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Autoantigen discovery is a critical challenge for the understanding
and diagnosis of autoimmune diseases. While autoantibody
markers in current clinical use have been identified through stud-
ies focused on individual disorders, we postulated that a reverse
approach starting with a putative autoantigen to explore multiple
disorders might hold promise. We here targeted the epidermal
protein transglutaminase 1 (TGM1) as a member of a protein fam-
ily prone to autoimmune attack. By screening sera from patients
with various acquired skin disorders, we identified seropositive
subjects with the blistering mucocutaneous disease paraneoplastic
pemphigus. Validation in further subjects confirmed TGM1 autoan-
tibodies as a 55% sensitive and 100% specific marker for paraneo-
plastic pemphigus. This gene-centric approach leverages the
wealth of data available for human genes and may prove gener-
ally applicable for biomarker discovery in autoimmune diseases.
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transglutaminase

he identification of immune targets is crucial to the under-

standing of autoimmune disease mechanisms and can spur
developments in clinical diagnostics and treatment. Autoanti-
bodies in tissue-specific autoimmune disorders typically target
proteins that are specifically expressed in the affected tissue and
oftentimes also possess key functions. Autoimmune diseases
may therefore present as phenocopies of monogenic disorders
affecting the same proteins, as exemplified by the familial and
acquired forms of epidermolysis bullosa caused either by muta-
tions in the collagen VII type 1 alpha chain gene (COL7A1) or
by autoantibodies targeting the corresponding protein (1, 2).
Thus far targets of autoimmune attack have typically been iden-
tified by screening for immunoreactivity in individual disorders.
Given the abundant and growing information about gene
expression patterns across tissues, we reasoned that a reverse
approach, starting with a candidate autoantigen, might serve to
reveal a corresponding disease. To explore this possibility, we
turned to the nine-member transglutaminase protein family,
among which five clinically significant autoantigens have been
identified (Table 1). Tissue transglutaminase 2 (TGM2) is the
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major autoantigen in celiac disease (3) and is widely used for
diagnostics. Gluten sensitivity frequently involves skin manifes-
tations and, in rare cases, also symptoms from the nervous sys-
tem. Dermatitis herpetiformis is associated with autoantibodies
targeting epidermal transglutaminase 3 (TGM3) (4), while
gluten-related cerebellar ataxia and peripheral neuropathy is
linked with autoantibodies against transglutaminase 6 (TGM6)
(5). Extending beyond gluten sensitivity, acquired factor XIII-
deficient hemophilia is caused by autoantibodies targeting the
catalytic alpha-subunit of coagulation factor FXIII (6), and the

Significance

The nine-member transglutaminase protein family includes
five known autoantigens. Because of the frequent roles of
transglutaminases in autoimmunity, we decided to explore
whether the remaining members might also constitute auto-
antigens, but in as-yet-unexplained disorders. We turned to
TGM1, and since this member is primarily expressed in squa-
mous epithelia, we focused on skin disorders. By screening a
broad range of acquired skin disorders, we identified TGM1 to
be a major autoantigen in the severe blistering disease para-
neoplastic pemphigus. This study illustrates a gene-centric
approach to biomarker discovery—starting from a putative
autoantigen to search for its corresponding disease—that may
prove generally applicable for studies of autoimmunity.

Author contributions: N.L., T.H., and O.K. designed research; N.L., N.I, M.A.-G., H.l.G.,
FS. AH., MS, EH., M.B.,, P-HD.E, F.P, O.M, LE, LN, AA, ID, LK-S.,, D.A, M.A,,
D.E., T.H., and O.K. performed research; N.L. and M.A.-G. analyzed data; and N.L.
wrote the paper.

Competing interest statement: N.L., T.H., and O.K. are preparing to file a patent
related to the use of transglutaminase 1 autoantibodies as a diagnostic marker.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email: nils.landegren@imbim.uu.se.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2100687118/-/DCSupplemental.

Published December 15, 2021.

https://doi.org/10.1073/pnas.2100687118 | 1 of 6

n
w
v
=
H
v
"
-
<
=
[=]
w
=


https://orcid.org/0000-0002-6163-9540
https://orcid.org/0000-0002-1199-6611
https://orcid.org/0000-0003-0050-704X
https://orcid.org/0000-0002-3916-9343
https://orcid.org/0000-0001-7192-5041
https://orcid.org/0000-0002-8330-0134
https://orcid.org/0000-0003-0703-3940
https://orcid.org/0000-0002-4547-001X
https://orcid.org/0000-0003-0432-710X
https://orcid.org/0000-0002-0560-9275
https://orcid.org/0000-0003-0554-2629
https://orcid.org/0000-0003-1435-1234
https://orcid.org/0000-0001-5937-1963
https://orcid.org/0000-0001-5473-3312
https://orcid.org/0000-0002-0144-3255
https://orcid.org/0000-0001-6091-9914
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nils.landegren@imbim.uu.se
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100687118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100687118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2100687118&domain=pdf&date_stamp=2021-12-15

Downloaded from https://www.pnas.org by UNIVERSITY OF HELSINKI on March 7, 2022 from |P address 128.214.173.198.

Skin Adrenal

R : '

Cervix uteri  Colon

Fallopian tube Gall bladder Heart muscle lleum

\

1 =
N
Pancreas Placenta
Skel. muscle Spleen Stomach Testis

Pemphigus vulgaris Pemphigus vegetans

Epidermolysis bullosa

Bullous pemphigoid aquisita

Bone marrow Breast

Pemphigus foliaceus

Anti-laminin gamma-1
(p200) pemphigod

Cerebellum  Cerebrum

S

Duodgnum Epididymidis Esophagus

Kidney Liver Lung

~ Prostate Rectum Salivary gland
o

Thyroid

Paraneoplastic pemphigus

Healthy control

Fig. 1. Anti-TGM1 colocalize with pemphigus serum autoantibodies in the cell-to-cell boarders of squamous epithelia. (A) TGM1 immunohistochemistry
of multiple human formalin-fixed tissues, showing distinct intercellular staining of skin and other squamous epithelia. Scale bars, 200 pm. (B) Indirect
immunofluorescence on normal human skin, revealing patterns of serum autoantibody reactivity in different autoimmune bullous skin disorders. The TGM1
staining pattern was consistent with the intercellular pattern observed for patients with different forms of intraepithelial blistering skin disorders—
pemphigus vulgaris, pemphigus vegetans, pemphigus foliaceus, and paraneoplastic pemphigus—while it was distinct from the linear pattern of subepithelial
bullous skin disorders—bullous pemphigoid, epidermolysis bullosa acquisita, and anti-laminin gamma-1 (p200) pemphigoid. Magnification 400x.

prostate-specific TGM4 is a major autoantigen in male patients
with autoimmune polyendocrine syndrome type 1 (APS1) (7, 8).
Given this range of autoantigens in the transglutaminase gene
family, we were interested to learn whether some of the remain-
ing members also might represent targets in as yet unexplained
autoimmune disorders. We focused our attention on transgluta-
minase 1 (TGM1), which is predominantly expressed in squa-
mous epithelia, having an integral function in the assembly of
the cornified cell envelope (9, 10). Individuals with autosomal
recessive congenital ichthyosis due to TGM1 gene mutations
(Mendelian Inheritance in Man number 242300) suffer from
lifelong severe scaling of the skin (11), suggesting a crucial role
for skin barrier integrity. On this basis, we wanted to determine
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whether TGM1 constituted an autoantigen in acquired skin
disease.

Results

We pursued TGM1 as a candidate autoantigen in skin disease.
Autoimmune bullous skin disorders appeared particularly
promising since they feature autoantibodies against different
components of epidermis (12, 13). For further direction, we
compared the tissue-localization of TGM1 with the binding pat-
tern of serum autoantibodies from patients with different forms
of autoimmune bullous disorders. We first used affinity-purified
rabbit TGM1 antibodies to perform immunohistochemistry of a
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human tissue panel. A distinctive intercellular staining pattern
was observed in squamous epithelia, including the epidermis,
esophagus, vagina, and cervix uteri, while remaining tissues
showed only very faint or no staining (Fig. 14). The results
were consistent with the available consensus data set for TGM1
at http://www.proteinatlas.org, which combines data from sev-
eral independent investigations of mRNA expression in human
tissues (14). We next investigated how the tissue localization of
TGM1 compared to the pattern of autoantibody reactivity in
different bullous disorders, as detected using indirect immuno-
fluorescence technique on normal human skin tissue sections
(Fig. 1B and SI Appendix, Fig. S1). Sera from patients with
intraepithelial blistering disorders—pemphigus vulgaris, pem-
phigus vegetans, pemphigus foliaceus, and paraneoplastic
pemphigus—all displayed an intercellular pattern that was com-
patible with the TGM1 staining. Conversely, the autoantibody
reactivity of sera from patients with subepithelial bullous disor-
ders—bullous pemphigoid, epidermolysis bullosa acquisita, and
anti-laminin gamma-1 (p200) pemphigoid—all displayed a lin-
ear pattern along the basal lamina that was clearly distinct from
the TGM1 staining. The tissue distribution of TGM1 was thus
consistent with the autoantibody reactivity of the pemphigus
group of disorders but not with that of pemphigoid. The
expression pattern of TGM1 was also similar to that of known
autoantigens in pemphigus, such as desmoglein 3 (SI Appendix,
Figs. S2, S3, and S4).

We next used a radio-ligand binding assay to perform an
explorative screen for TGMI1 autoantibodies in sera from
patients with various acquired skin disorders. We assembled a
cohort with the aim to include all major types of pemphigus
and to also have broad representation of other forms of auto-
immune and idiopathic skin disorders. The discovery cohort
comprised patients with pemphigus vulgaris (n = 5), pemphigus
foliaceus (n = 5), intercellular immunoglobulin A (IgA) derma-
tosis (n = 6), paraneoplastic pemphigus (n = 9), epidermolysis
bullosa acquisita (n = 5), bullous pemphigoid (n = 5), anti-p200
pemphigoid (n = 10), pustulosis palmoplantaris (n = 21), atopic
dermatitis (n = 20), dermatitis herpetiformis (n = 21), as well as
control subjects with celiac disease (n = 290) and blood donors
(n = 111). Among the 507 investigated sera, five demonstrated
immunoreactivity against TGM1—all of which were from patients
diagnosed with the severe mucocutaneous disease paraneoplastic
pemphigus (Fig. 24). The clinical histories, histopathology, and
serological results of the five patients positive for TGM1 autoanti-
bodies are summarized in the SI Appendix.

To verity the role of TGM1 autoantibodies in this disease, we
investigated a replication cohort of 88 patients with paraneo-
plastic pemphigus together with additional control groups:
pemphigus vulgaris (n = 20), pemphigus foliaceus (n = 20), bul-
lous pemphigoid (n = 20), anti-laminin gamma-1 (p200) pem-
phigoid (n = 20), epidermolysis bullosa acquisita (n = 20), and
healthy controls (n = 78). Autoantibodies against TGM1 were
detected in sera from 48 out of 88 patients with paraneoplastic
pemphigus in the replication cohort, while all other sera were
negative (Fig. 2B). Altogether TGM1 autoantibodies were pre-
sent in sera from 53 out of 97 (55%) patients with paraneoplas-
tic pemphigus while absent in all other disease categories and
healthy controls (n = 652) in the discovery and replication
cohorts combined, suggesting TGM1 autoantibodies were a
highly specific biomarker for this disease. We also investigated
the added diagnostic value of including TGM1 autoantibodies
alongside the established autoantibodies against DSG1 and
DSG3, in terms of increased sensitivity for paraneoplastic pem-
phigus. Autoantibody results for TGM1, DSG1, and DSG3
were available for 87 of the studied patients with paraneoplastic
pemphigus. Among these, 67% were positive for autoantibodies
against one or both desmoglein proteins. By adding TGM1
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autoantibodies, the combined diagnostic sensitivity was further
increased to 78% (SI Appendix, Fig S5).

We next sought to determine whether TGM1 autoantibody-
positive patients with paraneoplastic pemphigus differed from the
TGM1 autoantibody-negative group in their clinical phenotypes
or any other aspect. To this end, we assessed associations
between TGM1 autoantibody status and available data on age,
sex, mucocutaneous manifestations, respiratory complications,
associated neoplasms, and previously obtained autoantibody
data using Fisher’s exact test (SI Appendix, Tables S1 and S2).
For many of the collected phenotypes, the number of individu-
als were too small for meaningful statistical association testing.
It was possible to conclude though that TGM1 autoantibodies
appeared at even rates in women and men and that they were
present at all age categories. There were no significant associa-
tions with the characteristics of mucocutaneous manifestations
(erythema, blister, or erosion) or the sites of these lesions
(trunk, head, extremity, oral, ocular, and genital). No associa-
tions were found with bronchiolitis obliterans or other respira-
tory complications seen among the patients. Furthermore,
TGM1 autoantibodies appeared unrelated to the type of con-
comitant neoplasm. In all, there was no evidence that TGM1
autoantibody-positive patients differed from the remaining
patients with paraneoplastic pemphigus in regards to underlying
neoplasms or the clinical presentation.

Patients with dermatitis herpetiformis display autoantibody
reactivity against both TGM3 and TGM2 (4), whereas patients
with APS1 and TGM4 autoantibodies do not show cross-
reactivity against TGM2 (7). To verify that TGM1 was the
primary target of transglutaminase autoantibodies in paraneo-
plastic pemphigus, we studied autoantibody reactivity against a
panel of full-length transglutaminase proteins. Five patients
with paraneoplastic pemphigus who had all been previously
found positive for TGM1 autoantibodies were investigated,
and TGM2 autoantibody-positive patients with celiac disease
(n =5), TGM4 autoantibody-positive patients with APS1 (n = 5),
and healthy blood donors (n = 5) were included as controls.
Paraneoplastic pemphigus sera specifically reacted against TGM1,
while celiac disease and APS1 patient sera only showed binding
to TGM2 and TGM4, respectively (Fig. 2C). Transglutaminase
autoantibodies in paraneoplastic pemphigus thus appeared to be
highly specific for TGM1.

Discussion

With this report of TGM1 autoantibodies in paraneoplastic
pemphigus we demonstrate an unconventional approach to bio-
marker discovery, where we started with a putative autoantigen
to explore a range of disorders as guided by the expression pro-
file and function of the investigated protein. There are reasons
to expect that this gene-centric approach to biomarker discov-
ery will be increasingly applicable for studies of autoimmune
diseases. Large-scale projects such as the Human Protein Atlas,
The Human Cell Atlas, and the Genotype-Tissue Expression
(GTEx) project are generating a wealth of data for all human
genes at the level of DNA, RNA, and protein. These resources
can help selecting attractive candidate autoantigens to be
screened for their corresponding disorders. The Online Mende-
lian Inheritance Man (OMIM) database, listing all known
human monogenic disorders and the involved genes, also repre-
sents a valuable resource in this context, since autoimmune dis-
orders often mimic the phenotype of monogenic diseases.
Genes with limited tissue distribution are as a group more fre-
quently targeted in autoimmune disease and lend themselves
well for this gene-centric approach. It is also likely that future
autoantigens may be identified in protein families already
implicated in autoimmune disease, such as the cytochrome
p450 superfamily of enzymes that includes 21-hydroxylase
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Fig. 2. Discovery and validation of TGM1 autoantibodies in paraneoplastic pemphigus. (A) Explorative screen for TGM1 autoantibodies across multiple
autoimmune and idiopathic skin disorders and controls, identifying TGM1 autoantibodies in sera from five patients with paraneoplastic pemphigus. (B)
Validation in a replication cohort of 88 patients with paraneoplastic pemphigus and controls. TGM1 autoantibodies were detected in sera from 53 out of
97 (55%) patients with paraneoplastic pemphigus in the discovery and replication cohorts combined. Cutoff = index value 10. (C) The target specificity of
serum autoantibodies was studied against a panel of transglutaminases in five subjects with paraneoplastic pemphigus as compared to controls, revealing

specific reactivity toward TGM1 in paraneoplastic pemphigus.

(CYP21A2) in Addison’s disease (15) and side-chain cleavage
enzyme (CYP11Al) in ovarian insufficiency (16), the aquaporin
family that includes aquaporin 4 in neuromyelitis optica (17),
the collecting duct-specific aquaporin 2 in interstitial nephritis
(18), and—not the least—the transglutaminase family.

With TGM1 included, six out of nine transglutaminases have
been implicated as autoantigens in different autoimmune con-
ditions (3-7). This unparalleled range of autoantigens in the
same protein family raises questions on their unique predisposi-
tion to become targeted by the immune system. Insights from
celiac disease point toward a role of the enzymatic activity of
transglutaminases, where TGM2-mediated modification is cru-
cial in potentiating the immunogenicity of gliadin present in

40f6 | PNAS
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wheat (19, 20). There are pertinent parallels in this respect to
paraneoplastic pemphigus, where the previously described
autoantigens enveloplakin and periplakin (21, 22) are sub-
strates for TGM1 (23, 24). Similarities are also found in pros-
tate autoimmunity in APS1 and its mouse model, where the
two dominating autoimmune targets are TGM4 (7) and the
major substrate of this enzyme—semenogelin (25). The autoan-
tibody response in paraneoplastic pemphigus appears to be
broader than that of other autoimmune bullous disorders, with
now several identified squamous epithelial autoantigens in this
disease (21, 22, 26-28). Follow-up investigation in paraneo-
plastic pemphigus has shown that the autoantibody response
can broaden over time (29). Further studies are needed to
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Table 1.

The transglutaminase protein family

Main sites of expression/

Monogenic disorders

Gene Main functions activity (MIM#) Autoimmune disorders
TGM1 Epithelial barrier integrity; cornified Stratified squamous epithelia Ichthyosis, congenital, —
envelope autosomal recessive 1
(242300)
TGM2  Apoptosis signaling; extracellular matrix Widespread — Celiac disease
stabilization
TGM3 Epithelial barrier integrity; cornified Stratified squamous epithelia Uncombable hair Dermatitis herpetiformis
envelope; hair shaft stabilization syndrome 2 (617251)
TGM4  Sperm capacitation; semen coagulation Prostate epithelium/semen — Autoimmune
polyendocrine syndrome
type 1
TGM5 Epithelial barrier integrity; Stratified squamous epithelia Peeling skin syndrome 2 —
cornified envelope (609796)
TGM6 Unknown Not well-defined Spinocerebellar ataxia 35 Gluten associated
(613908) neuropathy and ataxia
TGM7 Unknown Not well-defined — —
F13A1 Blood clotting; wound healing Blood plasma; widespread Factor XIIIA deficiency Autoimmune FXIII
(613225) deficient hemophilia
EPB42 Erythrocyte cell membrane integrity Erythrocytes Spherocytosis, type 5 —
(612690)

MIM#, Mendelian Inheritance in Man number.

determine if TGM1-mediated modifications of squamous epi-
thelial proteins are involved in this process.

Paraneoplastic pemphigus is a severe autoimmune bullous
disease characterized by polymorphic mucocutaneus lesions
that appear in association with a neoplastic disease (30). The
clinical presentation is variable and may resemble pemphigus
vulgaris, erythema multiforme, or lichen planus (30, 31). Malig-
nant lymphoma is the most commonly associated neoplastic dis-
ease, as seen in almost half of the patients, but many other
malignant and benign neoplasms have been reported (31). In
many cases, the underlying neoplastic disease remains undiag-
nosed at the time of presentation of the mucocutaneous
manifestations. It is therefore urgent to establish the correct
diagnosis so that investigations for occult malignancies can be
initiated without delay. Autoantibody analysis constitutes a cen-
tral part of the diagnostic assessment. Indirect immunofluores-
cence analysis of normal human skin sections forms the basis of
the serological screening and has successively been extended
with antigen-specific tests (13, 21, 22, 26-28, 31-33). We found
TGM1 autoantibodies to be 55% sensitive and 100% specific
for paraneoplastic pemphigus, as investigated in a broad group
of patients with clinically relevant differential diagnoses. Given
the high specificity of TGM1 autoantibodies, TGM1 autoanti-
body analysis may improve the diagnostic precision for para-
neoplastic pemphigus alongside the established serological
assays. Future studies combining TGM1 autoantibodies with
currently available serological tests in a clinically relevant set-
ting will be important to determine the added diagnostic value
of TGM1 autoantibodies.

Materials and Methods

Study Subjects. Serum samples from patients with autoimmune bullous skin
diseases were obtained from a previously described cohort at Kurume Univer-
sity in Japan, which included patients who had visited Kurume University Hos-
pital or been referred for serological tests from other hospitals in Japan,
Korea, the United States, and European countries over a period of more than
20y (31, 34). All patients had undergone rigorous serological testing to secure
the respective diagnoses. The study was approved by the Ethical Committee
of Kurume University and by the Ethical Review Board in Stockholm. Sera
were also included from patients with dermatitis herpetiformis from Hungary
(35), patients with atopic dermatitis from Sweden (36), patients with
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pustulosis palmoplantaris from Sweden (37), patients with celiac disease from
Sweden (38), patients with APS1 from Finland, and healthy blood donors from
Sweden, with approval from the Ethical committee at Heim Pal Children’s Hos-
pital in Budapest, the Ethical Committee at Uppsala University Hospital, the
Ethical Committee at Lund University, and the Ethical Review Board Stock-
holm, respectively. Consent was obtained according to the ethical approvals
for the different study populations.

TGM1 Immunohistochemistry. The expression pattern of TGM1 protein was
characterized across a broad panel of human tissues. Tissue microarrays
(TMAs) containing multiple formalin-fixed paraffin-embedded human tissue
samples were constructed as previously described (39) and used for immuno-
histochemistry using a TGM1-specific rabbit antibody (Atlas antibodies,
HPA040171). The TMAs were first incubated with Ultra V block (TA-125-UB,
Thermo Fisher Scientific, Inc.) for 5 min, followed by anti-TGM1 at 1:1,200 dilu-
tion for 30 min, and thereafter with labeled horseradish peroxidase-polymer
for 30 min. The TMAs were next incubated with 3,3’-diaminobenzidine (DAB)
solution for 2 x 5 min, counterstained in Mayer’s hematoxylin (01820, Histo-
lab) for 5 min using the Autostainer XL (Leica), rinsed in lithium carbonate
water (diluted 1:5 from saturated solution) for 1 min, dehydrated in graded
ethanol, and lastly coverslipped (PERTEX, Histolab) using an automated glass
coverslipper (CV5030, Leica). The TMAs were scanned using the automated
scanning system Aperio XT (Aperio Technologies).

Indirect Immunofluorescence. Fresh frozen normal human skin samples were
stained with sera from patients with different autoimmune bullous skin disor-
ders or healthy controls, according to previously described methodology
(12, 40).

Transglutaminase Radio-Ligand Binding Assays. TGM1 autoantibodies were
measured using a radio-ligand binding assay. Human TGM1 complementary
DNA (cDNA) (Origene, 5C122560) was cloned into a pTnT™ expression vector
(L5610, Promega), which was used for in vitro transcription and translation in
the presence of 3*S methionine (Promega TNT Systems) following the manu-
facturer's protocol (Promega TNT Systems). Radiolabeled TGM1 protein
(30,000 counts per minute [CPM]) was immunoprecipitated with patient or
control sera (2.5 pL) in 96 well filtration plates (Millipore) using protein A
Sepharose (nProtein A Sepharose 4 Fast Flow, GE Health Care). All sera were
analyzed in duplicate. Positive standards were included in each plate: either a
polyclonal TGM1 antibody (Atlas antibodies, HPA040171) in the discovery
analysis or serum from a patient with paraneoplastic pemphigus and con-
firmed immunoreactivity against TGM1 in the validation analysis. Negative
standard, represented by 4% bovine serum albumin (BSA), was also included
in each plate. Radioactivity was measured using a liquid scintillation counter
(Wallac 1450 MicroBeta PerkinElmer). Autoantibody index values were
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calculated according to the following: (sample value-negative standard)/(posi-
tive standard-negative standard) x 100. The upper limit of the normal range
was defined as an index value of 10.

The target specificity of TGM1 autoantibodies was investigated using
radio-ligand binding assays for TGM1 (Origene, SC122560), TGM2 (kindly pro-
vided by Ake Lernmark at Lund University), TGM4 (Origene, SC303287), TGM5
(Origene, SC308078), and TGM7 (Origene, SC305704). Patient and control sera
were added in a volume of 0.625 pL per well, and otherwise followed the
same procedure as described above. Polyclonal antibodies against TGM1
(Zedira, A018), TGM2 (Zedira, A014), TGM4 (Zedira, A022), TGM5 (Novus Bio-
logicals, NPB1-54329), and TGM7 (Zedira, A040) were included as positive
standards, each in a volume of 0.625 pL per well. Z-scores were calculated
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