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Introduction

Chronic inflammation is a general feature of actively
growing tumours by serving as a mechanism for vasculari-
zation in order to supply the rapidly growing cells with
nutrients and a conduit for metastasis. Additionally, the intra-
tumoural vasculature provides populations of Th17 cells
access to the tumour mass, where these helper T cells have
been shown to accumulate during tumour progression [1].
Currently, IL-17 derived from these tumour-resident T cells
has been shown to have both pro-tumour and anti-tumour
effects [2-10]. That is, IL-17 can stimulate production of
angiogenesis factors for survival and metastasis or recruit
neutrophils secreting proinflammatory cytokines for tumour
eradication. However, tumours do not generally express the
IL-17R, thereby limiting the effects mediated to the respond-
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Summary

Interleukin (IL)-22 is a cytokine involved in inflammatory and wound healing
processes that is secreted primarily by T helper type 17 (Th17) cells. IL-22
receptor (IL-22R) expression is limited to epithelial cells of the digestive
organs, respiratory tract and skin. Most tumours originating in these sites
over-express IL-22R. Interestingly, there is an increase in Th17 frequency
within the peripheral blood and tumour microenvironment of advanced
cancer patients. Subsequently, IL-17 has been shown to display both pro-
tumour and anti-tumour functions. Because many tumours lack expression of
the IL-17 receptor, the effects of IL-17 on tumour growth are generated by
cells that surround the tumour cells. Like IL-17, high levels of IL-22 have been
detected in tumour tissues and the peripheral blood of cancer patients;
however, the direct effect of IL-22 on tumour cells has remained largely
unknown. In this report, we show that IL-22 stimulated production of vascu-
lar endothelial growth factor (VEGF) and the anti-apoptotic factor Bcl-X; in
IL-22R-positive HPAFII human pancreatic cancer cells. Additionally, IL-22
augmented HPAFII cell production of immunosuppressive cytokines. We
show further that IL-22 activation of HPAFII cells diminished T cell produc-
tion of interferon (IFN)-y through the action of IL-10. Strikingly, we show for
the first time that IL-22 can fully protect cancer cells from natural killer (NK)
cell-mediated cytotoxicity by stimulating tumour production of IL-10
and transforming growth factor (TGF)-B1. Our data support the idea that
IL-22 may act to promote the pathogenesis of cancers rather than function in
anti-tumour immunity.
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ing population of cells resident within the tumour microen-
vironment [11,12]. While the role of IL-17 in tumour growth
and development has become clearer in recent years,
studies of other relevant Th17-associated molecules are quite
limited.

Another major product of Th17 cells is the cytokine IL-22.
The receptor for IL-22 consists of a heterodimeric complex
composed of the IL-22R alpha chain and IL-10 receptor 2
(IL-10R2) [13]. IL-22R is expressed in non-immune cells,
such as the kidney, liver, skin, colon, lungs and pancreas
[14-20]. Interestingly, the highest expression of IL-22R has
been demonstrated in the colon, skin and pancreas as well as
many tumour lines derived from these tissues [13]. Because
these tumours preserve, and in many cases increase, expres-
sion of the IL-22R, it is thus likely that signalling induced by
IL-22 ligation results in pro-tumour effects. Accordingly, the
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pro-tumour effects currently attributed to infiltrating Th17
cells may be due to the biological activities of secreted IL-22.
To this end, we have employed an IL-22R-positive human
pancreatic adenocarcinoma cell line HPAFII [17] and evalu-
ated the outcome of IL-22 signalling upon tumour produc-
tion of growth and survival factors as well as susceptibility to
lymphocyte-mediated cytotoxicity.

Materials and methods

Cell lines and reagents

Human HPAFII pancreatic adenocarcinoma (CRI-1997)
E6:1 CD4" (Jurkat T) cells (TIB-152) and NK-92MI natural
killer-like cells (CRL-2408) were obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA). The
HPAFII cells were maintained in Eagle’s minimum essential
medium containing 10% fetal bovine serum and gentamicin.
Jurkat T cells were maintained in RPMI-1640 medium con-
taining 10% fetal bovine serum and gentamicin. NK-92MI
cells were maintained in alpha minimum essential medium
containing 12-5% fetal bovine serum, 12:5% horse serum,
0-1 mM 2-mercaptoethanol, 0-02 mM folic acid, 0-2 mM
inositol and gentamicin. All cell lines were cultured and
maintained at 37°C in a humidified atmosphere of 5% CO,
and 95% air.

IL-22 (Peprotech, Rocky Hill, NJ, USA) was reconstituted
in the complete media used for HPAFII cells and added
to cultures at a concentration of 200 ng/ml. The signal
tranducer and activator of transcription (STAT) signalling
inhibitor, Tyrphostin AG490 (Sigma-Aldrich, St Louis, MO,
USA), was dissolved in dimethylsulphoxide (DMSO) and
added to cultures at a concentration of 100 uM. Antibody
against human IL-10 receptor (0IL-10R), clone 90220 (R&D
Systems, Minneapolis, MN, USA) was used at a concentra-
tion of 2 pg/ml. Antibody against transforming growth
factor (TGF)-B1 (oTGF-B), clone TB21 (Abcam, Cam-
bridge, MA, USA), was used at a concentration of 2 ug/ml.
For blockade experiments, mouse immunoglobulin (Ig)G1
(mIgGl), clone 11711 (R&D Systems) served as an isotype
control and was used at a concentration of 2 ptg/ml.

Detection of phosphorylated STAT-3

All procedures were carried out according to the manufactur-
er’s instructions (R&D Systems). Briefly, HPAFII cells
(3—-5x10°) were cultured at the given times with either IL-22,
AG490 or IL-22 +AG490. Following incubation, cells
were isolated by centrifugation, washed in cold phosphate-
buffered saline (PBS) and resuspended at 10 x 10° cells/ml in
lysis buffer (50 mM Tris (ph7-4), 150 mM NaCl, 1% NP-40
alternative, 0-5% sodium deoxycholate, 0-1% sodium dodecyl
sulphate and 100 pl protease inhibitor cocktail). After incu-
bation on ice for 5 min, supernatant was collected and total
protein concentration determined by spectrophotometry.
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Subsequently, phosphorylated STAT-3 was quantitated by
enzyme-linked immunosorbent assay (ELISA) according to
R&D Systems’ standard protocol from 10-30 g of total cell
protein in 100 ul of reagent diluent [5% bovine serum
albumin (BSA), 0-5% Tween20 in PBS]. The capture antibody
was mouse anti-human STAT-3 (Y705) (R&D Systems) anti-
body and detection antibody was biotinylated rabbit anti-
human phospho-STAT-3 (R&D Systems) antibody. Graded
amounts of recombinant human phospho-STAT-3 (R&D
Systems) were included for construction of standard curves.
The phosphorylated STAT-3 concentration in cell lysates was
extrapolated from the linear portion of the standard curve.
All ELISA procedures were read on a spectrophotometer
(Beckman Coulter Inc., Indianapolis, IN, USA) and analysed
using Multimode Detection Software version 2:0.0-12.

Detection of Bcl-X; protein

All procedures were carried out according to the manufac-
turer’s instructions (R&D Systems). Briefly, HPAFII cells
(3-5%10°) were cultured for 20 h, as for measurement of
phosphorylated STAT-3. Subsequently, the cells were iso-
lated, washed and resuspended at 10x10° cells/ml in lysis
buffer [1 mM ethylenediamine teraacetic acid (EDTA), 0-5%
Triton X-100, 10 pg/ml leupeptin, 10 pg/ml pepstatin,
3 ug/ml aprotinin, 100 UM phenylmethylsulphonylfluoride].
After incubation on ice for 15 min, supernatant was collected
and total protein concentration determined. Thereafter,
Bcl-X; was quantitated by ELISA according to R&D Systems’
standard protocol from 10-30 pg of total cell protein in 100
ul of reagent diluent (1 mM EDTA, 0-5% Triton X-100 in
PBS). The capture antibody was rat anti-mouse/human
Bcl-X; (R&D Systems) antibody and detection antibody was
biotinylated rat anti-mouse/human Bcl-X; (R&D Systems)
antibody. Graded quantities of recombinant human Bcl-X;
(R&D Systems) were included for standard curve generation
and Bcl-X; concentrations were extrapolated from the linear
portion of the standard curve.

Stimulation of HPAFII and Jurkat T cell
cytokine production

HPAFII cells (2x10° cells/well) were stimulated with
200 ng/ml of IL-22 for 24 h. Jurkat T cells (1 x 10° cells/well)
were stimulated with 100 ng/ml of phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich) for 24 h in the presence
of 100 pl of supernatant derived from IL-22-stimulated
HPAFII cells. Subsequently, cytokine production by HPAFII
cells and Jurkat T cells was assessed by ELISA from 100 pl of
the culture supernatant.

Detection of cytokines in cell cultures
Detection of IL-10 (R&D Systems), VEGF (R&D

Systems) and TGF-B1 (R&D Systems) was achieved by
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ELISA according to R&D Systems’ reagents and standard
protocols. IFN-y (BD Pharmingen, San Diego, CA, USA) was
detected using BD Pharmingen’s reagents and recom-
mended ELISA procedure. The capture antibodies were
mouse anti-human IL-10 (841825), mouse anti-human
VEGF (841495), mouse anti-human TGF-f1 (840116) and
mouse anti-human IFN-y clone NIB42. Detection biotiny-
lated antibodies were as follows: goat anti-human IL-10
(840196), goat anti-human VEGF (840163), chicken anti-
human TGF-B1 (840117) and mouse anti-human IFN-y
clone 4S.B3. Detection of TGF-B1 required activation of
latent TGF-B1 by acidification (1 N HCI was added to cell
culture supernatant, incubated for 10 min then the sample
was neutralized by adding 12N NaOH/0-5M HEPES).
Recombinant IL-10 (841532), VEGF (840164), TGF-B1
(840118) and IFN-y (554616) were included in the experi-
ments in order to generate standard curves.

Assessment of NK-92MI-mediated cytotoxicity

NK-92MI cells were co-cultured with HPAFII target cells
(5 x 10* cells/well) that may or may not have been incubated
with IL-22 at a 5: 1 (effector : target) ratio for 4 h at 37°C
and 5% CO,. Additionally, oIL-10R or a'TGF-3 was included
in some wells. Cytotoxicity was determined by colorimetric
assay through measurement of lactate dehydrogenase (LDH)
release from the cytosol using an LDH release cytotoxicity
detection kit (Roche Diagnostics, Indianapolis, IN, USA).
The LDH release assay was performed according to the
manufacturer’s instructions. Assay media contained only 1%
serum to reduce background levels of LDH. Optimal cell
concentration for the LDH release was performed prior to
experimentation with NK-92MI cells in order to derive the
number of HPAFII target cells used in the assay. The follow-
ing controls were assessed: background control (LDH activ-
ity in media alone); low control (spontaneous LDH release
by target cells); high control (maximal LDH release by target
cells induced by 1% Triton X-100); and effector control
(spontaneous LDH release by effector cells). Background
control absorbances were subtracted from all absorbance
measures and resultant values substituted into the calcula-
tion for cell-mediated cytotoxicity. Percentage cytotoxicity
was calculated from the mean absorbance values as follows:
[ (effector-target cell mix — effector control) —low control]/
(high control — low control) X 100 (%).

Assessment of LDH release by HPAFII cells in
low serum

HPAFII cells (2-5 x 10° cells/Petri dish) were incubated with
or without IL-22 in media containing 0-1% serum (low
serum media) for 24 h. Cells were harvested, washed with
PBS and incubated 4 h in low serum media and LDH activity
determined by ELISA. Percentages of LDH release were
determined by comparing LDH activity absorbance values
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for untreated and IL-22 stimulated HPAFII cells to the fol-
lowing control: HPAFII cells incubated in media containing
0-1% serum and 1% Triton X-100 for 4 h. The additional
4 h incubation in low serum media permitted measurement
of the control absorbances within the limits of the
spectrophotometer. Background absorbances (media only)
were subtracted from each absorbance measure and the sub-
sequent corrected values were used in the calculation of LDH
release. The HPAFII LDH release was represented as a per-
centage of the maximal release of LDH quantified by the
control for which the absorbance was set at 100%.

Results

IL-22 stimulation of HPAFII cells triggers
STAT-3 phosphorylation

IL-22 binding to IL-22R/IL-10R2 results in tyrosine phos-
phorylation of Janus kinase (Jak) and subsequent activation
of STAT molecules [21,22]. In humans, IL-22 binding to
IL-22R activates STAT-3, and to a much lesser extent STAT-1
[22]. Phosphorylation of STAT-3 molecules results in dimer-
ization and translocation to the nucleus where the dimer
serves as a transcription factor for genes involved in cell
survival and proliferation [23]. Interestingly, STAT-3 has
been shown to support tumour angiogenesis, survival and
immune evasion [24-26]. Given that IL-22 can activate
STAT-3 in normal tissue cells, we sought to determine
whether IL-22 could also promote phosphorylation of
STAT-3 in the IL-22R-positive human pancreatic cancer
line HPAFIIL. As shown in Fig. 1, when HPAFII cells were
incubated with IL-22 a rapid and significant increase in
phosphorylated STAT-3 was detected within 15 min. Phos-
phorylated STAT-3 protein concentration remained 10-fold
higher compared to the control at 30 min post-exposure to
IL-22. Of note, IL-22R-negative Jurkat T cells [17] served as
a negative control for all experiments that assessed the direct
effects of IL-22R signalling in HPAFII cells. Subsequently, no
significant difference was measured between Jurkat T cells
incubated with or without IL-22 (data not shown). Thus,
IL-22 promoted rapid activation of STAT-3 in HPAFII cells.

IL-22-mediated production of angiogenic and
anti-apoptotic factors in HPAFII cells

STAT-3 activation in tumours has been associated with
increased angiogenesis [24,27,28], thus we sought to deter-
mine whether IL-22-mediated STAT-3 activation would
increase VEGF expression in HPAFII cells. In Fig. 2a, IL-22
stimulation of HPAFII cells resulted in a nearly fourfold
increase in the production of VEGF compared to control
(190 versus 49 pg/ml). IL-22-mediated production of VEGF
was dependent upon STAT signalling, as the addition of
AG490, a Jak-STAT signalling inhibitor [29], diminished
VEGF expression (Fig. 2a). Activation of STAT-3 has also
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been associated with the regulation of genes that prevent
apoptosis such as Bcl-X; [24,28]. Accordingly, HPAFII cells
were analysed for expression of Bcl-X; following stimulation
with IL-22. As shown in Fig. 2b, IL-22 induced a significant
increase in Bcl-X; compared to control (11490 versus
8650 ng/ml). This increase in Bcl-X;, expression correlated
with reduced HPAFII cell apoptosis. Consequently, a signifi-
cant release of the cytoplasmic enzyme LDH from HPAFII
cells, incubated in the absence of IL-22, was measured when
the cells were cultured in low serum media (Fig. 2c).
However, HPAFII cells cultured in low serum in the presence
of IL-22 displayed a nearly fourfold reduction in LDH activ-
ity (Fig.2c). Interestingly, control levels of Bcl-X; are
elevated in HPAFII cells in the absence of IL-22 (Fig. 2b),
most probably a consequence of genetic modification such
as constitutive STAT activation, as is common in cancer cells.
Blockade of Jak-STAT signalling by AG490 in IL-22-
stimulated HPAFII cells reduced Bcl-X;, protein concentra-
tion to constitutive levels (Fig. 2b). Neither VEGF nor Bcl-X;,
production was significantly different from the control
(media) when HPAFII cells (or Jurkat T cells) were incu-
bated with AG490 alone (data not shown). Thus, I1L-22-
mediated STAT-3 activation resulted in significantly
increased VEGF and Bcl-X; protein expression in HPAFII
cells. Furthermore, IL-22 enhancement of Bcl-X; expres-
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Fig. 1. IL-22 activation of STAT-3 in HPAFII cells. HPAFII cells were
stimulated with (black bars) or without (white bars) IL-22 up to

30 min. Cell lysates were prepared at 0-, 15- and 30-min time-points
and cytoplasmic phosphorylated STAT-3 (pSTAT-3) levels were
assessed by ELISA. Columns represent mean * standard deviation.
Comparable results were obtained from three independent
experiments. ***P < 0-0001.
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sion correlated with decreased cell death from nutrient
deprivation.

Suppression of T cell IFN-y production and NK cell
cytotoxicity by immunosuppressive cytokines derived
from IL-22-stimulated HPAFII cells

Production of immunosuppressive cytokines such as IL-10
and TGF-B1 is but one mechanism employed by the
tumour to frustrate an effective immune response [30].
Because activation of STAT-3 can increase production of
both IL-10 and TGF-f1 [30-32], we assessed IL-22-
stimulated HPAFII cells for cytokine production. As shown
in Fig. 3, both IL-10 and TGF-B1 production increased
at least twofold relative to the controls and inclusion
of AG490. Therefore, IL-22 stimulation of HPAFII cells
resulted in increased production of the immunosuppressive
cytokines, IL-10 and TGF-B1.

AsIL-22 can provoke HPAFII cell production of IL-10 and
TGF-B1, we wanted to assess whether stimulated HPAFII
cells could suppress immune responses in vitro. Hence,
HPAFII cells were stimulated with IL-22 overnight and cell
supernatant collected. The HPAFII supernatant was then
added to a culture of Jurkat T cells concurrent with stimu-
lation by PMA and assessed for IFN-y secretion. In Fig. 4a,
when unstimulated HPAFII cell supernatant (HPAF sup)
was added, Jurkat T cells produced nearly twofold more
IFN-y compared to Jurkat T cells incubated with supernatant
derived from IL-22-stimulated HPAFII cells (HPAF+IL-22
sup). We used supernatant from the cultured HPAFII cells to
rule out any potential cell-cell inhibitory effects contributed
by the tumour cells [30]. To confirm that the reduction of
Jurkat T cell IFN-y was due to the action of IL-10, we
employed antibody to block the IL-10 receptor and
re-examined IFN-y production. Indeed, the addition of anti-
IL-10 receptor (oIL-10R) antibody during activation of
Jurkat T cells, co-cultured in the presence of IL-22-
stimulated HPAFII supernatant, restored production of
IFN-y. Inclusion of the isotype control, mouse IgGl
(mIgG1l), rather than oIL-10R, failed to re-establish IFN-y
production (Fig. 4a). Thus, IL-22-mediated HPAFII cell pro-
duction of IL-10 operated to suppress IFN-y production by
activated Jurkat T cells.

Next, we investigated whether IL-22 would support
HPAFII cell resistance to NK cell cytotoxicity, to our knowl-
edge a hypothesis not tested previously. To this end, HPAFII
cells stimulated with IL-22 served as target cells in a cytotox-
icity assay using the NK cell line NK-92MI. The NK-92MI
line, an IL-2-independent NK cell line highly cytotoxic to a
wide range of malignant cells, however, has yet to be tested
against HPAFII cells. As shown in Fig. 4b, HPAFII cells are
highly susceptible to NK-92MI cytolysis (media), as 85% of
the tumour cells are lysed during the 4-h assay. Strikingly,
prior stimulation of HPAFII cells with IL-22 completely pro-
tected HPAFII cells from NK-92MI-mediated cytotoxicity
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(Fig. 4b, black bar). From this result, we postulated that
resistance to cytotoxicity may be mediated by HPAFII secre-
tion of IL-10 and/or TGE-B1. Therefore, oIL-10R and/or
anti-TGF-B1 (oTGF-B) antibodies were included in the
assays. As shown in Fig. 4b, when added separately, either
antibody alone only partially restored NK-92MI cytotoxicity.
However, addition of both antibodies enhanced tumour sus-
ceptibility by nearly 40% compared to either antibody alone.
Therefore, IL-22 conferred to HPAFII cells absolute resis-
tance to NK-92MI cell cytotoxicity through the actions of
tumour-derived IL-10 and TGF-BI.
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Fig. 2. Increased HPAFII cell expression of VEGF and Bcl-X; upon
1L-22 stimulation. (a) HPAFII cells were incubated with IL-22 (black
bar) or IL-22 and AG490 (grey bar) for 24 h and VEGF secretion
determined by ELISA. Wells containing only cells and media were
included as a control (white bar). (b) HPAFII cells were incubated as
in (a) (20 h) and assessed for cytoplasmic expression of Bcl-X;, protein
by ELISA from cell lysates. (c) HPAFII cells were incubated in the
presence (black bar) or absence (white bar) of IL-22 in low serum
media for 24 h. Subsequently, LDH activity was assessed by ELISA
following an additional 4 h incubation in low serum media. HPAFII
cells cultured for 4 h in low serum media and 1% Triton X-100 served
as the control (maximum LDH release). Columns represent

mean * standard deviation. Comparable results for VEGF, Bcl-X; and
LDH release were obtained from three independent experiments for

each. **P < 0-001.
<

Discussion

Few studies to date have addressed the role of IL-22 in
cancer. In this report, we endeavoured to assess the outcome
of IL-22 signalling in an IL-22R-positive pancreatic cancer
cell line HPAFIL. IL-22 can promote phosphorylation of
STAT-3 and activation of this STAT has been shown to occur
in many human tumours, leading to production of proteins
involved in cell proliferation and survival as well as cancer
vascularization and immune evasion [24-26]. Indeed,
HPAFII cells stimulated with IL-22 secreted VEGE, IL-10 and
TGF-B1 and increased cytoplasmic expression of Bcl-X;.
IL-22-mediated increase in Bcl-X; expression correlated with
enhanced HPAFII cell survival during culture in low serum.
We attempted to link HPAFII production of IL-10 and
TGEF-B1 with a capacity to suppress immune responses in
vitro. Neutralization of IL-10 signalling in activated Jurkat
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Fig. 3. 1L-22 augmentation of HPAFII IL-10 and TGF-B1 secretion.
HPAFII cell production of IL-10 (a) and TGF-B1 (b) was assessed by
ELISA following a 24-h incubation with IL-22 (black bars) or IL-22
and AG490 (grey bars). Wells containing cells and media only

were included as a control (white bar). Columns represent

mean = standard deviation. Comparable results for IL-10 and TGF-31
were obtained from three independent experiments for each.

*P < 0-01; **P < 0-005.
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Fig. 4. 1L-22-mediated HPAFII suppression of Jurkat T cell IFN-y
production and NK-92MI cytotoxicity. (a) HPAFII cells were stimu-
lated with IL-22 and supernatant collected after 24 h. Jurkat T cells
were incubated with both PMA and supernatant derived from IL-22
activated HPAFII cells (black bar) for 24 h and IFN-vy secretion
assessed by ELISA. Jurkat T cell IFN-y production upon blockade of
IL-10 signalling was determined by supplementation of cultures with
oIL-10R (dashed horizontal bar). Jurkat T cells incubated with PMA
and either supernatant from unstimulated HPAFII cells (white bar)
or supernatant from IL-22-activated HPAFII cells and mouse
immunoglobulin (Ig)G1 (grey bar) were included as controls.

(b) NK-92MI cells were cultured for 4 h with IL-22-stimulated
HPAFII target cells (black bar) at an effector : target ratio of 5: 1
and cytotoxicity determined by LDH activity released by lysed cells.
NK-92MI per cent cytotoxicity, upon cytokine blockade, was
assessed by addition of oIL-10R (dashed horizontal bar), o-TGF-
(dashed vertical bar) or TGF-B (grey bar) antibodies. NK-92MI cells
cultured with IL-22-stimulated HPAFII cells and mIgG1 (vertical
hatched bar) or HPAFII cells preincubated in media alone

(white bar) were included as controls. Columns represent the

mean * standard deviation. Comparable results for all conditions
were obtained from three independent experiments for each.

**P < 0-001; ***P < 0-0001.

T cells restored IFN-y production when co-incubated with
supernatant from IL-22-stimulated HPAFII cells. We also
showed that HPAFII-derived IL-10 and TGF-B1 directly
inhibited the cytolytic activity of a potent NK cell line
NK-92MI. To our knowledge, this is the first in-vitro dem-
onstration of a role for IL-22 in tumour cell resistance to
lymphocyte-mediated cytotoxicity. Thus, IL-22 stimulation
of HPAFII cells leads to production of angiogenic and sur-
vival factors as well as immunosuppressive cytokines, which
offers insight into the functioning of IL-22 in tumour
growth and immune evasion in vivo.

Recently, IL-22 was shown to support the growth of
mantle cell lymphoma (MCL) [33], anaplastic large cell lym-
phoma (ALCL) [34] and colon carcinoma cell lines [17]
through STAT-3 activation. Moreover, increased serum and

© 2012 The Authors
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tumour tissue levels of IL-22 were detected in both non-
small cell lung carcinoma (NSCLC) [35] and multiple
myeloma patients [36]. Interestingly, IL-22 protected
NSCLC cell lines from starvation- and chemotherapeutic-
induced apoptosis through STAT-3 up-regulation of the
anti-apoptotic factors, Bcl-2 and Bcl-X; [35]. This is in
agreement with our findings involving IL-22 augmentation
of HPAFII expression of Bcl-X; and correlation with protec-
tion from cell death induced during nutrient deprivation.
Thus, IL-22 may facilitate growth in a wide range of IL-22R-
positive tumours by increasing anti-apoptotic factor
expression.

Activated STAT-3 has also been shown to stimulate
tumour angiogenesis through the up-regulation of VEGF
[24,27,28,37]. Mice transplanted with the human hepa-
tocellular carcinoma cell line MHCC-97H displayed
enhanced growth and metastasis of the tumour upon
co-transplantation with IL-22-producing tumour infiltrat-
ing lymphocytes [38]. IL-22 production augmented STAT-3
activation which increased VEGF expression, thereby pro-
moting the MHCC-97H growth and metastasis in vivo.
This is in agreement with our data using the HPAFII
pancreatic cancer line, as increased VEGF secretion was
demonstrable upon IL-22 stimulation. Hence, IL-22 may
support the growth of tumours through VEGF-mediated
angiogenesis.

Using an in-vitro model, we have suggested that IL-22
may play a role in tumour immune evasion by indirectly
suppressing both T cell IFN-y production and NK cytotox-
icity. Previously, Nagalakshmi et al. showed that IL-22
could stimulate IL-10 production by Colo205 colon epithe-
lial cells [17]. If HPAFII cells could also produce IL-10 in
response to IL-22, this would provide a mechanism
whereby tumour cells might suppress inflammatory
immune responses. In this study we show that IL-22 was
able to stimulate HPAFII cells to secrete IL-10 which, in
turn, diminished Jurkat T cell IFN-y production, as con-
firmed by IL-10R blockade. In support of this mechanism,
Halak et al. has shown that tumour-induced IL-10 could
inhibit anti-tumour Thl response development, as well as
approaches to generate an IFN-y-producing T cell popula-
tion using immunogenic non-tumour antigen at the
tumour site [39]. In terms of lymphocyte-mediated killing,
IL-22 imparted to HPAFII cells complete resistance to
NK-92MI cell cytotoxicity through the action of both IL-10
and TGF-B1. While TGF-B1 has been shown previously to
impact NK cell activity negatively both in vitro and in vivo
[40,41], this is the first demonstration that a Th17-derived
cytokine, IL-22, can promote the production of TGF-B1 by
a human tumour line and such TGF-B1 can operate to
impair NK cell function in vitro. Therefore, IL-22 signalling
may serve as a mechanism for IL-22R-positive tumours to
escape anti-tumour immunity mediated by Thl and NK
cells; however, subsequent in-vivo studies are needed to
confirm this proposal.
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Interestingly, administration of IL-22 small interfering
RNA to Balb/c nude mice, which had been challenged pre-
viously with IL-22-expressing NSCLC cells, was shown to
decrease tumour volume and weight over time [35]. Our
work provides a possible explanation for this result. As nude
mice have increased numbers of functional NK cells, we
suggest that the observed anti-tumour response was due to
alleviation of IL-22 pro-tumour effects, thereby permitting
effective NK cell-mediated killing of the xenograft tumours.

In summary, we have shown that IL-22 can promote pro-
tumour effects in a human pancreatic cancer cell line, which
sheds light upon the possible role of IL-22 in tumour growth
and development in vivo. Given that IL-22R is restricted to
tissues of epithelial origin, blockade of endogenous IL-22
might be a useful approach in the treatment of varying types
of IL-22R-positive cancers.
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