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Inhibition of the MAP3 kinase Tpl2 protects rodent and
human gB-cells from apoptosis and dysfunction induced
by cytokines and enhances anti-inflammatory actions
of exendin-4

EM Varin™25, A Wojtusciszyn'?%5, C Broca?, D Muller', MA Ravier', F Ceppo*, E Renard'?3, J-F Tanti**® and S Dalle*'?%5

Proinflammatory cytokines exert cytotoxic effects on f-cells, and are involved in the pathogenesis of type | and type Il diabetes and
in the drastic loss of g-cells following islet transplantation. Cytokines induce apoptosis and alter the function of differentiated
p-cells. Although the MAP3 kinase tumor progression locus 2 (Tpl2) is known to integrate signals from inflammatory stimuli in
macrophages, fibroblasts and adipocytes, its role in g-cells is unknown. We demonstrate that Tpl2 is expressed in INS-1E g-cells,
mouse and human islets, is activated and upregulated by cytokines and mediates ERK1/2, JNK and p38 activation. Tpl2 inhibition
protects g-cells, mouse and human islets from cytokine-induced apoptosis and preserves glucose-induced insulin secretion in
mouse and human islets exposed to cytokines. Moreover, Tpl2 inhibition does not affect survival or positive effects of glucose (i.e.,
ERK1/2 phosphorylation and basal insulin secretion). The protection against cytokine-induced g-cell apoptosis is strengthened
when Tpl2 inhibition is combined with the glucagon-like peptide-1 (GLP-1) analog exendin-4 in INS-1E cells. Furthermore, when
combined with exendin-4, Tpl2 inhibition prevents cytokine-induced death and dysfunction of human islets. This study proposes
that Tpl2 inhibitors, used either alone or combined with a GLP-1 analog, represent potential novel and effective therapeutic
strategies to protect diabetic g-cells.
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It is now clear that chronic inflammation is a hallmark of type |
and type Il diabetes, affecting both B-cell mass and insulin
secretion." Type | diabetes is characterized by drastic
decreases in B-cell mass and insulin secretion, in part
mediated by proinflammatory cytokines produced following
autoimmune activation.” Proinflammatory cytokines, particu-
larly interleukin-18 (IL-18), in combination with interferon-y
(IFN-y) and/or tumor necrosis factor-a (TNF-a), promote death
by apoptosis and decrease function of differentiated g-cells,
leading to B-cell destruction.” Pancreatic islet transplantation
is a promising alternative therapy for some type | diabetic
patients.2 However, clinical outcome is not always achieved
because of significant loss of islet mass during and after
transplantation.® Up to 80% of transplanted islets can die
during the post-transplantation period as a result of apoptosis
because of several mechanisms, notably the instant blood-

mediated inflammatory response (IBMIR) and the release of a
mix of cytokines including IL-18, TNF-a and IFN-y.*
Immune-modulatory strategies for type | diabetes therapy
and improvement of islet transplantation outcomes have
emerged, targeting a single specific cytokine, such as IL-1f3
or TNF-a.2® However, these strategies may only target
inflammation partially.? Indeed, multiple cytokines, originating
from surrounding immune cells and/or §-cells themselves, are
more likely to be present simultaneously*® and act synergis-
tically to induce B-cell death and dysfunction.”™ Preclinical
and clinical studies demonstrated that glucagon-like peptide-1
(GLP-1) analogs, in addition to regulating glucose homeo-
stasis in vivo, contribute to the restoration of normoglycemia
after islet transplantation.’®'® GLP-1 receptor (GLP-1R)
analogs protect 3-cell survival and function from proinflamma-
tory cytokine attack.'>'*'® However, some studies have
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shown only modest and short-term anti-inflammatory effects
of GLP-1 analogs when used alone.'"1316

Mitogen-activated protein kinases (MAPKSs) (i.e., extra-
cellular-regulated kinase-1/2 (ERK1/2), c-Jun N-terminal
kinase (JNK) and p38 MAPK) play important roles in
cytokine-induced p-cell dysfunction and death.” Conversely,
ERK1/2 are involved in the beneficial effects of glucose and
GLP-1 analogs."”™"® In this context, upstream protein kinases
that specifically control the activation of MAPK in response to a
combination of inflammatory cytokines (IL-18, TNF-a and
IFN-y), rather than a single cytokine, may be useful targets for
therapeutic interventions against pancreatic S-cell failure.

The serine/threonine kinase tumor progression locus 2
(Tpl2) (also known as COT (Cancer Osaka Thyroid) in
humans) is a member of the MAP3K family (the MAP3KS8)
whose activation stimulates primarily the ERK1/2 pathway, but
also JNK and/or p38 MAPK in some cell types, specifically in
response to various inflammatory stimuli.?>=22 Dysregulation
of Tpl2 expression and signaling is associated with acute and
chronic inflammatory diseases,?®?® and several studies
highlight a critical function of Tpl2 in the control of inflamma-
tory responses and survival in adipocytes, fibroblasts and
immune and epithelial cells.2'24

However, there is currently nothing known about the effects
of Tpl2 in B-cells. The aim of this study was to determine
whether Tpl2 may be a new key inflammatory regulator in
B-cells or islets. We demonstrate that Tpl2 contributes to
cytokine-induced f-cell apoptosis and dysfunction, and
suggest that Tpl2 inhibition, either alone or combined with a
GLP-1 receptor agonist, represents a potential new therapeu-
tic strategy for the treatment of diabetes.

Results

Tpl2 is expressed and specifically activated by
proinflammatory cytokines in rodent pancreatic p-cells
lines, mouse and human islets. We first determined
whether Tpl2 was expressed in INS-1E B-cells, and rodent
and human islets. By western blot analysis, we detect two
bands of 58 and 52 kDa (Figure 1a), consistent with the long
(Tpl2.) and the short (Tpl2s) isoforms of Tpl2, respectively,
that represent two alternative translation initiation sites
described most notably in macrophages.?’

In macrophages, adipocytes and/or fibroblasts, Tpl2 activa-
tion requires phosphorylation (i.e., Thr290, Ser400, Ser62,
Ser443) by several upstream kinases including IKKB and
Akt2" and following activation, Tpl2, is rapidly sequentially
phosphorylated as a signal for degradation by the ubiquitin—
proteasome system.?"?> Here, western blot analyses
revealed a slight increase in phosphorylation on Ser400 of
Tpl2, (Figure 1b), as well as an up-shift in Tpl2, band mobility
following a 10-min stimulation of INS-1E cells with a mixture of
proinflammatory cytokines (CK; IL-18, IFN-y and TNF-a)
(Figure 1c). This was followed by a significant decrease in
protein expression of the 58 kDa form of Tpl2 (Figure 1c),
whereas the 52 kDa form was not modified. This is likely
indicative of both phosphorylation and degradation of Tpl2_
only in response to cytokines. In contrast, glucose did not
modify Tpl2 protein expression (Figure 1d), suggesting that
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this MAP3K is specifically activated by cytokines, but not by
glucose.

To further confirm the activation of Tpl2 by cytokines, we
used a low concentration of a potent reversible- and
ATP-competitive Tpl2 inhibitor that displays significant selec-
tivity over other related kinases,?® and evaluated the phos-
phorylation/activation of ERK1/2, the canonical MAPK
activated downstream of Tpl2,2°2" and whose activation
kinetics correlates with those of Tpl2, reaching a maximum
after 20 min of stimulation (Figure 1c). Phosphorylation of
ERK1/2 and one of its downstream targets, p90 ribosomal S6
kinase (p90RSK), induced by 20 min of cytokine exposure,
was significantly decreased by ~60% following Tpl2 inhibition
in INS-1E cells (Figure 1e). In contrast, glucose-induced
ERK1/2 and p90RSK phosphorylation, known to play key
roles in B-cell function and survival,'”~"® were not affected by
Tpl2 inhibition (Figure 1f).

We then assessed whether ERK1/2 activation by inflam-
matory cytokines was also controlled by Tpl2 in mouse and
human islets. Treatment of mouse islets (Figure 1g) and
human islets (Figure 1h) with a Tpl2 inhibitor markedly
reduced ERK1/2 phosphorylation induced by a 20-min
stimulation with cytokines.

We further confirmed these results by using Tpl2 siRNA,
achieving a 30-50% reduction in expression of both Tpl2
isoforms in INS-1E cells (Figure 2a). Under these conditions,
the stimulatory effect of cytokines on ERK1/2 phosphorylation
was reduced by ~50% (Figure 2b), whereas glucose-
stimulated ERK1/2 activation was not altered (Figure 2c).

Tpl2 expression is increased by prolonged exposure of
B-cells and human islets to inflammatory cytokines. Tpl2
expression is positively correlated with the level of chronic
inflammation in different mouse tissues and deregulates
inflammatory signaling in different cell types.2"?2 We further
examined whether prolonged treatment of INS-1E cells or
isolated human islets with inflammatory cytokines modulates
Tpl2 expression. Treatment of INS-1E cells with the main
proinflammatory mediator IL-18 alone (Figure 3a), or the
cytokine mixture (Figure 3b), for up to 24 h increased the
expression of Tpl2. and Tpl2g by three- and fourfold,
respectively. Importantly, Tpl2_ and Tpl2g were also signifi-
cantly increased in human islets following a 72-h exposure to
the cytokine mixture (Figure 3c).

Tpl2 inhibition protects INS-1E B-cells from cytokine-
induced apoptosis. Tpl2 has been reported to be involved
in apoptosis of renal tubular epithelial cells and intestinal
myofibroblasts.232* As previously described, exposure of
INS-1E cells to IL-18 for 48 h led to a significant increase in
cellular content of cleaved forms of caspase-3 and poly
(ADP-ribose) polymerase (PARP) (Figure 4a), the two key
executioners and markers of apoptosis. Both of these were
significantly decreased by the inhibition of Tpl2 (45% and
30%, respectively; Figure 4a). The JNK and p38 MAPK, both
involved in B-cell apoptosis, were activated by a 48-h
exposure to IL-18 (Figure 4b) and, interestingly, these
phosphorylation levels were significantly decreased by the
inhibition of Tpl2 (Figure 4b). Consistent with previous
observations, cleaved caspase-3 levels were dramatically



Tumor progression locus 2 in failing g-cells

EM Varin et al
3
a A b 2.0
& INS-1E B-cells r -
(0',3’ . S @‘5 R kDa %1-5
o NS k5|38a p-Tpl2, & 58~ 1
plz - - N
-52 Tp|2|_ =-58 el
Tpl2g “EE == Thi2s = [ - 25 205
B-cell Pancreatic Macro- CK (min) 0 10 o
line islet  phage cell 0
line CK (min) 0 10
c INS-1E p-cells d
p-Tpi2, kDa 140 INS-1E p-cells
2 -58 c
pl2s o Tpl2 58
P-ERK1 - @ 80 e -2
P-ERK2 a o B-actin -» [ -] -90
B—actin»E-Q 2 20 Glc (min) 0 20
0 0 0
CK(min) 0 10 20 60 CK (min) 0 102060 CK (min) 0 10 20 60 Glc (min) 0 20
e INS-1E B-cells f INS-1E B-cells o
kDa % kDa ns
p-ERK1- [ 44 o 30 7K p-ERK1o e ns g 8 r |
p-EEx" 'ﬁ X - & p-ERK2—>|j|-42 = 30 L1 86
R - = 2
ERKo- [Eamema=] 45 Y 20 j s ERKky =45 g 20 < 4
N 0
proo0RsKc+ [ W -0 & 10 2, p-poorsK~[E L WA W]-90 & 10 g2
POORSK- [ mem mm ] -0 & g 20 poORSK-[E == == =]-00 % 0 %0
Tol2- - + -+ & 4+ -4 Tpl2-l -+, - + S
Tpl2l -+, -+, L . — Tpl2-l - + - + Basal Glc Basal Glc
Basal CK Basal CK Basal CK Basal Glc
g . h .
Mouse islets ~ 25 Human islets c 25 .
kDa ¥ 2.0 kDa § 2.0 "l
p-ERK1 44 W g p-ERK1.. g D 44 D45
p-Erk < R 45 = - perk” [ 42 S
N 1.0
ERK1 44 X 1.0 . 42 ¥
Erk: - ] 4 % o5 p-actin [ M e |42 5
Tpl2-l -+ -+ & 00 Tpl2-l - + - + 200
Basal CK Tpl2-l - + - + Basal CK Tpl2-l - + -+
Basal CK Basal CK

Figure 1 Tpl2is expressed in s-cells and rodent pancreatic islets and activated by proinflammatory cytokines. Tpl2 protein expression in (a) INS-1E cell line, mouse, rat and
human islets and macrophage RAW264.7 cell line; or in (c) INS-1E treated for the indicated period of time with a cytokine mix (CK); or in (d) INS-1E treated for 20 min with
glucose (Glc, 10 mM). (b) Tpl2 phosphorylation (Ser400) in INS-1E stimulated for 10 min with the CK. (e and f) Western blot analysis of phosphorylated and total proteins for
ERK1/2 and p90RSK in INS-1E cells, pretreated without (black bars) or with (white bars) a Tpl2 inhibitor (Tpl2-I, 3 M) for 2 h and then unstimulated (Basal) or stimulated with CK
(e) or Glc 10 mM (f). (g and h) Western blot analysis of phosphorylated and total proteins for ERK1/2 in mouse islets (g) or human islets (h) treated with a Tpl2 inhibitor as in (e),
and stimulated with CK. Representative immunoblots and quantification of three to six independent experiments are shown and expressed as a percentage of the ratio of p-Tpl2 to
total Tpl2 (b), of Tpl2 to S-actin protein amount in untreated cells (¢ and d) or as ratio of phosphorylated to total protein amount and fold of phosphorylation over basal in cells
without treatment (e-h). Data are presented as mean + S.E.M. *P<0.05, **P<0.01, and ***P< 0.001 versus corresponded indicated controls (ttest (b, d) or one-way analysis

of variance (c, e-h))

increased by a 24-h exposure to the cytokine mixture,
compared with levels induced by each cytokine alone
(Figure 4c). Even under these heightened apoptotic condi-
tions, Tpl2 inhibition decreased levels of cleaved forms of
caspase-3 and PARP in B-cells (30% and 25%, respectively;
Figure 4d).

In islets of diabetic patients, activated immune cells produce
a more complex cocktail of inflammatory cytokines, contribut-
ing to B-cell death.**” To determine whether Tpl2 inhibition
could also protect B-cells from apoptosis induced by
macrophage-derived cytokines, we used a conditioned
medium from LPS-treated RAW264.7 macrophages, and
showed that inhibition of Tpl2 in INS-1E cells decreased the
level of cleaved caspase-3 by ~55% (Figure 4e).

Tpl2 inhibition protects mouse islets from cytokine-
induced death and alteration of glucose-induced insulin
secretion. We next determined whether Tpl2 was involved in
the proapoptotic effects of cytokines on isolated mouse islets.
We first showed that Tpl2 inhibition decreased islet cell
apoptosis induced by a 24-h exposure to cytokines by ~50%
(Figure 5a), correlating with total cell death measured by DNA
fragmentation (Figure 5b). As chronic exposure of B-cells to
cytokines deteriorates not only B-cell survival but also
function,®® we investigated whether Tpl2 inhibition could
also protect islets against the deleterious effects of cytokines
on glucose-induced insulin secretion. Exposure of mouse
islets to cytokines for 24 h increased basal insulin secretion,
and markedly blunted the effect of glucose on insulin

Cell Death and Disease
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Figure 2 The siRNA-mediated silencing of Tpl2 in INS-1E f-cells decreases
ERK1/2 activation induced by cytokines without affecting glucose effect. (a) Western
blot analysis of Tpl2 expression with -actin as loading control in INS-1E cells treated
with control (Ctr) or Tpl2 siRNA (Tpl2). (b and c) Western blot analysis of
phosphorylated and total proteins for ERK1/2 in INS-1E cells treated with Ctr or Tpl2
siRNA and incubated without (Basal) or with cytokines (CK) (b) or with glucose
(Gle: 10 mM) (c) for 20 min in KRB buffer. Representative immunoblots and
quantification of four to five independent experiments are shown and expressed as a
percentage of the ratio of Tpl2 to S-actin protein amount in untreated cells (a), or as
ratio of phosphorylated to total protein amount and fold of phosphorylation over basal
in cells without treatment (b and c). Data are presented as mean+ S.E.M.
***P<0.001 versus corresponding indicated controls (#test (a) or one-way analysis
of variance (b and c))

secretion (Figure 5c). Treatment of islets exposed to
cytokines with the Tpl2 inhibitor restored glucose-stimulated
insulin  secretion, without modifying cytokine-induced
elevated basal insulin secretion (Figure 5c). Activation of
caspase-3/7 by cytokines was equivalent in islets obtained
from Tpl2~~ and Tp/2*"* mice (Supplementary Figures S1a
and b), suggesting that the upregulation of another apoptotic
pathway may compensate for Tpl2 whole-body inactivation.
Importantly, although Tpl2 inhibitor treatment significantly
protected the islets of wild-type mice, it did not protect the
islets of Tpl2”~ mice from inflammatory apoptotic death
(Supplementary Figures S1a and b). Moreover, cytokines
had the same effect on basal and glucose-induced insulin
secretion in islets from wild-type than Tpl2~/~ mice, but the
protective effect of the Tpl2 inhibitor against altered islet
function induced by the cytokines was lost in Tpl2~/~ islets
(Supplementary Figures S1c and d). These data also
indicated that the Tpl2 inhibitor elicited its effects through
specific inhibition of Tpl2. Invalidation of Tpl2 did not seem to
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alter islet function in noninflammatory conditions as Tpl2~/~

mice fed a regular chow diet exhibited similar glucose
tolerance and increase in insulinemia during the glucose
tolerance test (Supplementary Figures S1e and f).

As insulin secretion depends primarily on calcium influx in 8-
cells, we investigated intracellular calcium concentration
([Ca®*]) changes in mouse islets in the same conditions.
Interestingly, all of the effects observed for insulin secretion in
response to both cytokines and Tpl2 inhibitor were also shown
for [Ca®*]. changes (Figures 5d and e and Table 1). These two
parameters strongly correlated (Figure 5f), suggesting that the
Ca®* increase in B-cells is primarily responsible for the
restoration of insulin secretion.

Combined use of Tpl2 inhibitor and exendin-4 produces
a powerful anti-apoptotic effect on INS-1E B-cells and
in human islets and protects human islets from
cytokine-induced alteration of glucose-induced insulin
secretion. GLP-1R agonists like exendin-4 have been
shown to modestly improve both islet survival and function
in type | diabetic mouse models and islet transplantation
studies. We evaluated whether the cytoprotective effects of
activation of GLP-1R on p-cells could be improved by
concomitant pharmacological inhibition of Tpl2. Notably,
combination of pharmacological inhibition of Tpl2 and
exendin-4 treatment produced a more robust anti-apoptotic
effect on INS-1E cells than either agent alone (Figure 6a).
Interestingly, level of p38 phosphorylation was still induced
after 24 h of cytokine exposure (Figure 6a), whereas JNK and
ERK phosphorylation returned to basal level or even below
(data not shown). Importantly, cytokine-induced p38 phos-
phorylation was slightly decreased by each compound alone
but was totally prevented by the combination of Tpl2 inhibitor
and exendin-4.

In order to extend our results toward clinical studies, we
examined whether inactivation of Tpl2 could have effects on its
own and/or could improve exendin-4 protective effects on
cytokine-induced death and dysfunction in human islets.
Although Tpl2 inactivation and exendin-4 alone showed a
trend to reduce cytokine-induced human islet cell death, the
combined use of Tpl2 inhibitor and exendin-4 showed a strong
protection of human islet cell viability against proinflammatory
conditions (Figure 6c).

We further investigated whether this drug combination
may prevent cytokine-induced insulin secretion failure. As
observed in mouse islets, exposure of human islets to
cytokines for 72 h severely deteriorated insulin secretion by
increasing basal insulin secretion and by blocking by ~40-50%
the ability of glucose to stimulate insulin secretion (Figures 6¢
and d). Treatment of human islets with Tpl2 inhibitor slightly but
significantly restored cytokine-altered glucose-induced insulin
secretion, without modifying the elevated basal insulin
secretion (Figures 6¢c and d). Importantly, combination of
Tpl2 inhibitor and exendin-4 treatment completely prevented
cytokine-induced insulin secretion failure (Figures 6¢ and d),
indicating that B-cells treated with this combination were viable
and functional, and that human islets can be protected against
the detrimental effects of cytokines.
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Discussion

We show for the first time that Tpl2 is expressed in S-cells,
rodent and human islets and is activated in proinflammatory
conditions. Importantly, Tpl2 inhibition protects INS-1E g-cells
and pancreatic islet cells against apoptosis and dysfunction
induced by proinflammatory cytokines. Notably, combination
of Tpl2 inhibition and GLP-1 receptor activation confers a
powerful protection of B-cells and human islets against
cytokine injuries.

We show that both Tpl2 isoforms are expressed in -cells
and islets, although only the 58 kDa form of Tpl2 (Tpl2,) was
phosphorylated and degraded. These observations, support-
ing an activation of Tpl2 by cytokines in B-cells, are in
agreement with previous studies performed in immune cells,*'
showing that Tpl2, is preferentially activated and degraded.?'
In contrast to rapid degradation following its activation,
prolonged exposure to proinflammatory cytokines increased
Tpl2 expression in B-cells. The molecular mechanism by
which Tpl2 is upregulated by cytokines in $-cells and the final
outcome of this secondary upregulation requires further
investigation. As the expression of Tpl2 is upregulated by an
IKKB/NF-kB pathway in adipocytes,?® and as inflammatory

cytokines are able to activate NF-«kB in [3-cells,1 we can
hypothesize that this pathway is involved in the enhancement
of Tpl2 expression after prolonged exposure to cytokines. This
‘late’ increased level of Tpl2 expression could be implicated in
a reinforcement of apoptosis, as shown in other cell types?324
or in favoring signaling pathways activated by other cytokines,
as proposed for adipose tissue.??

We demonstrated that cytokine-induced activation of Tpl2
led to ERK1/2 phosphorylation/activation. This is in agreement
with what has been observed in macrophages in response to
IL-182° or in adipocytes in response to IL-18 or TNF-a.22 In
addition to ERK1/2, we showed that Tpl2 engaged the sig-
naling kinases JNK and p38 in 3-cells, as reported in microglial
cells treated with LPS.28 This differs from MEF cells 2°2' and
macrophages®® stimulated with TNF-a where either only
ERK1/2 and JNK or ERK1/2 and p38 are dependent on
Tpl2, respectively. In B-cells and in rodent islets, the activation
of ERK1/2, p38 MAPK, JNK and/or NF-kB pathways have
been proposed to play roles in cytokine-induced iINOS
production, apoptosis and altered insulin secretion.'2%-32
Saldeen et al.®® reported that direct inhibition of ERK1/2 is not
sufficient to protect against cytokine-induced apoptosis in
B-cells, and this is in keeping with our results that demonstrate

Cell Death and Disease
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(Ctrl) or with a cytokine mix (CK) (n= 10). () Level of expression of the cleaved and total forms of caspase-3 in INS-1E cells pretreated without or with Tpl2 inhibitor (Tpl2-1, 5 ;M)

for 1 hand exposed for 24 h to a control medium (Ctrl M) or a conditioned medium (Cond.

M) from RAW macrophages activated with LPS (0.5 ng/ml, 24 h, n= 3). Representative

immunoblots and mean + S.E.M. of 3 to 10 independent experiments are shown. Data are expressed as ratio of cleaved caspase-3 or cleaved PARP to loading control: -actin
(a, ¢ and d) or HSP90 (e) and normalized to cells without treatment. *P<0.05, **P<0.01, and ***P<0.001 versus the corresponding indicated control by one-way ANOVA

that specific inhibition of the upstream kinase Tpl2, which
prevents not only ERK1/2, but also p38 and JNK signaling,
protects INS-1E cells, mouse and human islets from cytokine-
induced apoptosis. In addition, the inactivation of Tpl2
preserved the ability of glucose to stimulate insulin secretion
in B-cells exposed to cytokines, indicative of maintenance of
survival of insulin-secreting B-cells. Effects of Tpl2 inhibition on
insulin secretion were likely because of restoration of [Ca®*],
influx to a level similar to that of controls, as shown by the
strong correlation between both parameters, suggesting
maintenance of efficient glucose sensing and/or metabolism.

One of the strengths of our study is the potential
pharmacological application of Tpl2. Indeed, Tpl2 was found
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to specifically control the activation of key MAPKs in response
to a combination of inflammatory cytokines (IL-13, TNF-a and
IFN-y), rather than only one of them. Inhibition of Tpl2 not only
blocked the effects of IL-18 alone but also the detrimental
apoptotic effects of a combination of IL-13, IFN-y and TNF-a
as well as the apoptotic effect of cytokines secreted by
LPS-activated macrophages. Hence, Tpl2 inhibition may be
more efficient than anti-IL-18 or anti-TNF-a used alone, and
also than NF-kB blockade, that prevents S-cell apoptosis induced
by combinations of IL-18 and IFN-y or TNF-a and IFN-y.3*
The specificity of our inhibitor was supported by the
absence of beneficial effects of this pharmacological tool in
Tpl2~/~ mice on both islet survival and function. The levels of
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Figure 5 Tpl2 inhibition protects mouse islets from cytokine-induced death and alteration of glucose-induced insulin secretion. (a) Measurement of caspase-3/7 activity in
mouse islets pretreated for 2 h without or with Tpl2-l (3 «M), and then incubated for 24 h without (Control, Ctrl) or with a cytokine mix (CK). (b) Measurement of DNA
fragmentation in mouse islets treated as in (a). (¢) Glucose-stimulated insulin secretion in mouse islets treated as in (a and b) (inclined and horizontal hatched boxes: glucose
3 mM (G3), white and black solid boxes: glucose 15 mM (G15)). Each column represents mean + S.E.M. of 6 to 8 mice analyzed. *P<0.05, and *P <0.01 versus relative
indicated controls by one-way ANOVA. (d and ) Intracellular calcium concentration ([Ca®*],) changes monitored in perfused control islets incubated without or with 3 M of Tpl2-|
(d) or in perfused islets treated for 24 h with the cytokine mix, and incubated without or with Tpl2-1 (3 M) during 2 h before and during the CK treatment (e). Data are mean + S.E.
M. of three experiments with three mice per group. (f) Correlation between insulin secretion and [Ca®*];

Table 1 Mouse islets perfused with Tpl2-I are protected against the cytokine-induced loss of intracellular calcium concentration ([Ca®*].) changes in response to
glucose

Control CK

~

Tpl2-1

+

+

Frequency (min~")
Response to glucose

Mean [Ca®*], level (a.u.)

0.467 +0.054
22/22 (100%)

0.500 + 0.065%
18/18 (100%)

No
717 (41.2%)

No
20/23 (87%)

3 mM glucose 0.831+0.005 0.798 +0.004° 0.908 + 0.004° 0.909 + 0.006°
15 mM glucose 0.972+0.013 0.959+0.019° 0.948 +0.006° 0.972+0.006>¢
Delta response 0.142+0.013 0.161+0.020% 0.040+0.005° 0.064 +0.006°¢

a.u., arbitrary unit, Tpl2-1, Tpl2 inhibitor, CK, cytokines

NS compared with Control without Tpl2-I

®P<0.001 compared with Control without Tpl2-I
°P<0.05 compared with Control without Tpl2-I
9P<0.01 compared with Cytokines without Tpl2-

Another feature of our study is that the inhibition of Tpl2

apoptosis and the alteration of insulin secretion induced by
cytokines in islets from Tp/2~~ and wild-type mice were
similar. It can be hypothesized that even if Tpl2 plays a role in
cytokine-induced B-cell apoptosis, in its absence from birth,
other pathways may be operative and compensate for the lack
of Tpl2. As an example, in macrophages isolated from whole-
body Tpl2-deficient mice, JNK and p38 activation in response
to LPS was sustained to compensate for the decrease of
ERK1/2.3° Similarly, in a chemically induced mouse skin cancer,
oncogenic effects of Tpl2 ablation were mediated by increased
NF-kB activity.*® Hence, inhibiting Tpl2 kinase activity, rather
than inactivating its expression, may be a more efficient
strategy to protect S-cells from proinflammatory cytokines.

leads to protection of human islets — promoting their survival
and their function — in highly inflammatory conditions. As
apoptosis is more difficult to obtain using human islets, we
needed to use higher concentrations and a longer exposure to
cytokines. When apoptosis was induced in this model, Tpl2
inhibition alone or GLP-1R agonist alone did not significantly
prevent apoptosis, and loss of function was only partially
reversed by their individual use. This difference between
mouse and human islets could be attributed to the lower
proportion of B-cells in human islets as compared with mouse
islets. However, these highly deleterious conditions were
completely reversed by the use of Tpl2 inhibitor in combination

Cell Death and Disease
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Figure 6 Combined use of Tpl2 inhibitor and GLP-1 analogs produces a powerful anti-apoptotic effect on INS-1E j5-cells and in human islets and protects human islets from
cytokine-induced alteration of glucose-induced insulin secretion. (a) Level of expression of the cleaved and total forms of caspase-3 and PARP and phosphorylated and total form
of p38 in INS-1E cells treated without or with Tpl2 inhibitor (Tpl2-I, 3 M), and with or without Exendin-4 (Ex-4, 20 nM) and in the absence (Control, Ctrl) or in the presence of the
cytokine mix (CK, 24 h). Representative immunoblots and mean + S.E.M. of 3 to 10 independent experiments are shown. Data are expressed as ratio of cleaved caspase-3 or
cleaved PARP to loading control and normalized to cells without treatment. (b) Measurement of DNA fragmentation in supernatant of human islets pretreated without or with the
Tpl2-I (3 uM) and Exendin-4 (Ex-4, 20 nM) for 2 h and then cultured in the absence (Control, Ctrl) or in presence of the cytokine mix (CK) for 72 h in the presence or absence of
Tpl2- (3 uM) and Ex-4 (20 nM). (c) Glucose-stimulated insulin secretion in the human islets treated as in (b). Black boxes represent glucose 2.8 mM (G2.8) and white boxes
represent glucose 20 mM (G20). (d) Stimulatory index of insulin secretion from the same conditions as (€). Each column represents the mean+ S.E.M. of 15 replicates
(5 donors, each experiment in triplicate). *P< 0.05, **P<0.01, and ***P<0.001 between low and high glucose (c) or versus related indicated controls (a, b and d) by one-way

ANOVA

with exendin-4. In comparison, preclinical research has
demonstrated that GLP-1R agonists, such as exendin-4,
protect B-cells from cytokine-induced apoptosis and improve
islet function after islet transplantation,'®'2*® put these
anti-inflammatory effects were modest, especially in human
islets, even if they can be potentiated by other
immunomodulators.'®'3” Qur results indicate that reducing
inflammatory effects by inhibiting Tpl2 strongly improves the
ability of GLP-1 analogs to promote human islet survival and
function.

How Tpl2 inhibition and activation of GLP-1 pathways
interact remain to be fully explored but different mechanisms
may underlie these effects. Our results implicate a potential
role for p38, in accordance with a previous study showing that
exendin-4 mediates cytoprotective effects on B-cells by
decreasing activation of p38.%8 Another possibility is that
Tpl2 inhibition blocks an inhibitory effect of inflammatory
cytokines on GLP-1 and/or other beneficial signaling
pathways. In this context, it has been reported that IL-18,
through NO production and NF-kB activation, regulates
positively the expression of the inducible cyclooxygenase
COX-2, its product PGE2 and its receptor EP3 in B-cells.®®
Inhibition of COX-2 and EP3 expression improves f-cell
function and prevents type | diabetes development in a mouse
model.*>*! Moreover, by binding to its Gai couple receptor
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EP3, PGE2 reduces cAMP concentration, antagonizes the
effects of GLP-1 analogs and decreases glucose-induced
insulin secretion.® Interestingly, in macrophages and adipo-
cytes, the Tpl2-ERK1/2 pathway regulates the expression of
COX-2 and PGE2 secretion in response to LPS or other
cytokines.*?*3 Thus, Tpl2 inhibition in B-cells may decrease
the production and secretion of PGE2 induced by cytokines,
and then may favor effects of GLP-1R agonists on survival and
function of islets. In addition, as islets also contain infiltrated
macrophages that express Tpl2 and secrete cytokines, Tpl2
inhibition in islets can also target macrophages, key players in
B-cell failure. This highlights the potential of this pharmaco-
logical tool in diabetes by targeting both pB-cells and
macrophages.

Altogether, our study provides new insights into the
molecular mechanisms involved in B-cell and human islet
failure induced by cytokines. Moreover, our findings suggest
potential new strategies clinically applicable to prevent IBMIR
and increase success rates in islet transplantation, as well as
for the treatment of diabetes based on Tpl2 inhibitors, alone or
combined with GLP-1 analogs. The latter appears as a more
attractive and efficient therapeutic strategy. Moreover, chronic
inflammation is now also considered a hallmark of type Il
diabetes and exposure of human islets to metabolic stresses
increases levels of IL-18 and chemokines that may contribute



to insulin secretory failure and pB-cell death in type Il
diabetes.** Thus, our data suggest that Tpl2 inhibition may
also be a relevant therapeutic strategy to preserve B-cell
function and/or mass in type Il diabetes. As Tpl2 inhibitors are
currently developed by the pharmaceutical industry to treat
inflammatory diseases,***¢ and GLP-1R agonists are
approved for treatment of type Il diabetes and obesity, our
results reinforce the need to first expand the preclinical
evaluation of these drugs in animal models of type | and type
Il diabetes, and then to build new clinical evaluation in patients
suffering from diabetes and/or related metabolic disorders.

Materials and Methods

Animals. Male C57BL/6J mice were from Charles River Laboratories (St. Aubin
les Elbeut, France). C57BL/6J WT and C57BL/6J Tpl2~'~ littermates were produced
as described previously.*” All animals were maintained on a 12 h light/dark cycle
and were provided free access to water and standard rodent diet (4% fat). Principles
of laboratory animal care (NIH publication no. 85-23, revised 1985), and European
Union guidelines on animal laboratory care were followed. All animal studies were
approved by the Ministry of Agriculture, France (D34-172-13 and NCE/2012-89) and
the Animal Care Committee of Nice Sophia Antipolis and Montpellier Universities.

Islet isolation and culture of INS-1E cells and islets. The rat s-cell
line INS-1E was provided by P Maechler (Cell Physiology and Metabolism
Department, University of Geneva, Geneva, Switzerland), and cultured as previously
described.*® RAW264.7 macrophages were cultured as previously described.*?
Islets were isolated from WT and Tp/2~~ C57BL/6J mice following the injection of
2 ml of collagenase XI (1 mg/ml) through the bile duct. Pancreases were digested
for 9 min at 37 °C, and islets were isolated using a histopaque-1077 gradient. Islets
were washed in cold PBS, handpicked under a microscope, separated into groups
composed of 200-300 islets, and maintained in culture at 37 °C in RPMI-1640
supplemented with 10% FBS, 2 mmol/l glutamine, 100 units/ml penicillin and
100 pg/ml streptomycin for 24 h. Human pancreases were harvested from five
brain-dead nonobese nondiabetic donors. Experiments were performed in
agreement with the Institutional Ethical Committee of the French Agence de la
Biomédecine (ref. PFS10-001). Human islets were isolated at the Diabetes Cellular
Therapy Laboratory (Institute for Research in Biotherapy, Montpellier, France) or at
the Cell Isolation and Transplantation Center (University of Geneva, Geneva,
Switzerland) according to a slightly modified version of the automated method.*®
Human islets were cultured for recovery for 1 to 5 days after isolation in CMRL 1066
(Mediatech, Herndon, VA, USA) medium containing 5.6 mmol/l of glucose and
supplemented with 10% FBS, 100 Ul/ml penicillin, 100 mg/ml streptomycin and
2 mM glutamine.

Drug exposure. Human recombinant IL-13, TNF-a, human or murine
recombinant IFN-y were from Invitrogen (Life Technologies SAS, Courtaboeuf,
France), murine IL-1 and TNF-a from PreProtech (Neuilly, France), Tpl2 kinase
inhibitor from Calbiochem (Merck Millipore, Darmstadt, Germany) and Exendin-4
from Bachem (Bubendorf, Switzerland). Acute experiments (20 min) were
performed in Krebs-Ringer Bicarbonate (KRB) buffer (see compositions in Broca
et al*®). INS-1E cells (~70% confluence in 6-well plates), mouse islets (200-300
per condition in 1.5 ml tubes) or human islets (500-1000 IEQ per condition in 12-
well plates) were preincubated at 37 °C for 2 h with or without Tpl2 inhibitor (3 xM)
and then incubated for the indicated times with or without Tpl2-inhibitor (3 xM) in
the absence (basal) or presence of glucose (10 mmol/l), IL-1/3 alone (10 000 U/ml,
20 ng/ml) or a cytokine mix (100 U/ml IL-14 (0. 2 ng/ml), 500 U/ml TNF-a
(50 ng/ml) and 100 U/ml IFN-y (30 ng/ml)), as indicated in the figure legends. For
human islets, the cytokine mix was 1000 U/ml IL-15 (2 ng/ml), 1000 U/ml TNF-a
(28 ng/ml) and 1000 U/ml IFN-y (833 ng/ml).

Long-term experiments (24-72 h) were performed in RPMI-1640 medium
containing 2 mM glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin and glucose
(11.1 mmol/l for INS-1E cells and mouse islets, and 5.6 mmol/l for human islets). The
medium was supplemented with FBS (10% for INS-1E cells and 10% for mouse
islets) or albumin (0.5% of BSA for IL-1/ alone on INS-1E cells, and 1% of human
albumin for human islets). INS-1E cells (~70% confluence in 6-well plates), mouse
(5-10 islets per condition in 24-well plates) or human islets (500-2000 IEQ per
condition in 60 mm Petri dishes) were preincubated at 37 °C for 2 h with or without
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Tpl2 inhibitor (3 M), and then incubated for the indicated times, with or without Tpl2
inhibitor (3 M), and in the absence or presence of IL-1/3 alone and/or a cytokine mix
(same concentrations as for short-term experiments), as indicated in the figure
legends. All experiments on human islets were performed at the Diabetes Cellular
Therapy Laboratory of Montpellier.

RAW macrophages (5 x 10 cells per 100 mm) were incubated for 24 h in 6 ml of
culture medium containing LPS (0.5 ng/ml). After 24 h, the conditioned medium
(CM) was collected and transferred onto INS-1E cells (0.7 ml of CM/well of a 12-well
plate) treated with or without the Tpl2 inhibitor (5 M) for 1 h. For control conditions,
cultured medium (Control medium) containing the same concentration of LPS and
Tpl2 inhibitor was added onto the INS-1E cells. After 24 h, cells were lysed for
cleaved caspase-3 analysis by western blot.

RNA interference. In RNA interference experiments, Tpl2 expression was
specifically silenced in INS-1E cells using a validated set of 4 different 19-nucleotide
siRNA duplexes (‘ON-TARGETplus SMARTpool’, L-091828-01-0005) purchased
from Dharmacon (GE Healthcare Dharmacon Inc., Lafayette, CO, USA). Briefly,
groups of 500 000 INS-1E cells were maintained in culture in the absence of
penicillin and streptomycin for 24 h before being transfected with 40 nM siRNA-
Lipofectamine 2000 complexes prepared in Opti-MEM medium in a 2 : 1 ratio. At
6 h after transfection, the medium was replaced with fresh antibiotic-free RPMI
medium supplemented with 7.5% FCS. A second transfection was performed 24 h
after the first one to improve the transfection efficiency. All assays were performed
at least 50 h after the first transfection.

Insulin secretion and [Ca%*]. measurements. After the incubation
periods, islets (5 mouse islets or 3x50 human IEQ per condition) were pre-
incubated for 1 h for stabilization in KRB buffer*® containing glucose 2.8-3 mmolfl,
followed by a 1-h incubation at 2.8-3 mmoll and an additional 1h at glucose
20 mmol/l (human) or 15 mmol/l (mouse). Aliquots from the incubation buffers were
collected and cleared by centrifugation. Islet insulin content extraction was
performed using acid ethanol, followed by sonication. Insulin release and content
were measured by radioimmunoassay (Merck-Milipore, Molsheim, SAS FRANCE),
and normalized to insulin content. For [Ca*], measurements, cultured islets were
loaded with 2 umol/l Fura2-Leak-Resistant-AM (Tef Labs, Austin, TX, USA) for 2 h,
before being imaged as previously described.®

Western blotting and measurements of cell and islet apoptosis.
After treatments, INS-1E cells (~70% confluence in 6-well plates), mouse islets
(200-300 per condition) or human islets (500-2000 IEQ per condition) were lysed
as previously described,*® and western blot analyses were performed as previously
described'” using the antibodies listed in Supplementary Table S1. INS-1E
apoptosis was investigated by the quantification of cleaved forms of caspase-3 and
PARP by western blotting. Mouse islet apoptosis was assessed by caspase-3/7
activity measurement using the Caspase-Glo 3/7 Assay (Promega Corp., Madison,
WI, USA). Briefly, caspase-3/7-Glo reagent was added after 24 h incubation of islets
in 96-well plates (10 islets per well), and the samples were incubated at 37 °C for
2 h. Luminescence was measured using a TECAN infinite 200 plate reader
(TECAN, Mannedorf, Switzerland). Total cell death in mouse and human islets was
evaluated using the Cell Death Detection ELISA kit (Roche, Meylan, France) using
20 ul of culture supematant. As a consequence of our prolonged treatments, DNA
fragments were present in the supernatant of cultured cells as the result of the lysis of
late apoptotic cells as well as necrotic cells. Absorbance was measured at 405 nm
using the Mithras LB940 Reader (Berthold, Thoiry, France) and the results expressed
in arbitrary units of oligonucleosome-associated histone (DNA fragmentation).

Statistical analysis. Results are expressed as means+S.EM. for n
independent experiments. The statistical significance between means was assessed
by unpaired Students ttest, or by ANOVA followed by Newman-Keuls post hoc
analyses. A P-value of <0.05 was considered significant.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. We acknowledge Dr M Roussel for help with INS-1E
experiments, Dr. L Baggio from TLRI (Toronto) for helping in editing the manuscript,
Dr. Vachiery-Lahaye and the ‘Coordination des greffes’ of Montpellier CHU for
providing human pancreas, and the laboratory of Pr D Bosco and Pr T Berney for

Ne}

Cell Death and Disease



G

Tumor progression locus 2 in failing g-cells
EM Varin et al

providing human islets from Geneva University Laboratory, through the JDRF award
31-2008-413 (ECIT Islet for Basic Research program) and Dr. S Alemany (Instituto
Investigaciones Biomédicas Alberto Sols, CISC-UAM. Madrid, Spain) for the gift of
Tpl2 knockout mice. This work was supported by grants obtained from the ‘Institut
National de la Santé et de la Recherche Médicale’ (INSERM, Paris, France), the
‘Région Languedoc-Roussillon’ (France) (to SD), the ‘Agence Frangaise de
Biomedecine’, the ‘Société d’Accélération du Transfert de Technologies’ Languedoc
Roussillon (SATT, AxLR) (to SD) and by the Grant TPLIRBCELL (ANR-2010-
BLANC-1117-01) from the ‘Agence Nationale de la Recherche’ (ANR, Paris, France)
(to J-FTand SD). EMV is the recipient of the CIFRE No. 2009/1131 doctoral fellowship
from the ‘Association Nationale de la Recherche et de la technologie’ (ANRT, Paris,
France), INSERM and the SARL ‘Médecine-Biologie-Méditerannée’ (Montpellier,
France). FC is the recipient of a doctoral fellowship from INSERM/Région
PROVENCE-ALPES-COTE D'AZUR/FEDER and of a grant from the ‘Société
Francophone du Diabéte’.

N

w

~

o

[=2]

~

o]

©

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Cnop M, Welsh N, Jonas J-C, Jorns A, Lenzen S, Eizirik DL. Mechanisms of pancreatic -

cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes 2005;
54: S97-5107.

. Barton FB, Rickels MR, Alejandro R, Hering BJ, Wease S, Naziruddin B et al. Improvement

in outcomes of clinical islet transplantation: 1999-2010. Diabetes Care 2012; 35: 1436-1445.

. Lablanche S, Borot S, Wojtusciszyn A, Bayle F, Tetaz R, Badet L et al. Five-year metabolic,

functional, and safety results of patients with type 1 diabetes transplanted with
allogenic islets within the Swiss-French GRAGIL Network. Diabetes Care 2015; 38:
1714-1722.

. Barshes NR, Wyllie S, Goss JA. Inflammation-mediated dysfunction and apoptosis in

pancreatic islet transplantation: implications for intrahepatic grafts. J Leukoc Biol 2005; 77:
587-597.

. Mandrup-Poulsen T. Interleukin-1 antagonists and other cytokine blockade strategies for

type 1 diabetes. Rev Diabet Stud 2012; 9: 338-347.

. Donath MY, Béni-Schnetzler M, Ellingsgaard H, Halban PA, Ehses JA. Cytokine production

by islets in health and diabetes: cellular origin, regulation and function. Trends Endocrinol
Metab 2010; 21: 261-267.

. Cetkovic-Cvrlje M, Eizirik DL. TNF-alpha and IFN-gamma potentiate the deleterious effects

of IL-1 beta on mouse pancreatic islets mainly via generation of nitric oxide. Cytokine 1994;
6: 399-406.

. Rabinovitch A, Sumoski W, Rajotte RV, Warnock GL. Cytotoxic effects of cytokines on

human pancreatic islet cells in monolayer culture. J Clin Endocrinol Metab 1990; 71:
152-156.

. Ramadan JW, Steiner SR, O'Neill CM, Nunemaker CS. The central role of calcium in the

effects of cytokines on beta-cell function: implications for type 1 and type 2 diabetes. Cell
Calcium 2011; 50: 481-490.

. Cechin SR, Perez-Alvarez |, Fenjves E, Molano RD, Pileggi A, Berggren PO et al. Anti-

inflammatory properties of exenatide in human pancreatic islets. Cell Transplant 2012; 21:
633-648.

. Faradji RN, Tharavanij T, Messinger S, Froud T, Pileggi A, Monroy K et al. Long-term insulin

independence and improvement in insulin secretion after supplemental islet infusion under
exenatide and etanercept. Transplantation 2008; 86: 1658-1665.

Toyoda K, Okitsu T, Yamane S, Uonaga T, Liu X, Harada N et al. GLP-1 receptor signaling
protects pancreatic beta cells in intraportal islet transplant by inhibiting apoptosis. Biochem
Biophys Res Commun 2008; 367: 793-798.

Wang Y, Qi M, McGarrigle JJ, Rady B, Davis ME, Vaca P et al. Use of glucagon-like peptide-
1 agonists to improve islet graft performance. Curr Diab Rep 2013; 13: 723-732.

Farilla L, Bulotta A, Hirshberg B, Li Calzi S, Khoury N, Noushmehr H et al. Glucagon-like
peptide 1 inhibits cell apoptosis and improves glucose responsiveness of freshly isolated
human islets. Endocrinology 2003; 144: 5149-5158.

Li L, El-Kholy W, Rhodes CJ, Brubaker PL. Glucagon-like peptide-1 protects beta cells from
cytokine-induced apoptosis and necrosis: role of protein kinase B. Diabetologia 2005; 48:
1339-1349.

Sherry NA, Chen W, Kushner JA, Glandt M, Tang Q, Tsai S et al. Exendin-4 improves
reversal of diabetes in NOD mice treated with anti-CD3 monoclonal antibody by enhancing
recovery of beta-cells. Endocrinology 2007; 148: 5136-5144.

Costes S, Broca C, Bertrand G, Lajoix A-D, Bataille D, Bockaert J et al. ERK1/2 control
phosphorylation and protein level of cAMP-responsive element-binding protein: a key role in
glucose-mediated pancreatic beta-cell survival. Diabetes 2006; 55: 2220-2230.

Kalwat MA, Yoder SM, Wang Z, Thurmond DC. A p21-activated kinase (PAK1) signaling
cascade coordinately regulates F-actin remodeling and insulin granule exocytosis in
pancreatic f cells. Biochem Pharmacol 2013; 85: 808-816.

Quoyer J, Longuet C, Broca C, Linck N, Costes S, Varin E et al. GLP-1 mediates
antiapoptotic effect by phosphorylating Bad through a beta-arrestin 1-mediated ERK1/2
activation in pancreatic beta-cells. J Biol Chem 2010; 285: 1989-2002.

Das S, Cho J, Lambertz I, Kelliher MA, Eliopoulos AG, Du K et al. Tpl2/cot signals activate
ERK, JNK, and NF-kappaB in a cell-type and stimulus-specific manner. J Biol Chem 2005;
280: 23748-23757.

Cell Death and Disease

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

Gantke T, Sriskantharajah S, Sadowski M, Ley SC. IkappaB kinase regulation of the TPL-2/
ERK MAPK pathway. Immunol Rev 2012; 246: 168-182.

Jager J, Grémeaux T, Gonzalez T, Bonnafous S, Debard C, Laville M et al. Tpl2 Kinase is
upregulated in adipose tissue in obesity and may mediate interleukin-1p and tumor necrosis
factor-a effects on extracellular signal-regulated kinase activation and lipolysis. Diabetes
2010; 59: 61-70.

Patriotis C, Russeva MG, Lin J-H, Srinivasula SM, Markova DZ, Tsatsanis C et al. Tpl-2
induces apoptosis by promoting the assembly of protein complexes that contain caspase-9,
the adapter protein Tvl-1, and procaspase-3. J Cell Physiol 2001; 187: 176-187.

Yaomura T, Tsuboi N, Urahama Y, Hobo A, Sugimoto K, Miyoshi J et al. Serine/threonine
kinase, Cot/Tpl2, regulates renal cell apoptosis in ischaemia/reperfusion injury. Nephrology
(Carlton, Vic) 2008; 13: 397-404.

Beinke S, Robinson MJ, Hugunin M, Ley SC. Lipopolysaccharide activation of the TPL-2/
MEK/extracellular signal-regulated kinase mitogen-activated protein kinase cascade is
regulated by lkappaB kinase-induced proteolysis of NF-kappaB1 p105. Mol Cell Biol 2004;
24: 9658-9667.

Podolin PL, Callahan JF, Bolognese BJ, Li YH, Carlson K, Davis TG et al. Attenuation of
murine collagen-induced arthritis by a novel, potent, selective small molecule inhibitor of
lkappaB Kinase 2, TPCA-1 (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecar-
boxamide), occurs via reduction of proinflammatory cytokines and antigen-induced T cell
Proliferation. J Pharmacol Exp Ther 2005; 312: 373-381.

Nilsson B, Ekdahl KN, Korsgren O. Control of instant blood-mediated inflammatory reaction
to improve islets of Langerhans engraftment. Current Opin Organ Transplant 2011; 16:
620-626.

Hirschhorn J, Mohanty S, Bhat NR. The role of tumor progression locus 2 protein kinase in
glial inflammatory response. J Neurochem 2014; 128: 919-926.

Larsen CM, Dessing MG, Papa S, Franzoso G, Billestrup N, Mandrup-Poulsen T. Growth
arrest- and DNA-damage-inducible 45beta gene inhibits c-Jun N-terminal kinase and
extracellular signal-regulated kinase and decreases IL-1beta-induced apoptosis in insulin-
producing INS-1E cells. Diabetologia 2006; 49: 980-989.

Larsen L, Storling J, Darville M, Eizirik DL, Bonny C, Billestrup N et al. Extracellular
signal-regulated kinase is essential for interleukin-1-induced and nuclear factor kappaB-
mediated gene expression in insulin-producing INS-1E cells. Diabetologia 2005; 48:
2582-2590.

Maedler K, Sterling J, Sturis J, Zuellig RA, Spinas GA, Arkhammar POG et al. Glucose- and
interleukin-1beta-induced beta-cell apoptosis requires Ca2+ influx and extracellular signal-
regulated kinase (ERK) 1/2 activation and is prevented by a sulfonylurea receptor 1/inwardly
rectifying K+ channel 6.2 (SUR/Kir6.2) selective potassium channel opener in human islets.
Diabetes 2004; 53: 1706-1713.

Pavlovic D, Andersen NA, Mandrup-Poulsen T, Eizirik DL. Activation of extracellular signal-
regulated kinase (ERK)1/2 contributes to cytokine-induced apoptosis in purified rat
pancreatic beta-cells. Eur Cytokine Netw 2000; 11: 267-274.

Saldeen J, Lee JC, Welsh N. Role of p38 mitogen-activated protein kinase (p38 MAPK) in
cytokine-induced rat islet cell apoptosis1. Biochem Pharmacol 2001; 61: 1561-1569.
Ortis F, Pirot P, Naamane N, Kreins AY, Rasschaert J, Moore F et al. Induction of nuclear
factor-kappaB and its downstream genes by TNF-alpha and IL-1beta has a pro-apoptotic
role in pancreatic beta cells. Diabetologia 2008; 51: 1213-1225.

Lépez-Peldez M, Soria-Castro |, Bosca L, Ferndndez M, Alemany S. Cot/tpl2 activity is
required for TLR-induced activation of the Akt p70 S6k pathway in macrophages:
Implications for NO synthase 2 expression. Eur J Immunol 2011; 41: 1733-1741.
DeCicco-Skinner KL, Nolan SJ, Deshpande MM, Trovato EL, Dempsey TA, Wiest JS. Altered
prostanoid signaling contributes to increased skin tumorigenesis in Tpl2 knockout mice.
PLoS One 2013; 8: e56212.

Ogawa N, List JF, Habener JF, Maki T. Cure of overt diabetes in NOD mice by
transient treatment with anti-lymphocyte serum and exendin-4. Diabetes 2004; 53:
1700-1705.

Kawasaki Y, Harashima S, Sasaki M, Mukai E, Nakamura Y, Harada N et al. Exendin-4
protects pancreatic beta cells from the cytotoxic effect of rapamycin by inhibiting JNK and
p38 phosphorylation. Horm Metab Res 2010; 42: 311-317.

Kimple ME, Keller MP, Rabaglia MR, Pasker RL, Neuman JC, Truchan NA et al.
Prostaglandin  E2 receptor, EP3, is induced in diabetic islets and negatively
regulates glucose- and hormone-stimulated insulin secretion. Diabetes 2013; 62:
1904-1912.

Tabatabaie T, Waldon AM, Jacob JM, Floyd RA, Kotake Y. COX-2 inhibition prevents insulin-
dependent diabetes in low-dose streptozotocin-treated mice. Biochem Biophys Res
Commun 2000; 273: 699-704.

Tran PO, Gleason CE, Robertson RP. Inhibition of interleukin-1beta-induced COX-2 and EP3
gene expression by sodium salicylate enhances pancreatic islet beta-cell function. Diabetes
2002; 51: 1772-1778.

Berthou F, Ceppo F, Dumas K, Massa F, Vergoni B, Alemany S et al. The Tpl2 kinase
regulates the COX-2/prostaglandin E2 axis in adipocytes in inflammatory conditions. Mol
Endocrinol 2015; 29: 1025-1036.

Eliopoulos AG, Dumitru CD, Wang C-C, Cho J, Tsichlis PN. Induction of COX-2 by LPS in
macrophages is regulated by Tpl2-dependent CREB activation signals. EMBO J 2002; 21:
4831-4840.

Donath MY. Targeting inflammation in the treatment of type 2 diabetes: time to start. Nat Rev
Drug Discov 2014; 13: 465-476.



45.

46.

47.

48.

49.

Hu Y, Green N, Gavrin LK, Janz K, Kaila N, Li H-Q et al. Inhibition of Tpl2 kinase and
TNFalpha production with quinoline-3-carbonitriles for the treatment of rheumatoid arthritis.
Bioorg Medic Chem Lett 2006; 16: 6067-6072.

Lawrenz M, Visekruna A, Kihl A, Schmidt N, Kaufmann SHE, Steinhoff U. Genetic and
pharmacological targeting of TPL-2 kinase ameliorates experimental colitis: a potential target
for the treatment of Crohn's disease? Mucosal Immunol 2012; 5: 129-139.

Soria-Castro |, Krzyzanowska A, Pelaéz ML, Regadera J, Ferrer G, Montoliu L et al. Cot/tpl2
(MAP3K8) mediates myeloperoxidase activity and hypernociception following peripheral
inflammation. J Biol Chem 2010; 285: 33805-33815.

Broca C, Quoyer J, Costes S, Linck N, Varrault A, Deffayet P-M et al. beta-Arrestin 1 is
required for PAC1 receptor-mediated potentiation of long-lasting ERK1/2 activation by
glucose in pancreatic beta-cells. J Biol Chem 2009; 284: 4332-4342.

Bucher P, Mathe Z, Morel P, Bosco D, Andres A, Kurfuest M et al. Assessment of a novel
two-component enzyme preparation for human islet isolation and transplantation.
Transplantation 2005; 79: 91-97.

Tumor progression locus 2 in failing g-cells
EM Varin et al

50. Ravier MA, Leduc M, Richard J, Linck N, Varrault A, Pirot N et al. p-Arrestin2 plays a key role
in the modulation of the pancreatic beta cell mass in mice. Diabetologia 2014; 57: 532-541.
Cell Death and Disease is an open-access journal
= published by Nature Publishing Group. This work is
licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from

the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Cell Death and Disease


http://creativecommons.org/licenses/by/4.0/

	Inhibition of the MAP3 kinase Tpl2 protects rodent and human β-cells from apoptosis and dysfunction induced by cytokines and enhances anti-inflammatory actions of exendin-4
	Main
	Results
	Tpl2 is expressed and specifically activated by proinflammatory cytokines in rodent pancreatic β-cells lines, mouse and human islets
	Tpl2 expression is increased by prolonged exposure of β-cells and human islets to inflammatory cytokines
	Tpl2 inhibition protects INS-1E β-cells from cytokine-induced apoptosis
	Tpl2 inhibition protects mouse islets from cytokine-induced death and alteration of glucose-induced insulin secretion
	Combined use of Tpl2 inhibitor and exendin-4 produces a powerful anti-apoptotic effect on INS-1E β-cells and in human islets and protects human islets from cytokine-induced alteration of glucose-induced insulin secretion

	Discussion
	Materials and Methods
	Animals
	Islet isolation and culture of INS-1E cells and islets
	Drug exposure
	RNA interference
	Insulin secretion and [Ca2+]c measurements
	Western blotting and measurements of cell and islet apoptosis
	Statistical analysis

	Acknowledgements
	Notes
	References


