 Random controls 271 93 8   (6.8)* (0.009)*
       

  A/A A/F F/F    
TAP2*651 Random T1DM 210 76 4  10.8 0.005 
 Random controls 158 74 18   (9.1)* (0.003)*
       

  A/A A/B B/B    
TAP2*687 Random T1DM 207 89 4  18.0 < 0.001 
 Random controls 131 27 1   (7.8)* (0.005)*

 

Legend: * Genotype B/B (F/F) omitted from calculation.
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creases slightly for TAP2*687 by this procedure, whilst 
remaining far below the marginal value of p = 0.05 for 
accepting dependency, suggesting that TAP genes are 
disease-conferring candidates. Apparently, the fre-
quency is by far higher for all TAP2 genotypes in dia-
betic patients, which makes these genes susceptible. 

It is also striking to observe that only one separate 
study shows significantly higher frequencies of allelic 
variations linked to healthy subjects, namely Undlien et 
al. for LMP7 (Table 4). Data from other studies either 
show no significance (van Endert et al. [54], Chauffert 
et al. [39], Undlien et al. [69]), or that polymorphism of 
different allele variation is associated with disease 
(Deng et al. [53], Ding et al. 2000 [71], Ding et al. 2001 
[70]). This phenomenon may be attributed to the sam-
ple sizes analyzed in the separate studies or to biases in 
sample selections. In this regard, it is obvious that the 
frequencies of LMP7-A/A and LMP7-B/B genotypes 
presented in Ding et al. 2001 [70] show the inverse re-
lation to the study by Undlien and colleagues [69]. B/B 
is the most frequent genotype in the study by Ding and 
colleagues from 2001 (A/A:B/B = 5:28 in patients and 
9:50 in controls, as compared to 107:13 and 107:9 in 
the study by Undlien et al.). Should the types be in-
verted in one of the studies? We have taken the data as 
they appeared in the articles. The example corrobo-
rates, however, that statistical tests of hypotheses are 
rather sensitive to timing of data collection and re-
cording procedures. Such effects are balanced by 
cross-over data pooling and are, therefore, largely 
eliminated in our analysis. 

Association of genotypes to disease 

In this section we address the question of whether 
particular genotypes can be associated with disease. 
The computation of the global test statistic χ 2 is not 
sufficient to explain detailed dependencies. We need 

continuative information about the model adaptation 
which may be obtained by the examination of single 
components. Table 5, which contains uncorrected p-
values (to correct multiply by three), shows the stan-
dardized residues demonstrating that there are large 
differences between frequencies observed and those 
expected in consideration of independence. Values 
above 1 or below -1 mean that the observed values 
may differ significantly from those which must actually 
have been expected. Negative (positive) values mean 
that the distortion is directed downwards (upwards). 
We are now able to easily read off from Table 5 to find 
that genotypes LMP2-R/H, LMP7-A/A, TAP1-A/B, 
TAP2*651-A/F and TAP2*687-A/A are strongly as-
sociated with disease. All significance levels of these 
genotypes are close to p = 0.01 or far below. Even af-
ter correction, p-values remain significant. In contrast, 
LMP2-R/R, LMP7-B/B, TAP1-A/A, TAP2*651-A/A 
and TAP2*687-A/B seem to be the protective geno-
types. Their frequency is significantly smaller in pa-
tients. TAP2*651-F/F and TAP2*687-B/B are the 
rare types and cannot, therefore, be considered as rep-
resentative. The result suggests that polymorphisms in 
LMP and TAP genes have a significant influence on 
disease onset or protection from disease. 

Table 4. Polymorphisms of TAP and LMP in non-DR-matched subjects obtained from separate studies 
 

 

Study 
 

LMP2 
χ 2                p 

 

LMP7 
χ 2                              p 

 

TAP1 
χ 2                              p 

 

TAP2*651 
χ 2                                p 

 

TAP2*687 
χ 2                             p 

 

All 
 

6.3 
 

 0.042* 
 

15 

 

.8 < 0.
 

001*
 

 

7.3 

 

0.025 10
 

.8 

 

0.005 18
 

.0 < 0.
 

001 

Colonna - - -  - 0.9 n.s. - - 4.9 0.026 
Kawaguchi - - -  - 0.8 n.s. - - - - 
van Endert 2.3 n.s. -  - 3.9 0.049 - - 0.2 n.s. 
Jackson - - -  - - - 6.5 0.010 8.6 0.002 
Deng 6.7 0.034 23 .7 < 0. 001 - - - - - - 
Chauffert 1.4 n.s.  - - 1.0 n.s. - - 0.0 n.s. 
Undlien 0.1 n.s. 6 .5 0.039* - - - - - - 
Ma - - -  - 1.4 n.s. - - - - 
Ding (2000) 9.5 0.009 -  - - - - - - - 
Ding (2001) - - 7 .9 0.019 - - - - - - 
Penfornis - - -  - - - 2.7 0.100 - -  

 
 

Legend: Values calculated as frequencies of genotype differences in T1DM vs. controls. * Genotype frequencies higher in controls. 
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In this light, the contrary character of results from 
the separate studies that divides them into two camps 
endorses the existence of biasing effects. The studies 
of the two camps found converse frequencies of 
LMP2-R/R and LMP2-R/H as well as LMP7-A/A 
and LMP7-A/B in the subject groups. LMP2-R/R is 
the protective genotype in Ding et al. 2000 [71] and 
Deng et al. [53], but is less frequent (and without sig-
nificance) in healthy controls than in diabetics in the 
studies by Chauffert et al. [39], van Endert et al. [54] 
and Undlien et al. [69]. The opposite applies for LMP2-
R/H, which is predisposing in Ding et al. and Deng et 
al. but more frequently existing in control subjects (al-
though without significance) in the studies by Chauf-
fert et al. [39], van Endert et al. [54] and Undlien et al. 
[69]. A similar logic applies for LMP7. Type B/B is the 
protective one in our study, which corresponds to 
Deng et al. [53] and Ding et al. 2001 [70], but this type 
appeared less frequently in the study by Undlien et al. 
[69]. 

Data from almost all separate studies that tested for 
TAP1 susceptibility show no significant association to 
both groups diabetics and controls (Table 4). Cross-
over analysis, however, reveals an association of 
TAP1-A/B to disease and an unexpected small ap-
pearance of TAP1-A/A in diabetic patients, which ac-
counts for a strong relationship, in particular as we 

would usually expect that by pooling data results de-
rived from smaller samples would be diluted and 
equalized instead of aggravated. Although the frequen-
cies for single genotypes in the separate studies differ 
in a contrary fashion without showing significance, the 
reason for this phenomenon may be attributed to the 
fact that a strict relationship exists which is only re-
vealed by discarding biases of data collection. 

Examination of linkage disequilibrium between LMP/TAP 
and DR genes 

To investigate the influence of LD with HLA to 
LMP and TAP genes, we need to match subjects re-
garding their HLA genotypes. However, genotyping in 
the separate studies is not consistent and is afflicted 
with varying degrees of imprecision. For example, van 
Endert et al. only typed DR3/4 serotypes without iden-
tifying genotypes or corresponding alleles for deter-
mining homozygosity, which the authors attributed to 
unsuccessful PCR amplification [54]. Chauffert et al. 
determined several DQA1 and DQB1 alleles and com-
bined them to yield indefinite genotypes in the fashion 
of DQB1*0201/x [39]. Thus, most of the studies in-
cluded in our analysis have identified only a few or im-
precise haplotypes. Considering that genotype-match-
ing is incomplete and there are a plenty of other non-
matched haplotypes, we do not certainly know which 
relation of HLA-genes to allelic differences between 
patients and controls are critical or definitely based on 
LD. In this light, carrying out a HLA-matching analysis 
may remain imprecise in any case and the results can 
only be tendentious. 

In order to carry out an LD analysis we had to 
choose a common haplotype under the restriction of 
(1) avoiding a high degree of imprecision and (2) al-
lowing for the selection of a sufficiently large number 
of subjects, simultaneously. As HLA-genotyping is dif-
ferent in the separate studies it was only possible to 
fulfill the second requirement by downgrading to DR3 
and DR4 serotypes used as matching criteria and thus 
violating condition (1) to some extent. Genotypes 
LMP2-R/H-DR3/4, LMP2-H/H-DR3/4, LMP7-
A/A-DR3/4 and LMP7-A/B-DR3/4 are not specified 
discretely in Deng et al. [53]. Therefore, we applied the 
frequency rate to these types as it appeared in the ran-
dom population to yield discrete values using following 
formula, considering LMP2-R/H as an example: 

 

F(LMP2-R/H-DR3) = [F(LMP2-R/H-DR3)+F(LMP2-
H/H-DR3)] ⋅ [F(LMP2-R/HR)/(F(LMP2-R/HR)+F(LMP2-
H/HR))],  
 

with F(⋅) as the frequency and R referring to the 
frequency in the random population. According to this 

Table 5. Standardized residues and significance levels of genotypic 
association to T1DM 
 

 

Gene 
 

Genotype 
 

Random 
T1DM 

 

Random 
controls 

 

p 

 

LMP2 
 

R/R -1.
 

07 1.
 

00 0.
 

060 

 
 

R/H 1.
 

21 -1.
 

13 0.
 

014 
 

 

H/H -0.
 

88 0.
 

82 
 

n.s. 
     

LMP7 A/A 1.48 -1.42 0.011 
 A/B 0.30 -0.29 n.s. 

 B/B -2.44 2.34 < 0.001 
     

TAP1 A/A -1.08 1.07 0.007 
 A/B 1.50 -1.49 0.012 
 B/B 0.52 -0.51 n.s. 
     

TAP2*651 A/A -0.95 1.31 0.002 
 A/F 1.50 -2.07 0.003 
 F/F 0.74 -1.02 n.s. 
     

TAP2*687 A/A 1.46 -1.51 < 0.001 
 A/B -1.35 1.40 0.019 
 B/B -2.18 2.25 0.001 
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scheme we obtained the following relations: LMP2-
R/H-DR3 : LMP2-H/H-DR3 = 0.9 for patients (0.864 
for controls) and LMP7-A/A-DR3 : LMP2-A/B-DR3 
= 0.401 for patients (0.331 for controls). The same ap-
plies for DR4 haplotypes. 

Furthermore, HLA-haplotypes are not further 
characterized to determine homo- and heterozygosity, 
meaning that at least one chromosome carries the DR3 
or DR4 serotype in subjects we include in this analysis. 
The only study that indicates a specification in this re-
gard is Undlien et al. [69]. The study by Ma and col-
leagues specifies DR3 and DR4 serotypes in subjects 
and indicates combinations of DR3/4 posi-
tive/negative haplotypes yielding three classifications: 
1. DR3+/DR4-, 2. DR3-/DR4- and 3. DR3-/DR4+ 
[72]. We used the data of the 1. and 3. class of this 
study to account for DR3 and DR4 positive subjects. 

Table 6 finally presents the results from cross-over 
data with DR3- and DR4-matched individuals. The ta-
ble contains no data for TAP2*687 as DR-matching 
spares only data from a single study (van Endert et al. 
[54]) that are not exactly specified for TAP2*687. Val-
ues on TAP2*651 also only includes data from a single 
study (Penfornis et al. [41]), but these data are specified 
exactly for TAP and DR. Table 6 contains uncorrected 
p-values and shows that associations of LMP or TAP 
genes in the context of HLA linkage are largely insig-
nificant. After correction of p-values only a weak sig-
nificance remains for LMP2-R/H-DR4 which is twice 
as frequent in diabetics than in controls (109:51). 
LMP2-R/R-DR4 and LMP7-B/B-DR4 are signifi-
cantly less frequent in patients than in healthy controls. 
Generally, significant differences in the distribution of 
LMP and TAP genotypes can only be observed in 
DR4-matched individuals, suggesting that this serotype 
is more likely a candidate for LD to LMP or TAP. 

Significance levels determined for HLA-matched 
subjects are lower than in randomly selected (non-
HLA-matched) individuals except for LMP2-R/H, 
which shows approximately the same (weak) degree of 
association with T1DM. The strong association of 
TAP2*651-A/F and TAP2*687-A/A with disease is 
not confirmed in HLA-matched subjects. Taken to-
gether, our analysis suggests that the susceptibility con-
ferring genotypes LMP7-A/A, TAP1-A/B, TAP2*651 
-A/F and TAP2*687-A/A (Table 5) are associated 
with disease independently of LD. A similar conclu-
sion can be drawn for the protective genotypes. The 
frequencies of LMP2-R/R, LMP7-B/B, TAP1-A/A, 
TAP2*651-A/A and TAP2*687-A/B are significantly 
smaller in randomly selected diabetic patients (Table 5) 
but only one relation is confirmed in the HLA-

matched population, namely LMP2-R/R-DR4 (Table 
6), suggesting that protection by allelic variation is con-
ferred largely independently from LD. Analogously to 
the situation with the susceptibility-conferring geno-
types, existence of LD is more likely in association 
with LMP genes. TAP genes seem to be susceptible or 
protective in the absence of LD with HLA-DR3 and -
DR4. 

Conclusion 
LMP and TAP genes control the antigen-

processing pathway, and polymorphisms in these genes 
may be responsible for epitope specificity and diversity 
of self-peptides expressed on APC. Daniel et al. evalu-
ated the peptide affinity of human TAP1 and TAP2 in 
an artificial neural network and found that HLA class I 
molecules differed significantly with respect to TAP 
affinities of their ligands, suggesting that TAP modu-
lates the supply of peptides transported in the ER to 

Table 6. Standardized residues and significance levels of genotypic 
association to HLA-matched T1DM 
 

 

Gene 
 

HLA 

 

Genotype 
 

T1DM 
 

Controls
 

p 

 

LMP2 
 

DR3 

 

R/R -0.
 

53 
 

0. 

 

75 
 

n.s. 

 
  

R/H 0.
 

62 
 

-0. 

 

88 
 

n.s. 
 

  

H/H -0.
 

66 
 

0. 

 

94 
 

n.s. 
 DR4 R/R -1.06 1. 30 0.008 
 

 

R/H 1.30 -1. 60 0.012 
 

 

H/H -0.20 0. 25 n.s. 
       

LMP7 DR3 A/A 0.54 -0. 81 n.s. 
  A/B 0.24 -0. 36 n.s. 

  B/B -1.07 1. 60 0.033 
       

 DR4 A/A 0.63 -0. 87 n.s. 
  A/B 0.15 -0. 21 n.s. 

  B/B -1.39 1. 91 0.012 
       

TAP1 DR3 A/A 0.15 -0. 20 n.s. 
  A/B -0.22 0. 29 n.s. 
  B/B -0.23 0. 30 n.s. 
       

 DR4 A/A -0.60 0. 77 n.s. 
  A/B 0.99 -1. 28 n.s. 
  B/B -0.22 0. 28 n.s. 
       

TAP2*651 DR3 A/A 0.19 -0. 30 n.s. 
  A/F -0.77 1. 19 n.s. 
  F/F -  - - 
       

 DR4 A/A -0.54 1. 03 n.s. 
  A/F 0.84 -1. 60 0.032 
  F/F -  - - 



 
50  The Review of Diabetic Studies Sia, Weinem 

  Vol. 2 ⋅ No. 1 ⋅ 2005 
 

Rev Diabetic Stud (2005) 2:40-52  Copyright © by the SBDR 

associate with newly synthesized MHC class I mole-
cules and thereby contributes to epitope selection [26]. 
In contrast, the same group showed in an earlier ani-
mal experiment that different TAP1 and TAP2 alleles 
translocated peptides with similar efficiency into the 
ER which disproves the relevance of polymorphisms 
in these genes for T1DM development [73]. Discor-
dance also exists regarding the role of the proteasome 
in its attribution to diabetic pathogenesis [45, 46, 49]. 
In intracellular antigen processing, proteasome-
dependent and -independent pathways are observed 
making it difficult to interpret which is the preferred 
mechanism that turns T cells to become autoreactive. 

The outcomes of randomized controlled studies 
that evaluate the genetic susceptibility of LMP and 
TAP genes for the pathogenesis of T1DM appeared to 
be unsettled. This has led to the consideration that bi-
ases evoked by gene sequence identifying and data col-
lecting methods could be causative. We therefore, 
pooled data from eleven separate studies and recalcu-
lated statistical measurements by the application of 
genotype and HLA haplotype matching in order to 
balance such effects. Our results support the consid-
eration that genotypes TAP2*687-A/A and 
TAP2*651-A/F are associated with diabetes, which 
has previously been reported by others [40, 50, 64, 65]. 
We found that this association is independent of LD 
with DRB1. More surprisingly, it appears that even 
TAP1-A/B is positively related to disease although this 
genotype was reported to be only weakly, if at all, asso-

ciated with disease in other studies [36, 54, 65]. Our 
analysis also suggests that TAP1-A/A, TAP2*651-
A/A and TAP2*687-A/B are the protective types. The 
acquired association of TAP genes with diabetes ap-
peared not to be secondary to LD with DR3/4. Weak 
associations with LD were detected in LMP genes. The 
association of types LMP2-R/H and LMP7-A/A with 
disease also appeared to be of primary nature. LMP7-
B/B was found almost twice as frequently in healthy 
persons than in patients suggesting that this genotype 
is protective. In summary, our results suggest that 
products of particular LMP and TAP allelic variants 
appear to be involved in rendering antigen-processing 
pathways to become capable of conferring susceptibil-
ity or protection to T1DM. Therefore, if positive selec-
tion of autoreactive T cells is critically affected by the 
diversity of antigenic peptide presentation then we can 
conclude that TAP and LMP genes have a significant 
impact on antigen-processing pathways. This, in turn, 
explains their role in the retention of a balanced im-
munity. However, it remains to be determined how 
polymorphisms in these genes providing the diversity 
of proteins contribute to the formation of epitopes 
that render CD8+ cells to become autoreactive, and 
whether these gene products require other factors in 
conjunction to confer disease. 
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