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Herpetiformis Indicates that Transglutaminase 3 Antibody

Production Occurs in the Gut
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Coeliac disease and dermatitis herpetiformis (DH) are
characterized by autoantibodies targeting transgluta-
minase (TG)2 and TG3, respectively. Previous studies
show that TG2 antibodies are produced in the gut and
can be assessed in organ culture of small-intestinal
biopsies from patients with coeliac disease. Thus far,
no studies have investigated TG3 antibodies in organ
culture of biopsies from patients with DH, or exploited
the method in DH. The aim of this study was to investi-
gate TG3 and TG2 antibody responses in serum and
small-intestinal biopsies from patients with DH with
active disease, and from those in remission. The majo-
rity of patients with DH were negative for both serum
and organ culture medium TG2-targeting antibodies.
Surprisingly, patients with active DH secreted TG3
antibodies into the culture medium despite seronegati-
vity. In patients secreting high levels of TG3 antibodies
into the culture medium, we also detected TG3-antibo-
dy-positive cells in the small-intestinal mucosa. These
findings suggest that TG3 antibodies can be investiga-
ted in the organ culture system and that their secretion
occurs in the small intestine, especially in active DH.
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Malabsorption, diarrhoea and other gastrointestinal
complaints are classical symptoms of coeliac di-
sease, a systemic autoimmune-mediated condition occur-
ring in a subset of individuals carrying the susceptibility
genotype, human leucocyte antigen (HLA)-DQ?2 or -DQ8.
Typically, in patients with coeliac disease the ingestion of
gluten, which is present in wheat, rye and barley, induces
gradual destruction of the small-intestinal mucosal archi-
tecture, leading eventually to villous atrophy and crypt
hyperplasia, as well as chronic inflammation within the
intestinal epithelium and in the lamina propria. Active
coeliac disease is further characterized by circulating
gluten-dependent IgA endomysial autoantibodies (EMA)
known to target transglutaminase 2 (TG2) (1). In addition
to being present in serum, the autoantibodies are bound to
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TG2 in various tissues, including the small intestine (2),
which is where they are produced (3-6).

Although classically associated with gastrointestinal
symptoms, coeliac disease has a wide variety of extrain-
testinal manifestations. One of the best characterized of
these is the cutaneous manifestation dermatitis herpeti-
formis (DH), a blistering autoimmune disorder charac-
terized by granular IgA deposits in the papillary dermis
(7). Belonging to the same spectrum of gluten sensitivity
disorders, DH and coeliac disease share similar genetic
predisposition, HLA-DQ2/8, and these different disease
phenotypes can occur in the same families (8) and even
in monozygous twins (9). Moreover, it has been reported
that coeliac disease with classic enteropathy may evolve
over time into DH on a gluten-containing diet (10, 11). The
majority of patients with DH also show villous atrophy
and crypt hyperplasia in the small intestine (12), and the
remainder at least have signs of inflammatory changes
characteristic of coeliac disease (13, 14). In addition,
70-80% of patients with DH have TG2-targeting autoan-
tibodies in the serum (15) and small bowel mucosa (16).
However, instead of TG2, the pathognomonic dermal IgA
targets transglutaminase 3 (TG3), which is currently regar-
ded as the main autoantigen in DH (17). The majority of
patients with DH also have specific TG3 antibodies in the
circulation (17, 18), which are also occasionally detected
in the serum of patients with coeliac disease without skin
symptoms (19). In contrast to TG2 antibodies, however,
the site of TG3 antibody formation is, thus far, unknown.

Coeliac disease and DH are both treated with a gluten-
free diet, which results in alleviation of symptoms and
recovery of the small intestinal mucosa. Dietary treatment
also alleviates DH rash, albeit often relatively slowly, and
hence patients with severe skin symptoms are also treated
with dapsone medication at the beginning of the gluten-
free diet. During treatment, TG2-specific antibodies disap-
pear from the serum and, although more slowly, from the
small-intestinal mucosa in both coeliac disease and DH
(20, 21). In DH, TG3-targeting antibodies also disappear
from the serum concomitant with a gluten-free diet (22).

Previous studies have demonstrated that intestinal
TG2-targeting antibodies at different stages of coeliac
disease can be assessed in the organ culture system of
small-intestinal biopsies (23—28). However, no studies are
available for the TG3 antibody response and DH. The aim
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of the current study was therefore to better characterize
the antibody responses targeting different TG isoforms in
sera of patients with DH and those with coeliac disease and
in organ culture of small-intestinal biopsies, both during
active disease and in remission.

METHODS

Patients and small-intestinal mucosal biopsy samples

The study included a total of 17 patients with DH who had been
diagnosed based on typical clinical picture and demonstration
of granular IgA deposits in the papillary dermis (Table I) (29).
Five of the patients had active DH in terms of rash and dermal
IgA deposits despite being on a gluten-free diet (median duration
25 years, range 4-40 years) and needed dapsone medication to
control the rash (defined as the active DH group). Two of these
reported regular dietary lapses. The remaining 12 were following
a strict diet (median duration 25 years, range 8—38 years) and were
in clinical remission and not using dapsone (defined as the DH in
remission group). Four of these 12 still had dermal IgA deposits.
The DH patient cohort has been described in greater detail by
Hervonen et al. (30). In addition, the study included a total of 20
patients with coeliac disease who had been diagnosed based on the
demonstration of villous atrophy and crypt hyperplasia in small-
bowel mucosal samples (31). Ten of these patients were enrolled
at the time of diagnosis and were thus untreated (defined as the
active coeliac disease group) and 10 had been on a gluten-free diet
for one year (defined as the coeliac disease in remission group).
In the current study, all participants with active disease and in re-
mission were invited to undergo upper gastrointestinal endoscopy,
upon which small-bowel mucosal biopsies were taken. A total of
4 biopsy samples were obtained from each patient; 2 to assess
small-intestinal mucosal findings and 2 for organ culture studies.
In addition, serum samples taken at the time of the endoscopy were
available. The study protocol was approved by the ethics commit-
tee of Tampere University Hospital, Tampere, Finland, and written
informed consent was obtained from all participating subjects.

Small-intestinal mucosal morphology and inflammation

For morphological studies, one small-intestinal biopsy sample
was fixed in formalin and processed for haematoxylin and eosin
staining. The villous height-crypt depth ratios (Vh/CrD) were
determined as described previously (32) and a ratio of >2 was
considered normal. One small-intestinal biopsy was freshly
embedded in optimal cutting temperature compound (OCT;
Tissue-Tek, Sakura Finetek Europe, Holland), snap-frozen in
liquid nitrogen and cut into 5-pm-thick sections. CD3", off* and
vo" intraepithelial lymphocytes (IELs) in the frozen sections were
detected by immunohistochemistry, as described previously. The
reference values were set at 37 cells/mm for CD3* IELs, 25 cells/
mm for af3* IELs, and 4.3 cell/mm for y6* IELs (14).
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Organ culture studies

Organ culture of small-intestinal mucosal biopsies was performed
as described previously (33). Biopsies were cultured in RPMI-
1640 medium (Invitrogen-Gibco, Paisley, UK) supplemented with
15% foetal bovine serum (Invitrogen-Gibco), 100 U/ml penicillin
(Invitrogen-Gibco), 4 mM L-glutamine (Invitrogen-Gibco), 50
pg/ml insulin (Sigma-Aldrich Co, St Louis, MO, USA), 2 mg/ml
glucose (Sigma-Aldrich) and 10 mM HEPES buffer (Invitrogen-
Gibco) for 24 h at 37°C. From each patient one biopsy was
cultured in the presence of medium only and one was subjected
to a peptic-tryptic (PT) digest of gliadin (1 mg/ml), prepared, as
described previously (34). Thereafter, culture supernatants were
harvested and preserved at —20°C for further analysis.

IgA-class TG2 and TG3 autoantibodies in patient serum and
organ culture medium

IgA-class endomysial antibodies (EMA) in serum and organ cul-
ture medium were determined by an indirect immunofluoresence
method using human umbilical cord as substrate (35). In the case
of serum samples, a dilution of 1:>5 was considered positive. For
organ culture medium, undiluted samples were used and EMA
titres were graded, according to staining intensity, as negative (—),
weak positive (+), or strong positive (++).

TG2 and TG3 antibodies in serum and organ culture medium
were measured by commercially available enzyme-linked im-
munosorbent assay kits (ELISA) (Celikey®, Phadia, Freiburg,
Germany, and anti-heTG IgA ELISA, Immunodiagnostik AG,
Bensheim, Germany, respectively). Measurements were performed
according to the manufacturers’ instructions in serum samples
diluted 1:100 and in centrifuged, undiluted organ culture superna-
tants. The optimal cut-off values for serum sample positivity were
>5 and >22 AU/ml for TG2 and TG3 antibodies, respectively.

Small-intestinal IgA

Small-intestinal mucosal IgA deposits and their co-localization
with TG2 and TG3 was investigated on cryosections of small-in-
testinal mucosal biopsies. TG2-specific IgA deposits were stained
by a direct immunofluorescence method using mouse monoclonal
anti-TG?2 antibody (CUB7402; NeoMarkers, Fremont, CA, USA)
and fluorescein isothiocyanate (FITC)-labelled rabbit anti-human
IgA antibody (Dako A/S, Glostrup, Denmark), as previously des-
cribed (2). In coeliac disease, subepithelial IgA deposition can be
found below the basement membrane along the villous and crypt
epithelium and around mucosal blood vessels, whereas in normal
small-bowel mucosa IgA is detected inside the plasma and epithe-
lial cells (2). To determine the presence of TG3 in the small-bowel
mucosa, sections were incubated with rabbit polyclonal anti-TG3
antibody (1:100; A015, Zedira, Darmstadt, Germany) for 1 h at
room temperature (RT), followed by incubation with Alexa Fluor
568-conjugated goat anti-rabbit antibody (1:2000; Invitrogen) for
1 h at RT. Co-localization of TG3 with IgA was assessed by further
incubating the sections with FITC-labelled rabbit anti-human IgA
antibody (1:40; Dako A/S) for 15 min at RT.

Table I. Characteristics and small-intestinal mucosal findings in patients participating in the study

Active DH, n=5

DH in remission, n=12

Active CD, n=10 CD in remission, n=10

Female; n (%) 4 (80) 8 (67) 4 (40) 6 (60)

Age, years, median (range) 56 (22-69) 64 (26-75) 48.5 (31-63) 53 (31-75)
Vh/CrD; mean (95% CI), ratio 2.0 (0.9-3.1) 3.1 (2.7-3.4)2 0.6 (0.2-1.0)? 2.7 (1.7-3.6)°
CD3% IELs; mean (95% CI), cells/mm 38 (27-50)° 47 (29-65) 79 (61-97) 64 (33-94)
ap* IELs; mean (95% CI), cells/mm 28 (2-54)° 31 (21-42) 56 (42-70) 40 (20-59)

y&* IELs; mean (95% CI), cells/mm 13.5 (8.7-18.3)¢

14.4 (6.1-22.6)

29.1 (18.8-39.4) 20.7 (14.9-26.5)

@Data available for 9 patients. bData available for 8 patients. “Data available for 3 patients.
Reference values set at 2.0 for villous height crypt depth ratio (Vh/CrD), 37 cells/mm for CD3+ IELs, 25 cells/mm for aB* IELs and 4.3 cell/mm for yd* IELs (14).
CD: coeliac disease; CI: confidence interval; DH: dermatitis herpetiformis; IELs: intraepithelial lymphocytes.
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Immunofluorescence staining of recombinant TG2- and TG3-
binding cells in the small intestine

Immunofluorescence staining of small-intestinal recombinant
TG2- and TG3-binding cells was performed using a technique
formerly established by Di Niro et al. (5) with minor modifications.
Cryosections of small-intestinal biopsies 5-um-thick were air-dried
for 20 min at RT, washed with phosphate-buffered saline (PBS)
and incubated with either biotinylated human recombinant TG2
(2 pg/ml; TO02, Zedira) or TG3 (5 pg/ml; T024, Zedira) in 1%
bovine serum albulin — phosphate-buffered saline (BSA-PBS) for
45 min RT. Biotinylation of both recombinant proteins was perfor-
med using EZ-Link® Sulfo-NHS-LC-Biotin (Thermo Scientific,
Waltham, MA, USA) according to manufacturer’s instructions.
After washing, rhodamine-labelled streptavidin (1:1000; KPL,
Gaithersburg, MD, USA) in 10% BSA-PBS was applied for 30
min at RT. For double stainings, an additional incubation step with
FITC-conjugated anti-human IgA antibody (1:40; Dako A/S) for
15 min at RT was applied.

Statistical analyses

Statistical analyses were performed using the non-parametric Wil-
coxon test, Mann—Whitney test and Fisher’s test, as appropriate.
Correlation was evaluated using Spearman’s correlation. A p-value
<0.05 was considered statistically significant.

RESULTS

Two patients with active DH reporting dietary failures had
abnormal Vh/CrD representing partial villous atrophy, and
the remaining patients with DH had normal villous archi-
tecture (Table I). Vh/CrD was below normal in all patients

with active coeliac disease; 4 had total, 2 had subtotal,
and 3 had partial villous atrophy. In contrast, all patients
with coeliac disease in remission evinced normal mucosal
architecture. The mean levels of CD3", o and yo* T cells
were above the reference level in all 4 study groups. The
levels of all IEL subsets were comparable between the
active DH and DH in remission groups, but lower than in
both of the coeliac disease patient groups (Table I).
Serum EMA was negative in all patients with DH
irrespective of disease activity. In contrast, 90% of pa-
tients with coeliac disease with active disease and 30%
of patients in remission had positive serum EMA (Fig.
1A). When assessing the secretion of EMA into the organ
culture medium, only one patient with active DH was
observed to secrete EMA, in contrast to 80% and 20% of
patients with active coeliac disease and coeliac patients in
remission, respectively (Fig. 1B). TG2 antibody results in
patient serum samples paralleled the EMA findings, being
negative in both DH patient groups, positive in all patients
with active coeliac disease and negative in patients with
coeliac disease in remission (Fig. 1C). Similarly, TG2
antibody levels in the organ culture medium were either
negative or very low (<20 AU/ml) in both DH patient
groups and in patients with coeliac disease in remission
(Fig. 1D). In contrast, 70% of patients with active coeliac
disease secreted noticeable amounts of TG2 antibodies
into the organ culture medium (>50 AU/ml). The levels
of TG2 antibodies in the organ culture medium correlated
with those in serum (R=0.394, p=0.017). PT-gliadin had
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Fig. 1. Levels of antibodies in the serum and organ culture medium of dermatitis herpetiformis (DH) and coeliac disease (CD) patients.
(A and B) Endomysial (EMA), (C and D) transglutaminase 2 (TG2) and (E and F) TG3 antibodies (abs) in DH and coeliac disease patient serum and
organ culture medium as assessed by immunofluorescence staining or enzyme-linked immunoassay (ELISA). Horizontal lines represent median values,
dashed lines cut-off values for positivity provided by the ELISA kit manufacturer for serum samples. Only p-values considered statistically significant

(<0.05) are indicated.
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no effect on the secretion of EMA or TG2 antibodies into
the organ culture medium (data not shown).

When TG2 autoantibodies were assessed in the small-
intestinal mucosa, none of the patients with DH in either
group was found to have TG2-bound IgA in the basement
membrane or around blood vessels (Fig. 2). This was in
contrast to patients with coeliac disease, of whom all pa-
tients with active coeliac disease and 60% of DH patients
in remission presented with such small bowel mucosal
TG2-targeting IgA deposits.

Applying an approach previously used to identify
TG2-specific plasma cells in the small-intestinal mu-
cosa of patients with coeliac disease (5, 6), we further
investigated the possible presence of such IgA-positive
recombinant TG2-binding cells in the small intestine of
our patients with DH and those with coeliac disease. They
were not found in patients with DH of either group, with
the exception of one patient with DH in remission. This
patient had a detectable, but low, number of recombinant
TG2-binding cells. In contrast, such cells were found in 8
out of 10 patients with active coeliac disease and in 4 out
of 10 patients with coeliac disease in remission (Fig. 2).

Similarly, we next addressed the autoantibody response
against the other TG isoform, TG3, at serum and small-
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intestinal level. Serum TG3 antibody levels were below
the cut-off value (>22 AU/ml) in the majority of patients
in all groups; only 1 patient with active DH and 1 with DH
in remission had positive serum TG3 antibodies in addition
to 3 patients with active coeliac patients and 1 in remission
(Fig. 1E). Interestingly, however, TG3 antibody titres of
>40 AU/ml were detected in the organ culture medium
of all patients with active DH, one patient with DH in
remission and one patient with active coeliac disease (Fig.
1F). There was no correlation between the TG3 antibody
levels in the organ culture medium and serum (R=0.241,
p=0.157). Moreover, PT-gliadin had no effect on the se-
cretion of TG3 antibodies into the organ culture medium
in any of the patient groups (data not shown).

When double stainings for TG3 and IgA were perfor-
med to establish the presence of IgA antibodies bound to
TG3 in the small-bowel mucosa (similarly to coeliac-type
TG2-bound IgA deposits), no extracellularly located TG3,
and thus no TG3-targeting IgA deposits, were detected
in the small-intestinal sections. Instead, we were able to
detect TG3-positive cells, the majority of which were also
positive for IgA (Fig. 3). A few such cells were present in
3 and 4 patients with active DH and DH patients in remis-
sion, respectively. In patients with active coeliac disease,

Fig. 2. Transglutaminase 2 (TG2)-targeting IgA deposits as well as recombinant TG2-binding, IgA-positive cells in the small intestine of
patients with active dermatitis herpetiformis (DH) and those with coeliac disease. Small-intestinal TG2-targeting IgA deposits (A) were not
present in patients with DH, but (B) were evident in patients with coeliac disease (arrow). (C) Recombinant TG2-binding IgA-positive cells were generally
not detected in active patients with DH, but (D) were found in the majority of patients with active coeliac disease (arrow). TG2 or recombinant TG2 (red),
IgA (green) and their co-localization (yellow) at 20x magnification. Scale bar =100 pm in all panels.
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such cells were found in 4 out of 10 patients, whereas in
patients with coeliac disease in remission no such cells
were detected (Fig. 3). The presence and number of the
cells was not associated with TG3 antibodies in the serum
or the organ culture medium.

Finally, when the presence of IgA-positive cells binding
recombinant human TG3 in the small-intestinal sections
was investigated, such cells were found at low frequency
in 3 out of 5 patients with active DH (Fig. 3). These 3
patients were those secreting the highest levels of TG3
antibodies into the organ culture medium (> 100 AU/ml).
In addition, such cells were also detected in the one patient
with active coeliac disease secreting TG3 antibodies into
the organ culture medium, whereas no such cells were
visualized in patients with DH in remission or the rest of
the patients with coeliac disease.

DISCUSSION

The present study showed that, even though the majority
of patients with active DH were negative for serum TG3
antibodies, they all secreted these antibodies into the organ
culture medium. In contrast, patients with active coeliac
disease had higher levels of TG3 antibodies in the serum,

but low levels of secretion into the organ culture medium.
Thus, the levels of TG3 autoantibodies in serum and organ
culture medium did not parallel each other, in contrast to
EMA and TG?2 antibodies, which were mostly absent in
all patients with DH, but present in patients with active
coeliac disease in both type of samples.

The presence of TG2-targeting autoantibodies in the
organ culture medium of coeliac disease patient-derived
small-intestinal biopsies has been held to be explicable by
the detachment of the autoantibodies from tissue-bound
deposits and their release into the culture supernatant (28).
This hypothesis seemed plausible, as all of our patients
with considerable amounts of organ culture antibodies
also had intestinal TG2-targeting deposits. We therefore
tested whether this could also explain the presence of TG3
antibodies in the organ culture medium. We observed, ho-
wever, that TG3 was not found extracellularly in the small
intestine of any of our patients, which is in line with one
previous study (17), and thus, the TG3 autoantibodies in
the organ culture medium are not derived from detached
mucosal TG3-targeted [gA deposits. Interestingly, howe-
ver, a subset of patients with DH and those with coeliac
disease were found to have occasional TG3-positive cells,
the majority of them also being positive for IgA, but the

Fig. 3. Transglutaminase 3 (TG3)-positive cells, as well as recombinant TG3-binding, IgA-positive cells in the small intestine of patients with
active dermatitis herpetiformis (DH) and coeliac disease. TG3- and IgA-positive cells were present in a few patients with (A) DH (arrow), and (B)
coeliac disease (arrow). Recombinant TG3-binding IgA-positive cells (arrow) were detected in (C) patients with DH, but (D) were generally absent in patients
with coeliac disease. TG3 or recombinant TG3 (red), IgA (green) and their co-localization (yellow) at 20x magnification. Scale bar=100 pm in all panels.
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presence and amount of these cells did not parallel TG3
autoantibodies in the culture medium. Whether these cells
are antigen-presenting cells which have been suggested
to express TG3 (36) remains to be determined in future
studies, together with their possible involvement in DH
and coeliac disease.

In addition, TG2 antibodies in the organ culture me-
dium have been suggested to be secreted by TG2-specific
plasma cells (3, 26, 37), which have recently been de-
scribed in the small-intestinal mucosa of patients with
coeliac disease (5, 6). In our study, those patients secreting
TG2 antibodies into organ culture medium had, with the
exception of one individual, recombinant TG2-binding
cells in the lamina propria. Investigating the presence
of TG3-antibody secreting cells in a similar manner, we
detected IgA-positive recombinant TG3-binding cells in
those 3 patients with DH and one patient with coeliac
disease secreting the highest levels of TG3 antibodies into
the organ culture medium. Even though the presence of
such cells did not entirely coincide with the secretion of
TG3 antibodies into the organ culture medium, our fin-
dings would indicate the TG3-binding IgA-positive cells
as the source of the antibodies in the medium. It would
therefore appear that, similarly to TG2-targeting antibo-
dies (3—6), TG3 antibodies are also secreted at the small
intestinal level, particularly in active DH. However, our
results do not exclude the possibility that TG3 antibodies
are also produced in other tissues. In fact, extraintestinal
TG3 antibody secretion occurring, for instance, in bone
marrow, spleen and lymph nodes could possibly explain
the presence of these antibodies in the serum of those
patients with coeliac disease who are negative for organ
culture medium antibodies and intestinal TG3-binding
IgA-positive cells.

On the other hand, the inconsistency between the ge-
neral TG3 seronegativity of the patients with active DH
and the presence of these antibodies in the organ culture
medium along with TG3-binding intestinal cells can pro-
bably be explained by other factors. As 2 of our patients
with active DH admitted regular dietary transgressions,
this continued gluten intake might be sufficient to maintain
antibody production locally only in the small intestine, as
suggested previously (6). Moreover, it has been shown
recently that, in DH, circulating TG3 antibodies can exist
as immune complexes with TG3 even without free TG3
antibodies (18), which might provide another explanation
for the seronegativity of the patients.

The pathognomonic IgA in DH has been suggested to
be deposited in the dermis as immune complexes with
TG3, which is found at this location only in DH (17). All
our active DH patients and 33% of those in remission
had cutaneous IgA deposits. Moreover, in active DH
IgA always co-localizes with TG3 (38) and we recently
showed that they disappear in parallel during a gluten-
free diet, supporting their dermal deposition as immune
complexes (39). Although the results of the current study
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point towards an intestinal origin of TG3 autoantibodies,
the site of immune complex formation remains unknown.

The major strength of the present study is the well-
defined cohorts of patients with DH and coeliac disease
at different stages of disease. Moreover, the antibody re-
sponses against the 2 TG isoforms were studied in multiple
settings, namely serum, organ culture medium and small
bowel-mucosal biopsies, addressing both the presence
of the antibodies as well as their possible origin. A major
weakness is the particular nature of the DH patient groups.
In contrast to patients with active coeliac disease, the pa-
tients with active DH were not newly diagnosed, but had
active disease despite a gluten-free diet. This very likely
explains many of the inconsistencies in antibody response
between these patient groups, including the TG2 and TG3
seronegativity of the active DH patient group. Moreover,
the patients with DH in remission had been on a gluten-
free diet for a considerably longer time than the patients
with coeliac disease in remission. Another limitation is
the 24-h duration of the organ culture, which, even though
most commonly used, may explain the unresponsiveness
of autoantibody secretion to gluten in all patient groups,
as also noted elsewhere (24, 25, 28, 37, 40).

Despite these limitations, our study provides important
information on the autoantibody responses against TG2
and TG3 in DH and coeliac disease. Firstly, at least in our
patient cohort the TG2 and TG3 autoantibody responses
in serum and small-bowel mucosa were clearly different
between patients with DH and those with coeliac disease.
Secondly, our study revealed that, similarly to TG2 antibo-
dies, TG3 antibodies can be detected not only in the serum,
but also in the organ culture medium of small-intestinal
mucosal biopsies. Most of all, our results strongly sug-
gest that TG3 autoantibody secretion occurs in the small
intestine, especially in active DH. Moreover, as the cells
secreting these antibodies were found in patients with
DH on a long-term gluten-free diet of up to 33 years, they
must belong to an exceptionally long-lived plasma cell
population (41). Even though the results of this study are
not directly applicable to patients with DH at diagnosis
or after short-term treatment, they provide a platform for
future studies addressing this issue.

ACKNOWLEDGEMENTS

This study was supported by the Academy of Finland, the Finnish
Medical Foundation, the Research Fund of the Finnish Celiac
Society, the Sigrid Juselius Foundation, the Paivikki and Sakari
Sohlberg Foundation, the Foundation for Pediatric Research, and
the Competitive State Research Financing of the Expert Area of
Tampere University Hospital.

The authors have no conflicts of interest to declare.

REFERENCES

1. Dieterich W, Ehnis T, Bauer M, Donner P, Volta U, Riecken E, et
al. Identification of tissue transglutaminase as the autoantigen

Acta Derm Venereol 2018



ActaDV

ActaDV

372

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

M. Hietikko et al.

of celiac disease. Nat Med 1997; 3: 797-801.

. Korponay-Szabo IR, Halttunen T, Szalai Z, Laurila K, Kiraly R,

Kovacs JB, et al. In vivo targeting of intestinal and extrain-
testinal transglutaminase 2 by coeliac autoantibodies. Gut
2004; 53: 641-648.

. Picarelli A, Maiuri L, Frate A, Greco M, Auricchio S, Londei M.

Production of antiendomysial antibodies after in-vitro gliadin
challenge of small intestine biopsy samples from patients with
coeliac disease. Lancet 1996; 348: 1065-1067.

. Marzari R, Sblattero D, Florian F, Tongiorgi E, Not T, Tommasini

A, et al. Molecular dissection of the tissue transglutaminase
antoantibody response in celiac disease. J Immunol 2001;
166: 4170-4176.

. Di Niro R, Mesin L, Zheng N, Stamnaes J, Morrissey M, Lee

J, et al. High abundance of plasma cells secreting transglu-
taminase 2-specific IgA autoantibodies with limited somatic
hypermutation in celiac disease intestinal lesions. Nat Med
2012; 18: 441-445.

. Di Niro R, Snir O, Kaukinen K, Yaari G, Lundin K, Gupta N, et

al. Responsive population dynamics and wide seeding into the
duodenal lamina propria of transglutaminase-2-specific plasma
cells in celiac disease. Mucosal Immunol 2016; 9: 254-264.

. Reunala T, Salmi TT, Hervonen K. Dermatitis herpetiformis:

pathognomonic transglutaminase IgA deposits in the skin and
excellent prognosis on a gluten-free diet. Acta Derm Venereol
2015; 95: 917-922.

. Reunala T. Incidence of familial dermatitis herpetiformis. Br

J Dermatol 1996; 134: 394-398.

. Hervonen K, Karell K, Holopainen P, Collin P, Partanen J,

Reunala T. Concordance of dermatitis herpetiformis and ce-
liac disease in monozygous twins. J Invest Dermatol 2000;
115: 990-993.

Kurppa K, Koskinen O, Collin P, Maki M, Reunala T, Kaukinen K.
Changing phenotype of celiac disease after long-term gluten
exposure. J Pediatr Gastroenterol Nutr 2008; 47: 500-503.
Salmi TT, Hervonen K, Kurppa K, Collin P, Kaukinen K, Reu-
nala T. Celiac disease evolving into dermatitis herpetiformis
in patients adhering to normal or gluten-free diet. Scand J
Gastroenterol 2015; 50: 387-392.

Mansikka E, Hervonen K, Salmi TT, Kautiainen H, Kaukinen
K, Collin P, et al. The decreasing prevalence of severe villous
atrophy in dermatitis herpetiformis: a 45-year experience in
393 patients. J Clin Gastroenterol 2017; 51: 235-239.
Savilahti E, Reunala T, Maki M. Increase of lymphocytes bea-
ring the gamma/delta T cell receptor in the jejunum of patients
with dermatitis herpetiformis. Gut 1992; 33: 206-211.
Jarvinen TT, Kaukinen K, Laurila K, Kyrénpalo S, Rasmussen
M, M&ki M, et al. Intraepithelial lymphocytes in celiac disease.
Am J Gastroenterol 2003; 98: 1332-1337.

Dieterich W, Laag E, Bruckner-Tuderman L, Reunala T, Karpati
S, Zagoni T, et al. Antibodies to tissue transglutaminase as
serologic markers in patients with dermatitis herpetiformis.
J Invest Dermatol 1999; 113: 133-136.

Salmi TT, Hervonen K, Laurila K, Collin P, Maki M, Koskinen O,
et al. Small bowel transglutaminase 2-specific IgA deposits
in dermatitis herpetiformis. Acta Derm Venereol 2014; 94:
393-397.

Sardy M, Karpati S, Merkl B, Paulsson M, Smyth N. Epidermal
transglutaminase (TGase 3) is the autoantigen of dermatitis
herpetiformis. J Exp Med 2002; 195: 747-757.

Gorog A, Németh K, Kolev K, Zone 1], Mayer B, Sillé P, et al.
Circulating transglutaminase 3-immunoglobulin A immune
complexes in dermatitis herpetiformis. J Invest Dermatol
2016; 136: 1729-1731.

Salmi TT, Kurppa K, Hervonen K, Laurila K, Collin P, Huhtala H,
et al. Serum transglutaminase 3 antibodies correlate with age
at celiac disease diagnosis. Dig Liver Dis 2016; 48: 632-637.
Kaukinen K, Lindfors K, Collin P, Koskinen O, Mdki M. Coeliac
disease - a diagnostic and therapeutic challenge. Clin Chem
Labo Med 2010; 48: 1205-1216.

Koskinen O, Collin P, Lindfors K, Laurila K, Maki M, Kaukinen
K. Usefulness of small-bowel mucosal transglutaminase-2
specific autoantibody deposits in the diagnosis and follow-up
of celiac disease. J Clin Gastroenterol 2010; 44: 483-488.
Reunala T, Salmi T, Hervonen K, Laurila K, Kautiainen H, Col-

www.medicaljournals.se/acta

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

lin P, et al. IgA antiepidermal transglutaminase antibodies
in dermatitis herpetiformis: a significant but not complete
response to a gluten-free diet treatment. Br J Dermatol 2015;
172: 1139-1141.

Picarelli A, Di Tola M, Marino M, Libanori V, Borghini R, Salvi
E, et al. Usefulness of the organ culture system when villous
height/crypt depth ratio, intraepithelial lymphocyte count, or
serum antibody tests are not diagnostic for celiac disease.
Transl Res 2013; 161: 172-180.

Tosco A, Aitoro R, Auricchio R, Ponticelli D, Miele E, Paparo F,
et al. Intestinal anti-tissue transglutaminase antibodies in po-
tential coeliac disease. Clin Exp Immunol 2013; 171: 69-75.
Tosco A, Auricchio R, Aitoro R, Ponticelli D, Primario M, Miele
E, et al. Intestinal titres of anti-tissue transglutaminase 2
antibodies correlate positively with mucosal damage degree
and inversely with gluten-free diet duration in coeliac disease.
Clin Exp Immunol 2014; 177: 611-617.

Vogelsang H, Schwarzenhofer M, Granditsch G, Oberhuber
G. In vitro production of endomysial antibodies in cultured
duodenal mucosa from patients with celiac disease. Am J
Gastroenterol 1999; 94: 1057-1061.

Carroccio A, Iacono G, D’Amico D, Cavataio F, Teresi S, Caruso
C, et al. Production of anti-endomysial antibodies in cultured
duodenal mucosa: usefulness in coeliac disease diagnosis.
Scand J Gastroenterol 2002; 37: 32-38.

Stenman SM, Lindfors K, Korponay-Szabo IR, Lohi O, Saa-
valainen P, Partanen J, et al. Secretion of celiac disease
autoantibodies after in vitro gliadin challenge is dependent
on small-bowel mucosal transglutaminase 2-specific IgA
deposits. BMC Immunol 2008; 9: 6.

Collin P, Salmi TT, Hervonen K, Kaukinen K, Reunala T. Der-
matitis herpetiformis: a cutaneous manifestation of coeliac
disease. Ann Med 2017: 49: 23-31.

Hervonen K, Salmi TT, Ilus T, Paasikivi K, Vornanen M, Laurila
K, et al. Dermatitis herpetiformis refractory to gluten free
dietary treatment. Acta Derm Venereol 2016; 96: 82-86.
Walker-Smith J, Guandalini S, Schmitz J, Shmerling D, Visa-
korpi J. Revised criteria for diagnosis of coeliac disease. Arch
Dis Child 1990; 65: 909-911.

Taavela J, Koskinen O, Huhtala H, Ldhdeaho M, Popp A, Laurila
K, et al. Validation of morphometric analyses of small-intestinal
biopsy readouts in celiac disease. PLoS One 2013; 8: e76163.
Browning TH, Trier JS. Organ culture of mucosal biopsies of
human small intestine. J Clin Invest 1969; 48: 1423-1432.
Lindfors K, Blomqvist T, Juuti-Uusitalo K, Stenman S, Vena-
lainen J, Maki M, et al. Live probiotic Bifidobacterium lactis
bacteria inhibit the toxic effects induced by wheat gliadin in
epithelial cell culture. Clin Exp Immunol 2008; 152: 552-558.
Sulkanen S, Collin P, Laurila K, Maki M. IgA-and IgG-class
antihuman umbilical cord antibody tests in adult coeliac di-
sease. Scand J Gastroenterol 1998; 33: 251-254.
Hadjivassiliou M, Aeschlimann P, Strigun A, Sanders DS,
Woodroofe N, Aeschlimann D. Autoantibodies in gluten ataxia
recognize a novel neuronal transglutaminase. Ann Neurol
2008; 64: 332-343.

Picarelli A, Sabbatella L, Di Tola M, Vetrano S, Maffia C, Pic-
chi C, et al. Forty-eight hours of biopsy culture improve the
sensitivity of the in vitro gliadin challenge in the diagnosis of
celiac disease. Clin Chem 2001; 47: 1841-1843.

Donaldson MR, Zone ]J, Schmidt LA, Taylor TB, Neuhausen
SL, Hull CM, Meyer LJ. Epidermal transglutaminase deposits
in perilesional and uninvolved skin in patients with dermatitis
herpetiformis. J Invest Dermatol 2007; 127:1268-1271.
Hietikko M, Hervonen K, Salmi T, Ilus T, Zone JJ, Kaukinen K1,
et al. Disappearance of epidermal transglutaminase and IgA
deposits from the papillary dermis of dermatitis herpetifor-
mis patients after a long-term gluten-free diet. Br J Dermatol
2017; doi: 10.1111/bjd.15995.

Rauhavirta T, Oittinen M, Kivisté R, Mannisté PT, Garcia-Hors-
man JA, Wang Z, et al. Are transglutaminase 2 inhibitors able
to reduce gliadin-induced toxicity related to celiac disease? A
proof-of-concept study. J Clin Immunol 2013; 33: 134-142.
Landsverk OJ, Snir O, Casado RB, Richter L, Mold JE, Reu P,
et al. Antibody-secreting plasma cells persist for decades in
human intestine. J Exp Med 2017; 214: 309-317.



