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Abstract
Mantle cell lymphoma (MCL) is a specific type of aggressive B-cell non–Hodgkin lymphoma. We recently found
that IL-22RA1, one of the two subunits of the interleukin 22 (IL-22) receptor, is expressed in MCL cell lines but not
benign lymphocytes. In view of normal functions of IL-22 signaling, we hypothesized that the aberrant expression
of IL-22RA1 may contribute to the deregulation of various cell signaling pathways, thereby promoting cell growth
in MCL. In this study, we first demonstrated the expression of IL-22RA1 in all three MCL cell lines and eight frozen
tumors examined using reverse transcription–polymerase chain reaction and Western blot analysis. In support of
the concept that IL-22 signaling is biologically important in MCL, we found that MCL cells treated with recombinant
IL-22 had a significant increase in cell growth that was associated with STAT3 activation. To investigate the mech-
anism underlying the aberrant expression of IL-22RA1, we analyzed the gene promoter of IL-22RA1, and we found
multiple binding sites for NF-κB, a transcriptional factor strongly implicated in the pathogenesis of MCL. Pharma-
cologic inhibition of NF-κB resulted in a substantial reduction in the level of IL-22RA1 protein expression in MCL
cells. To conclude, IL-22RA is aberrantly expressed in MCL, and we have provided evidence that IL-22 signaling
contributes to the pathogenesis of MCL.
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Introduction
Mantle cell lymphoma (MCL) is a distinct clinicopathologic entity
recognized by the World Health Organization Classification Scheme
[1]. Development of resistance to conventional chemotherapeutic
agents is frequent, and the median survival is approximately 3 years
[2–5]. The genetic hallmark of this disease is the chromosomal ab-
normality, t(11;14)(q13;q32), which results in aberrant cyclin D1 ex-
pression in these neoplastic B cells [2]. Experimental results derived
from studies of the cyclin D1 transgenic mouse models support the
concept that enforced cyclin D1 expression in B cells is not sufficient
for lymphomagenesis [6]. Consistent with this view, an in vitro study
recently showed that the knockdown of cyclin D1 using small hair-
pin RNA has minimal effects on the survival of MCL cells [7]. Ac-
cumulating evidence has suggested that MCL tumors often carry a
relatively large number of biochemical abnormalities, including mul-
tiple defects in the regulation of the apoptotic pathway and cell cycle
progression [8–17]. These findings have highlighted the biological
complexity of MCL.

Interleukin 22 (IL-22) belongs to the family of IL-10–related pro-
teins, which includes IL-19, IL-20, IL-24/MDA-7, IL-26/AK155,
IL-28, and IL-29 [18–20]. IL-22 is normally produced by T lym-

phocytes and mucosal epithelial cells in various anatomic sites [21–
27]. It has been shown that IL-22 triggers intracellular signals by
binding to a heterodimeric receptor complex that is composed of
IL-22RA1 and IL-10R2 [28–31]. Although IL-10R2 is ubiquitously
expressed, IL-22RA1 is expressed in a relatively restricted pattern, be-
ing found at relatively high levels in the pancreas, small intestine,
colon, kidney, and liver [32–35]. Importantly, IL-22RA1 is not de-
tectable in immune cells including monocytes, resting or activated B/
T cells, natural killer cells, macrophages, and dendritic cells [36,37].
IL-22 is known to activate a number of signaling pathways including
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that of STAT3 and mitogen-activated protein kinase [29,38–41]. On
the basis of the current understanding of the biology of IL-22, it is
believed that IL-22 produced by T cells plays an important role in
enhancing innate immunity and tissue repair [26].

We have previously reported that the IL-22 signaling pathway
carry biological significance in the pathogenesis of ALK-positive ana-
plastic large cell lymphoma, a lymphoma of mature T-cell immuno-
phenotype [42]. We hypothesized that the IL-22 signaling may also
play a role in the pathogenesis of MCL by contributing to the consti-
tutive activation of STAT3 in MCL [17]. In this study, we first dem-
onstrated that the aberrant expression of IL-22RA1 is a consistent
phenomenon found in MCL cell lines and tumors. We then provided
evidence that the IL-22 signaling is biologically important in MCL.

Materials and Methods

Cell Culture and Chemicals
The characteristics of the three MCL cell lines, Jeko-1, Mino,

and SP53, have been previously described [43]. Briefly, all of these
three cell lines have the mature B-cell immunophenotype, carry the
t(11;14)(q13;q32) cytogenetic abnormality, and overexpress cyclin D1.

All three cell lines are negative for the Epstein-Barr virus nuclear
antigen. MCL cells were treated with 20 ng/ml of human recombi-
nant IL-22 protein (rIL-22; R&D Systems, Minneapolis, MN) for 0
and 30 minutes and harvested for Western blot analysis. To obtain
highly purified peripheral blood B cells from healthy donors, we first
collected peripheral blood mononuclear cells by centrifugation over
Ficoll-Hypaque. CD19-positive B cells were isolated by positive selec-
tion using specific monoclonal antibody–coated magnetic beads and
a preparative magnetic cell sorter (Miltenyi, Bergisch Gladbach,
Germany) in accordance with the manufacturer’s recommended pro-
tocol. The purity of the isolated B-cell population was analyzed by
flow cytometry (FACScan; Becton Dickinson, San Jose, CA) and con-
firmed to be greater than 98%. NF-κB activation inhibitor 6-amino-4-
(4-phenoxyphenylethylamino quinazoline (catalog no. EI-352) was
purchased from Enzo Life Sciences International (Farmingdale, NY)
and E -2-fluoro-4′-methoxystilbene (catalog no. 481412) was pur-
chased from EMD (Gibbstown, NJ).

Western Blot Analysis and Antibodies
Western blot analysis was performed using standard techniques.

Briefly, cells were lysed in a buffer containing 20 mM Tris-HCl,
pH 7.5, 5 mM EDTA, 40 μg/ml leupeptin, 1 μM pepstatin, and

Table 1. Primer Sequence.

Sense Primers Antisense Primers Product Size (bp)

IL-22 TTCTCTTGGCCCTCTTGGTA TTCTCCCCAATGAGACGAAC 169
IL-22RA1 TGCTGACCATCTTGACTGTG TCCCTCTCTCCGTACGTCTTAT 181
IL-22BP GGAACTCAGTCAACGCATGA TTGGCTTCTGGTGAGAGCTT 178
IL-10Rb TACCACCTCCCGAAAATGTC CAAATTCAGCCCTGACTCTCA 219
GAPDH AAGGTCATCCCTGAGCTGAA CCCTGTTGCTGTAGCCAAAT 316

Figure 1. The expression of IL-22RA1 in MCL cell lines and patient tumors. RT-PCR studies demonstrated the presence of IL-22RA1
messenger RNA (mRNA) in all three MCL cell lines and in the eight MCL patient samples (A). The HepG2 cell line was included as a
positive control for IL-22RA1, and normal B cells was included as a negative control. GAPDH was included as an internal control. West-
ern blot analysis confirmed the protein expression of IL-22RA1 in all three MCL cell lines and the eight MCL patient samples (B). HepG2
cells were used as a positive control for IL-22RA1, and normal human B cells were used as a negative control (B).
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1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride and centrifuged at
15,000g for 15 minutes at 4°C. The supernatant was removed, and
50 to 100 μg of protein was run on an SDS–polyacrylamide gel. Af-
ter the proteins were transferred to nitrocellulose membranes, the
membranes were blocked with 5% milk in TBS buffer (20 mM
Tris-HCl, pH 7.6, 150 mM NaCl) and then incubated with primary
antibodies overnight followed by 1 hour of incubation with horserad-
ish peroxidase–conjugated secondary antibody ( Jackson Immunore-
search Laboratories, Inc, West Grove, PA). Membranes were washed
in PBS with 0.05% Tween-20 for 30 minutes between steps. Proteins
were detected using the enhanced chemiluminescence detection kit
(Amersham Life Sciences, Arlington Heights, IL). Antibodies used were
anti-STAT3 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
pSTAT3 (1:500; Santa Cruz Biotechnology), anti-IL-22RA1 (1:1000;

Sigma-Aldrich, Oakville, Ontario, Canada), and anti–β-actin (1:3000;
Sigma-Aldrich).

Immunofluorescence Staining and Confocal Microscopy
Immunofluorescence was performed using standard techniques.

Briefly, cells grown on coverslip in a six-well plate were fixed with
4% paraformaldehyde in PBS. Cells were rinsed three times with
1× PBS, incubated with 30 μl of anti–IL-22RA1 (1:50; Sigma-
Aldrich) antibody overnight followed by rinsing three times with
1× PBS. After incubating with 200 μl of Alexa Fluor 488 second-
ary antibody (1:250; Invitrogen, Burlington, Ontario, Canada) for
1 hour at room temperature, cells were rinsed with PBS, and the pro-
cedure was completed with a mounting medium (Dako, Mississauga,
Ontario, Canada) added to the slides. Cells were visualized with a

Figure 2. Flow cytometric detection of IL-22RA1 in MCL cell lines. (A) Three MCL cell lines were subjected to flow cytometry analysis
with a specific anti–IL-22RA1 antibody. All three cell lines were shown to express IL-22RA1. The black lines correspond to the isotype
control and the red lines illustrate the IL-22RA1 reactivity. (B) Flow cytometry analysis was also performed using the peripheral blood
mononuclear cells from a healthy donor. The black lines correspond to the isotype control, and the green lines illustrate IL-22RA1 re-
activity. Normal peripheral blood mononuclear cells (total) as well as specific subsets of cells (including lymphocytes, monocytes, and
granulocytes) were negative for IL-22RA1. The positive control (HepG2 cell line) showed a strong signal. The gating strategy is illustrated
in the right lower panel.
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Zeiss LSM 510 (Carl Zeiss, Toronto, Canada) confocal microscope at
the Core Cell Imaging Facility, Cross Cancer institute.

Flow Cytometric Detection of IL-22RA1 MCL Cell Lines
MCL cells were fixed in the CytoFix Buffer from Becton Dickinson

Biosciences (Franklin Lakes, NJ) washed in cold PBS, centrifuged, and
resuspended in the FACS staining buffer purchased from Becton
Dickinson. Cells were incubated with primary antibodies for 60 minutes
at 4°C in the dark and washed twice using cold buffer between incuba-
tions. The following antibodies were used: unconjugated mouse IgG1 as
the isotype control (10 μg/ml; Santa Cruz Biotechnology), unconjugated
mouse anti–human IL-22RA1 (IgG1, 10 μg/ml; R&D Systems), and
phycoerythrin-conjugated rat anti–mouse antibody (IgG1, 5 μg/ml;
Becton Dickinson). Flow cytometry was performed using the FACScan
(Becton Dickinson, Toronto, Canada), and data were analyzed using the
accompanying CELLQuest software as per manufacturer’s guidelines.

Reverse Transcription–Polymerase Chain Reaction
Total cellular RNA was extracted from 1 × 106 cells from Mino,

SP53, Jeko-1, purified human B cells, and HepG2 cell lines using the
TRIzol extraction method (Invitrogen). Reverse transcription (RT) was
performed using 500 ng of total RNA in a first-strand complementary
DNA synthesis reaction with SuperScript Reverse Transcriptase as
recommended by the manufacturer (Invitrogen). Primer pairs were de-
signed to detect IL-22, IL-22RA1, and IL-10R2. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal control.
Polymerase chain reaction (PCR) was performed by adding 5 μl of RT
product into a 25-μl volume reaction containing 1× buffer, 200 μM of
each dNTPs, oligonucleotide primer, and 0.2 U of AmpliTaq polymer-
ase. The primer sequences and PCR cycles are shown in Table 1. For
DNA amplification, complementary DNA was denatured at 94°C for
1 minute, subjected to primer annealing at 60°C for 1 minute, and then
subjected to DNA extension at 72°C for 1minute for 35 cycles in a ther-
mal cycler (Applied Biosystems, Foster City, CA). Amplified products
were analyzed by DNA gel electrophoresis in 1% agarose and visualized
by the Alpha Imager 3400 (Alpha Innotech, San Leandro, CA).

Cell Growth Assay
For the MTS assay (Promega, Madison, WI), 5000 cells were seeded

in 96-well culture plates and treated daily with recombinant IL-22 up to

6 days. Cell proliferation was then measured colorimetrically at 450 nm
using a Microplate reader (BioRad, Hercules, CA), and absorbance
values were normalized using the Microplate Manager 5.2.1 (BioRad).

MCL Tumors and Immunohistochemistry
All MCL primary tumors were diagnosed at the Cross Cancer In-

stitute, and the diagnostic criteria were based on those described in
the World Health Organization Classification Scheme [1]. All cases
were confirmed to express cyclin D1 by immunohistochemistry. The
use of these tissues has been approved by our institutional ethics com-
mittee. Immunohistochemical staining was performed using standard
techniques. Briefly, formalin-fixed, paraffin-embedded tissue sections
of 4-μm thickness were deparaffinized and hydrated. Heat-induced
epitope retrieval was performed using Tris buffer (pH 9.9; Dako)
and a rapid microwave histoprocessor (RHS; Milestone, Bergamo,
Italy). After incubating at 100°C for 10 minutes, slides were washed
in running tap water for 5 minutes, and endogenous peroxidase was
blocked using 10% H2O2 and methanol followed by washing in run-
ning tap water. Tissue sections were then incubated with anti–IL-
22RA1 (1:500; Capralogics, Hardwick, MA) overnight in a humidified
chamber at 4°C. After three washes with PBS, tissue sections were
incubated with anti–rabbit IgG (EnVision, Dako) for 30 minutes
at room temperature. The tissue sections were incubated with 3,3′-
diaminobenzidine/H2O2 (Dako) for color development, using hema-
toxylin as a counterstain. For IL-22RA1, liver tissues were used as a
positive control, and benign tonsils were used as a negative control.

Statistical Analysis
All the experiments were performed in triplicate. Student’s t test

was used. P < .05 was considered to be statistically significant.

Results

Expression and Subcellular Localization of IL-22RA1 in
MCL Cell Lines and Tumors

We first demonstrated the expression of IL-22RA1 using RT-PCR.
RNA extracted from eight MCL frozen tumors and three cell lines
were used, and the results are illustrated in Figure 1A. Amplifiable
IL-22RA1 signal was detectable in all eight tumors (labeled MCL-
P1 to MCL-P8) and in all three cell lines examined (Mino, SP53,

Figure 3. Subcellular localization of IL-22RA1 in MCL cell lines. Immunofluorescence staining using antibodies directed against IL-22RA1
(lower panel) or control IgG (upper panel) was assessed by confocal microscopy. The results revealed a membranous staining pattern
for IL-22RA1 in the three MCL cell lines, Mino, SP53, and Jeko-1.
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and Jeko-1). HepG2 (a hepatocarcinoma cell line) and benign B cells
served as the positive and negative controls, respectively. The PCR
products were sequenced and confirmed to be full-length IL-22RA1
(not shown).

We then detected the protein expression of IL-22RA1 in MCL
cells using Western blot. As shown in Figure 1B, IL-22RA1 protein
was detectable in the same eight MCL tumors and three MCL cell
lines used for Figure 1A. HepG2 and benign peripheral blood B cells
served as the positive and negative controls, respectively. As shown in
Figure 2A, the expression of IL-22RA1 on the surface of MCL cells
was detectable by flow cytometry; specifically, all three MCL cell
lines showed a significant shift to the right compared with the isotype
controls. Triplicate experiments were performed, and results from a
representative experiment are shown. In contrast, peripheral blood
mononuclear cells, as well as the gated lymphocytes, monocytes,
and granulocytes, revealed no appreciable shift compared with the

isotype controls (Figure 2B). HepG2 cells served as the positive con-
trols in these experiments.

We then assessed the subcellular localization of IL-22RA1 using im-
munofluorescence staining and confocal microscopy. As shown in Fig-
ure 3, IL-22RA1 was found localized to the cell membrane of MCL
cells. The isotype control revealed no detectable signal. Using immu-
nohistochemistry applied to paraffin-embedded MCL tumors (n =
10), we were able to demonstrate membranous staining of IL-
22RA1 in all cases (Figure 4, B–D). In contrast, reactive tonsilar lym-
phoid tissues including the mantle zone were negative (Figure 4A).

Expression of IL-22RB in MCL Cell Lines and Tumors
Using RT-PCR, we then assessed the expression of IL-10RB, the

other subunit of the IL-22 receptor, in MCL cell lines and patient
samples. As shown in Figure 5, amplifiable IL-10RB signals were

Figure 4. Detection of IL-22RA1 by immunohistochemistry in MCL tumors. Immunohistochemical staining of IL-22RA1 using paraffin-
embedded tissue sections. (A) Benign lymphoid tissues in reactive tonsil showed no reactivity in the mantle zones and a faint back-
ground staining in the germinal centers (magnification, ×200). (B) Neoplastic lymphoid nodules in a case of MCL showed definitive
reactivity with anti–IL-22RA1 (magnification, ×40). (C and D) The neoplastic nodules in a case of MCL showed reactivity with anti–IL-
22RA1, whereas the benign infiltrating lymphocytes adjacent to the neoplastic nodules (as highlighted by the black arrows) were neg-
ative (magnifications, ×200 and ×400, respectively).

Figure 5. IL-10RB expression in MCL cell lines and tumors. RT-PCR to detect the expression of IL-10RB was performed using a specific
set of primer (Table 1). Amplifiable IL-10RB signals were detectable in all three MCL cell lines (A) and five MCL tumor samples (B).
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Figure 6. IL-22 expression in MCL. RT-PCR studies demonstrated the presence of IL-22 mRNA in MCL tumors. HepG2 cells were in-
cluded as a negative control and GAPDH was included as an internal control. MCL cell lines are negative for IL-22 (A). In eight MCL
tumor samples, five are positive for IL-22 mRNA (B). In contrast, HepG2 cells and normal B cells were negative.

Figure 7. Addition of rIL-22 increased the number of viable cells. Treatment of three MCL cell lines with rIL-22 (20 ng/ml daily) induced a
significant increase in the number of viable cells, as revealed by the Trypan blue exclusion assay (A, D, and G). Four independent ex-
periments were performed. Error bars, SDs with the indicated P value. Using the MTS assay, we found that the rIL-22 treatment of MCL
cells induced a significant increase in the number of viable cells (B, E, and H). Six independent experiments were performed. Western
blot studies revealed that treatment with rIL-22 (0, 5, 10, 20, 40, and 80 ng/ml) for 30 minutes increased the level of pSTAT3 in all three
MCL cell lines (C, F, and I).
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Figure 7. (continued).
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Table 2. IL-22RA1 Human Promoter.

GTTCAGCCCCATCTCTAGCACAGCAGAAAGAATCACTGAAGTTTGAGTTCCATTTTTTTTCTAAACTTTT
GCAGATCCTAGACCCAAAGGCTCAAGGTAAGAGCGGCTGGGCTTCCTCACCCCCAACGGCCTCTCTAGGG
GAGAGCTGTTCCCAAGCCCAAGCCCCAAGCGTGGGGACCTGCCTTGATATGGAGGATCAAGGAGGAGCATCG
GGTGCCCTCAATCTCCTCCTGCCAGAAAAGCAAAGGAGTCACAGCTTTTCCTTTGCTGCAAGAAACATTC
TGGGACCTTTTTTTTCCCCCTCTGTTGTCCAGTTATTTTCATCAGGGTAAATCCCCTAGGAATAGAATTA
TTAAAGCAAAAGATATGTATGTGGTGTAGGCTTTTGATCCACAGTGCCAAATTGCTTTTTGATAAGGCTG
CATATCGTGGATTATTCTTGCCTTTTCTGCCCCTCAGCTCCTTGATAAACCACTTGGGATGAATCAGCCA
CCGGACCAGATAAACAAGCCAGCCTGTTACTATTGCTGTTTTCTGCAAGTCGGAAGGGAACTCCCTTAGA
TCCCGCCCAGAACCTGGAATTCCAGAGCACACAGGGCCAGGACACCTTTGTACCCCTGCTCCCCACCGGC
ACAGGTCCCACCCACCCCCTTCTCCCCGCCCCATGCCCGGGTGGAGCCAGCTGCCAGGGCCAAGACTC
CCAGCCCTCTCTCTGTGCACGGCAGAGTAGAGGCCAAGGGAGGGCTCTGTGCCAGCCCGATGAGGACGC
TGCTGACCATCTTGACTGTGGGATCCCTGGCTGGTGAGTGCCCATCTACCCTGTGGTCAGACCTCCCTTA

▭ NF-κB consensus site.

Figure 8. IL-22RA1 expression is dependent on NF-κB activation. MCL Mino cells were treated with two potent NF-κB inhibitors, includ-
ing 6-amino-4-(phenoxyphenylethylamino)quinazoline (A and C) and E -2-fluoro-4′-methoxystilbene (B and D). Inhibition of NF-κB activa-
tion induced a dose-dependent decrease in the level of IL-22RA1 protein expression (A and B) and transcript expression (C and D).
Quantification of the IL-22RA1 protein expression is summarized in the lower panel for each inhibitor.
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detected in all cell lines and patient samples examined. The PCR
products were sequenced and confirmed to be full-length IL-10RB.

IL-22 Expression in MCL Cell Lines and Tumors
Using RT-PCR, we assessed if IL-22 is produced by MCL cells. As

shown in Figure 6A, no IL-22 signal was detectable in all three MCL
cell lines. In contrast, of the eight MCL tumor samples, amplifiable
IL-22 signal was detectable in five (63%) cases. Both benign periph-
eral blood B cells and HepG2 were negative (Figure 6B).

IL-22 Promotes Cell Growth and Activates STAT3 in
MCL Cells

To assess if the IL-22 signaling pathway is functionally intact and
if it exerts any significant biological effects in MCL cells, we added
rIL-22 to the cell culture of all three MCL cell lines (i.e., with 20 ng/ml
daily for up to 6 days). Daily cell counts were performed using Trypan
blue exclusion test. A significant increase in the number of viable
cells was observed on days 5 and 6 in all three cell lines (Figure 7,
A, D, and G ). To further support this finding, we performed MTS
assay under the same experimental condition; cells treated with rIL-
22 had a significant higher viable cell number than those without
rIL-22 on day 5 (Figure 7, B, E , and H ).

Because rIL-22 has been reported to activate various cell signaling
pathways, including that of STAT3, in a number of nonhematologic
cell lines [18,28,44,45], we investigated if rIL-22 also contributes to
STAT3 activation in MCL cells. We found that MCL cells treated
with increasing concentrations (from 5 to 80 ng/ml) of rIL-22 for
30 minutes showed a dose-dependent increase in the level of pSTAT3.
The expression levels of cyclin D1 and Bcl-2 were unchanged after
30 minutes of incubation with rIL-22.

IL-22RA1 Expression Can Be Partly Attributed to NF-κB
Activation in MCL

To investigate the mechanism underlying the aberrant expression
of IL-22RA1 in MCL, we analyzed the gene promoter of the IL-
22RA1 gene. Gene sequence analysis revealed that the IL-22RA1
gene promoter contains three consensus binding sequences for NF-
κB (illustrated in Table 2). Because NF-κB has been shown to be
biologically important for MCL [46,47], we hypothesized that NF-
κB may contribute to the aberrant expression of IL-22RA1 in this
cell type. Thus, we treated MCL cells lines with two highly specific in-
hibitors of NF-κB, including 6-amino-4-(phenoxyphenylethylamino)
quinazoline [48–52] and E -2-fluoro-4′-methoxystilbene [53]. As
shown in Figure 8, treatment of Mino cells with these two NF-κB
inhibitors for 24 hours induced a dose-dependent decrease in the pro-
tein expression of IL-22RA1. In this period, no evidence of cell death,
as assessed by Trypan blue exclusion test, was noted.

Discussion
Recent studies have provided insights into the biology of MCL. In ad-
dition to the overexpression of cyclin D1, a large number of biochem-
ical and genetic abnormalities have been identified in these neoplasms,
such as the constitutive activation of various signaling pathways includ-
ing those of STAT3 [17], Wnt [16], and NF-κB [46,47]. Our results
have provided evidence that IL-22RA1 is consistently expressed in
MCL cell lines and tumors. This conclusion is based on the results
of three different techniques, including RT-PCR, Western blots, and
confocal imaging. By contrast, IL-22RA1 is not detectable in benign

B cells. To our knowledge, this represents the first report in which the
aberrant expression of IL-22RA1 in a B-cell lymphoma is described.

We found that the IL-22 signaling is functional and biologically
significant in MCL cells. Specifically, the addition of rIL-22 activates
STAT3 and significantly promotes cell growth in all three MCL cell
lines. Our observations that rIL-22 promotes cell growth in MCL
correlates well with the previous reports that IL-22 promotes cell pro-
liferation and antiapoptotic effects in epithelial cell lines [39,54].
Our finding that rIL-22 activates STAT3 in MCL cells also correlates
well with the findings in various epithelial cell lines [41,45].

Regarding the source of IL-22, we found that most (63%) of our
cohort of MCL frozen tumors had detectable IL-22 expression,
whereas all three MCL cell lines did not produce detectable IL-22.
This finding indicates that IL-22 stimulation of MCL cells exists
in vivo in a subset of cases. Because IL-22 is normally produced by
T cells, endothelial cells, and histiocytes [23,24,26], it is highly pos-
sible that these same cell types may also release IL-22 in the tumor
microenvironment and promote the cell growth of MCL cells in vivo.
Moreover, IL-22 also has been shown to be present in the peripheral
blood of healthy people [37,55,56], and thus stimulation of MCL
cell can be maintained while they are in the circulation.

We also investigated the mechanism by which IL-22RA1 is aber-
rantly expressed in MCL cells. In this study, we found that IL-22RA1
expression can be partly attributed to NF-κB signaling because inhi-
bition of this pathway using two structurally different pharmacologic
agents resulted in a dramatic reduction of IL-22RA1 protein expres-
sion. The specificity of these two compounds has been previously
documented [48,53]. Of note, we previously investigated how IL-
22RA1 is aberrantly expressed in another type of malignant lymphoma,
namely ALK-positive anaplastic large cell lymphoma; we found that
IL-22RA expression in these cells was related to the oncogenic fusion
protein NPM-ALK that is characteristic of this type of lymphoma [42].
Taken together, the mechanisms leading to IL-22RA1 expression in
malignant lymphoid cells are likely to be variable and/or multifactorial.

In summary, we have demonstrated for the first time that IL-22RA1
is aberrantly expressed in a B-cell lymphoma. Our data also has pro-
vided evidence that IL-22 stimulation is biologically important, by
promoting the growth of MCL cells and activating the signaling of
STAT3, a protein known to be oncogenic when inappropriately acti-
vated. Targeting IL-22RA1 and/or blocking the endogenous produc-
tion of IL-22 may be a useful therapeutic strategy for MCL.
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