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Abstract Celiac disease (CD) is a chronic immune-mediated
intestinal inflammatory disorder afflicting genetically suscep-
tible individuals triggered by the consumption of dietary
cereals with high gluten content. As with many other organ-
specific autoimmune diseases, the dominant tissue-destructive
inflammation in CD is T cell-mediated. The proinflammatory
cytokine IL-15 that is overexpressed in the intestinal
epithelium of CD patients has emerged as a pivotal element
that orchestrates intestinal inflammation and T cell-mediated
autoimmune tissue destruction. Although no animal model
exists that recapitulates the full spectrum of CD pathophys-
iology, we have previously reported that transgenic mice that
overexpress human IL-15 in enterocytes (T3b-hlL-15 Tg)
display many of the T cell-mediated pathologic features seen
in CD. Extending these observations, we now report that
T3b-hlL-15 Tg mice in addition to recapitulating T cell-
mediated effects also display autoantibodies including those
against tissue transglutaminase 2 and extensive lamina

propria plasmacytosis, all of which are characteristic of
CD, thereby reflecting the possibility that locally expressed
IL-15 drives both T and B cell pathologic effects seen in CD.
More importantly, these findings support the validity and
utility of T3b-hlL-15 Tg mice as a reasonable model to
investigate not only tissue-destructive pathologic processes
in CD, but also to explore novel therapeutic modalities for
the treatment of this disease.
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Introduction

Celiac disease (CD) is a chronic intestinal inflammatory
disease that develops in genetically susceptible individuals
bearing the HLA class II DQ alleles that encode DQ2 or
DQ8 molecules triggered by the exposure to dietary cereals
with gluten proteins [1]. The genetic and environmental/
dietary elements that precipitate CD have been extensively
characterized [2]. As with several other organ-specific
immune-mediated diseases, CD is primarily a T cell-
mediated immune disorder where gluten-specific CD4+ T
cells that recognize gluten peptide in the context of HLA
class II molecules initiate the pathogenic cascade. However,
these gluten-specific CD4+ T cells are not direct mediators
of the extensive intestinal tissue damage seen in CD, but it
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is massively infiltrating CD8+ intraepithelial lymphocytes
(IEL), a hallmark of CD, that cause extensive tissue damage
[3]. These infiltrating CD8+ lymphocytes, unlike the
proliferating lamina propria CD4+ T cells that display
exquisite gluten specificity, lack demonstrable gluten
specificity and appear to cause extensive enterocyte and
underlying tissue damage, via T cell receptor (TCR)-
independent mechanisms with the involvement of NKG2D
and other coactivator NK cell receptors [4]. In addition to
these prominent T cell-mediated features, the appearance of
antiendomysial antibodies, one of the earliest predictors that
presage clinical disease as well as the presence of massive
plasmacytosis with a preponderance of IgA-secreting plasma
cells in the laminar propria, attests to B cell elements
associated with CD [5].

The proinflammatory cytokine IL-15 has emerged as a
central driver that orchestrates T cell-mediated tissue damage
in CD. It is essential for the generation of IEL and sustains
these cells perhaps by protecting them from activation-
induced cell death [6]. IL-15 promotes CD8+ T cell
proliferation and enhances their effector cytolytic activities
in addition to reprogramming IEL to lymphokine-activated
killer cells or NK-like cells that undergo oligoclonal
expansion to perpetuate a massive population of CD8+ T
cells that target enterocytes independent of TCR engagement
in a process that is further facilitated by the induction of the
NKG2D pathway [7]. In completing this cycle of sustained
tissue damage, IL-15 also induces cognate receptors of
NKG2D such as MICA/B, ULBPs, and HLA-E on enter-
ocytes [reviewed in refs. 2, 4]. In addition, IL-15 in concert
with retinoic acid has been shown to disrupt immune
homeostasis in the gut, resulting in breaching of immune
tolerance to dietary antigens [8]. Finally, IL-15 also disables
operational anti-inflammatory checkpoints in the intestinal
mucosa by inhibiting Smad-dependent TGF-β signaling
thereby further facilitating intestinal tissue destruction in
CD patients [9].

Despite extensive gains in understanding the pathophysi-
ology of CD, much remains to be explored and the absence of
a small animal model that recapitulates the full spectrum of
human disease has not only been a major obstacle in this
regard, but has also seriously impacted the exploration of new
therapeutic modalities for CD for which the only treatment
available now is a lifelong gluten-free diet. Recently, we
reported that transgenic mice that express human IL-15
in enterocytes from an enterocyte-specific T3b promoter
(T3b-hlL-15 Tg mice) manifest almost all salient intestinal
pathologic features of CD including anatomically demarcat-
ed duodenojejunal inflammation with massively infiltrated
NKG2D-expressing CD8+ IEL along with severe villous
atrophy and crypt hyperplasia [10]. The blockade of locally
expressed IL-15 in these T3b-hIL-15 Tg mice resulted in
complete resolution of the intestinal pathology thus strength-

ening the notion that locally expressed IL-15 is causally
linked to T cell-mediated intestinal tissue damage in CD
[10]. With further evaluation of T3b-hIL-15 Tg mice as a
relevant animal model that closely resembles the intestinal
pathology of CD, we now report that T3b-hIL-15 Tg mice in
addition to recapitulating T cell-mediated effects also display
autoantibodies including antibodies against tissue transgluta-
minase 2 (TG2) and extensive lamina propria plasmacytosis,
features that are characteristic of CD, thereby raising the
possibility that locally expressed IL-15 drives both T and B
cell pathologic effects seen in CD. More importantly, these
findings support the validity and utility of T3b-hIL-15 Tg
mice as a reasonable model to investigate not only tissue-
destructive pathologic processes in CD, but also to explore
novel therapeutic modalities for the treatment of this disease,
especially those that target IL-15.

Materials and Methods

Mice

The generation of T3b-hIL-15 Tg mice has been reported
previously [11]. All of the animal experiment protocols
were approved by the TokyoMetropolitan Institute ofMedical
Science Animal Care and Use Committee. T3b-hIL-15 Tg
mice that were over 8 months of age were used for the
experiments.

Cell Preparations

Peripheral blood mononuclear cells and splenocytes were
prepared as described previously [11]. Isolation of lamina
propria lymphocytes in the small intestine (SI-LPL) by
Percoll gradient centrifugation has been described elsewhere
[11].

ELISA

Total IgM, IgG, and IgA levels in the sera of T3b-hIL-15 Tg
mice and their wild-type (WT) littermates were measured
by a sandwich ELISA as described previously [12]. The
detection of anti-TG2 antibodies and rheumatoid factor (RF)
were performed as described [13, 14]. The level of anti-
dsDNA antibodies was measured using a commercially
available ELISA kit (Shibayagi, Japan) according to the
manufacturer’s instructions.

A Flow Cytometry Analysis

The frequency of lymphocytes was analyzed by flow
cytometry using standard protocols. Briefly, cells were
stained with FACS buffer containing 10% FBS and 2 mM
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EDTA. Next, Fc receptors of lymphocytes were blocked
with anti-CD16/32 antibody for 20 min at 4°C, and
lymphocytes were then stained with combinations of
fluorochrome-conjugated antibodies to CD3E-PE-Cy7,
CD138-PE, CD19-FITC (BD Pharmingen, USA), and
B220-eFluor450 (e-Bioscience, USA) for 20 min at 4°C.
The stained lymphocytes were then analyzed with a FACS
CANTO II flow cytometer (BD Biosciences, USA) using
the FlowJo software (Tree Star Inc., USA). The number of
B cells, plasmablasts, and plasma cells were quantitated by
counting the number of CD3ε− CD19+ B220+ cells (for B
cells), CD3ε− B220+ CD138+ cells (for plasmablasts), and
CD3ε− B220− CD138+ cells (for plasma cells) present in
one million cells from the spleen and lamina propria of the
small intestines isolated from each mouse, respectively, and
these numbers were then used to calculate the absolute
number of B cells, plasmablasts, and plasma cells for that
mouse based on the total number of cells isolated from the
spleen and lamina propria of the mouse.

Tissue Staining and Histology

Immunostaining of OCT-mounted fresh tissues was performed
as previously described [15]. For the staining of B cells,
biotinylated anti-B220 and streptavidin–PE antibodies and
anti-CD8α-FITC antibody to stain T cells (BD Biosciences,
USA) were used. For the detection of binding of autoanti-
bodies, 1:4 diluted serum samples from WT mice and
T3b-hIL-15 Tg mice were used as primary antibodies, and a
1:1,000 diluted FITC-conjugated goat antimouse IgG anti-
body (Jackson Immunoreseach laboratories, USA) was used
as a secondary antibody.

Results

Elevated Autoantibody Levels Are Observed
in the Sera of T3b-hIL-15 Tg mice

Because elevated serum immunoglobulin levels are a
consistent finding in CD patients, we measured the
serum immunoglobulin levels in the T3b-hIL-15 Tg mice.
Elevated levels of total IgM and IgG were observed in the
sera of T3b-hIL-15 Tg mice in comparison to their
littermate WT controls, and these differences were statisti-
cally significant (Fig. 1a, b). It should be noted that, when
we assessed the serum IgA levels, most T3b-hIL-15 Tg
mice displayed relatively higher levels of serum IgA in
comparison to WT controls, but these differences did not
achieve statistical significance (Fig. 1c). Because the
presence of autoantibodies is observed in CD against
certain self-antigens, for example, tissue TGs [16], dsDNA
[17], RF [18], actin [19], desmin [20], etc., we examined

whether T3b-hIL-15 Tg mice display any autoantibodies
against these self-antigens in their sera. Multiple autoanti-
bodies were detected in T3b-hIL-15 Tg mice including
those of anti-dsDNA antibody, RF, and anti-TG2 antibody,
again drawing close parallels with those auto antibodies
seen in CD (Fig. 1d–f). Although there were measurable
levels of elevated antibodies against the cytoskeletal
components actin and desmin, the levels of these antibodies
were not statistically significant when compared to the
levels observed in WT littermates (data not shown).

Accumulation of B Cells in the Small Intestinal Lamina
Propria Displaying Inflammatory Lesions in T3b-hIL-15
Tg Mice

Another consistent finding in the affected intestinal mucosa
of CD patients is the accumulation of B cells including
differentiated plasma cells in the lamina propria, although
what drives this plasmacytosis of small intestinal lamina
propria remains unclear [5, 21, 22]. Having demonstrated
that T3b-hIL-15 Tg mice have higher levels of serum
immunoglobulins and multiple species of autoantibodies,
we examined whether there were any alterations in the B
cell profiles of these mice both in the periphery and in the
affected intestinal submucosa initially by flow cytometry.
The total numbers of lymphocytes isolated from the spleen
and the lamina propria of T3b-hlL-15 Tg mice were 88-fold
and 24-fold higher, respectively, than the total numbers of
lymphocytes isolated from the WT littermates. As shown in
Fig. 2a, the absolute numbers of B cells (CD3ε− B220+

CD19+) in the spleen and small intestinal lamina propria of
the T3b-hIL-15 Tg mice were significantly higher in
comparison to their WT littermates. Furthermore, in order
to determine the frequency of antibody-secreting cells, we
investigated the expression of CD138 (Syndecan-1) as a
cell surface maker of plasma cells on the splenocytes and
small intestinal lamina propria cell in T3b-hlL-15 Tg mice.
Fully differentiated immunoglobulin-secreting plasma cells,
the cell population with CD3ε− B220− CD138+ phenotype,
and plasmablasts, which are the precursor cells of plasma cells
with CD3ε− B220+ CD138+ phenotype, were identified by
flow cytometry, and the absolute numbers of plasma cells
and plasmablasts were calculated. The numbers of plasma
cells and plasmablasts in the affected lamina propria of
T3b-hIL-15 Tg mice displayed a tenfold and a fivefold
increase, respectively, over their WT littermates (Fig. 2).
However, the absolute number of plasmablasts in the spleens
of T3b-hTL-15 Tg mice was approximately twofold less in
comparison to WT littermates. As has been observed in CD
patients, a reduction in the number of plasma cells in the
periphery and spleen may be a reflection of compart-
mentalization of these plasma cells in the lamina propria
that display florid inflammation in T3b-hIL-15 Tg mice.
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Confirming the increased B cell accumulation in the lamina
propria of T3b-hIL-15 Tg mice as determined by FACS
analyses (Fig. 2), when we examined the accumulation of B
lymphocytes in the lamina propria by immunostaining of the
proximal small intestinal sections with a B220-specific
antibody, there was abundant B220-specific fluorescence in
the lamina propria of the intestinal sections of T3b-hIL-15 Tg
mice, whereas the sections derived from WT littermates
displayed much reduced fluorescence (Fig. 3). It should be
noted that, in addition to readily demonstrable plasmacytosis,
as we have previously shown, there was massive infiltration
of CD8+ T cells into the small intestinal mucosa that
displayed extensive villous atrophy in these T3b-hIL-15 Tg
mice as well (Fig. 3).

Small Intestinal Tissue Reactive Autoantibodies
Are Present in the Sera of T3b-hIL-15 Tg Mice

The appearance of autoantibodies including those that react
with endomysium and tissue TG is a consistent early
manifestation of CD that presages the onset of clinical disease,
and in fact, these antibodies are utilized in the serologic testing
and identification of individuals prone to develop clinical
disease. However, any role for these autoantibodies in the
pathologic tissue-destructive process remains unproven largely
due to the unavailability of suitable model systems to study the
effects of these autoantibodies in the pathologic process. In an
attempt to address whether autoantibodies present in the sera of
T3b-hIL-15 Tg mice could contribute to the tissue-destructive
process, we examined whether the sera of T3b-hIL-15 Tg
mice had any reactivity against small intestinal tissues. As
shown in Fig. 4, the sera from T3b-hIL-l5 Tg mice displayed
reactivity against intestinal tissues of normal mice, whereas

the sera from WT littermates failed to elicit any appreciable
reactivity against intestinal tissues.

Discussion

In our continuing pursuit of developing a mouse model that
recapitulates human CD, we have focused on T3b-hIL-15 Tg
mice that express human IL-15 locally in the intestinal
epithelium due to the usage of the enterocyte-specific T3b

promoter for the expression of the IL-15 transgene [11].
Although as expected these mice do not show gluten
sensitivity, the locally expressed IL-15, as we have shown
previously, singularly drives a spontaneous intestinal inflam-
matory pathology that bears striking resemblance to both
macroscopic and microscopic pathologic lesions seen in
human CD with 100% penetrance [10, 11]. Adult T3b-hIL-
15 Tg mice manifest florid inflammatory lesions that are
exclusively confined to the proximal duodenojejunal region
of the small intestine with extensive villous atrophy, some
degree of crypt hyperplasia, and massive accumulation of
NK-like CD8+ T lymphocytes bearing NKG2D receptors, all
of which are pathognomonic in human CD. Unlike the T3b-
hIL-15 Tg mouse model, the double transgenic human CD4/
HLA-DR3-DQ2 [13] or HCD4/DQ8 [23] mice do not
display autoantibody production or enteropathy, although
the HCD4/DQ8 in autoimmune-prone NOD background has
been shown to develop cutaneous lesions resembling
dermatitis herpetiformis seen in some CD patients upon
immunization with gluten plus pertussis toxin [24]. More
recently, a double transgenic mouse created by crossing
humanized HLA-DQ8 with an IL-15 transgenic mouse that
overexpresses mouse IL-15 from a ubiquitous MHC class I

Fig. 1 Sera of T3b-hIL-15
Tg mice display elevated levels
of immunoglobulins and the
presence of autoantibodies.
The levels of serum IgM (a),
IgG (b), IgA (c), anti-dsDNA
(d), RF (e) and anti-TG2 (f)
were measured by an ELISA
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promoter but without any induced or spontaneous enterop-
athy has been shown to develop autoantibodies against
gliadin and tissue TG2, along with intraepithelial lympho-
cytosis that mimic early stages of CD upon feeding gliadin.

However, even in these mice, although IFN-γ-producing
antigliadin T cells are readily demonstrable following the
feeding of gliadin, the disease-defining villous atrophy is
absent [8].

Fig. 2 Detection of increased B lymphocytes in the spleen and small
intestinal lamina propria of T3b-hlL-15 Tg mice by flow cytometry.
Splenocytes and SI-LPL were isolated from four individual mice from
each group and analyzed by flow cytometry for quantitation of B cells
(CD3ε− CD19+ B220+), plasmablasts (CD3ε− B220+ CD138+), and
plasma cells (CD3ε− B220− CD138+). For flow cytometric analysis,

1×106 cells were used and the number of B cells, plasmablasts, and
plasma cells present were determined, and then from these numbers,
the absolute numbers of B (left panel), plasmablasts (center panel),
and plasma cells (right panel) that were present in the spleens and
small intestinal lamina propria of T3b-hIL-15 Tg mice and their WT
littermates were calculated

Fig. 3 Enhanced accumulation
of CD8+ T cells and B cells
in the proximal small intestines
of T3b-hIL-15 Tg mice as
detected by immunohistochem-
istry. Immunostaining was
performed on sections from
the duodenojejunal region of
the small intestines with
FITC-conjugated CD8α anti-
body and biotinylated B220
antibody. PE-conjugated strep-
tavidin was used to detect bound
biotin. The data shown are
representative of three indepen-
dent experiments
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Many elegant studies have contributed to the prevailing
consensus that locally hyperexpressed IL-15 is centrally
involved in orchestrating the T cell-mediated inflammatory
intestinal tissue damage [reviewed in refs. 1, 2, 4].
However, the formal proof of this view that IL-15 is
pivotally causal rather than a mere correlate awaits the
direct demonstration in a clinical trial involving CD patients
that the blockade of IL-15 activity leads to amelioration or
reversal of pathologic inflammatory lesions. Nonetheless,
in support of this notion, we recently demonstrated that the
infusion of a monoclonal antibody directed against CD122,
a receptor that is critical in IL-15 signaling, results in the
complete reversal of pathologic inflammatory lesions in
T3b-hIL-15 Tg mice [10].

Despite T cell-mediated effects being primarily respon-
sible for the pathologic lesions in CD, the B cell-mediated
effects such as the appearance of autoantibodies including
those against tissue TGs constitute the earliest signs of
impending clinical disease [25]. However, the impact of
these B cell effects in the pathogenesis of CD or the factors
that trigger these B cell effects that presage clinical disease
remain largely undefined. In this study, we have demon-
strated that the overexpression of IL-15 in epithelial cells of
the small intestine can induce the production of autoanti-
bodies, some of which can react with the small intestinal

tissues. We have previously reported that the administration
of an anti-CD122 monoclonal antibody that ablates IL-15-
dependent NK-like intraepithelial CD8+ T cells results in
the complete resolution of inflammatory lesions in the small
intestines [10]. Nonetheless, to elucidate whether these IL-
15-induced autoantibodies are also involved in the patho-
genesis of intestinal inflammatory lesions of T3b-hIL-15 Tg
mice, we are currently crossing the μ chain-deficient mice
which cannot produce any antibodies [26] with our
T3b-hIL-15 Tg mice. It is also important to emphasize that,
in these T3b-hIL-15 Tg mice, despite having elevated levels
of serum immunoglobulins and autoantibodies, we have
failed to detect any extraintestinal immune pathologic
lesions including in the kidneys, lungs, or heart.

As we have shown in this study, the presence of
autoantibodies including those against tissue TG2 (Fig. 1f)
and the accumulation of plasmacytes in the lamina propria
underlying the intestinal inflammatory lesions in the
proximal duodenojejunal region (Figs. 2 and 3), along with
the elevated levels of serum immunoglobulin (Fig. 1), not
only attest to close recapitulation of prominent B cell-
mediated effects seen in CD in these T3b-hIL-15 Tg mice,
but also indicate that the locally expressed IL-15 in the
small intestines is sufficient and capable of eliciting both T
and B cell-mediated pathologic manifestations that define
human CD.

Conclusions

While it is well established that the pleiotropic cytokine
IL-15 has profound effects on both T and B lymphocyte
functions and biology [27–29], it would have been difficult
to predict that the local overexpression of this cytokine
alone could bring about the full spectrum of pathologic
manifestations seen in CD. More importantly, the availabil-
ity of the T3b-hlL-15 Tg mouse model would now not only
allow us to dissect out as to how locally expressed IL-15 in
the intestine could orchestrate T and B cell pathologic
events, thus providing valuable insights into the pathologic
process of CD, but these mice would also serve as a reliable
model system to explore novel therapeutic modalities in the
treatment of this debilitating autoimmune disease that has a
propensity to give rise to malignancies and considerably
lowers the life expectancy of affected individuals.
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Fig. 4 Autoantibodies that react with small intestinal tissues are
detected in sera of T3b-hIL-15 Tg mice. Sera obtained from 8-month-
old WT mice or T3b-hIL-15 Tg mice were incubated with proximal
small intestinal tissue sections obtained from 3-month-old WT mice.
The bound mouse antibodies were detected using an FITC-labeled
antimouse IgG as the secondary antibody. The data shown are
representative of three independent experiments
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