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Cyclin-dependent kinase inhibitors enhance the
resolution of inflammation by promoting
inflammatory cell apoptosis

Adriano G Rossi', Deborah A Sawatzky'?, Annemieke Walker'3, Carol Ward!, Tara A Sheldrake!,
Nicola A Riley’, Alison Caldicott!, Magdalena Martinez-Losa', Trevor R Walker!, Rodger Duffin’,
Mohini Gray', Elvira Crescenzi’, Morag C Martin', Hugh J Brady?, John S Savill!, Ian Dransfield! &
Christopher Haslett!

Apoptosis is essential for clearance of potentially injurious inflammatory cells and subsequent efficient resolution of inflammation.
Here we report that human neutrophils contain functionally active cyclin-dependent kinases (CDKs), and that structurally diverse
CDK inhibitors induce caspase-dependent apoptosis and override powerful anti-apoptosis signals from survival factors such as
granulocyte-macrophage colony-stimulating factor (GM-CSF). We show that the CDK inhibitor R-roscovitine (Seliciclib or CYC202)
markedly enhances resolution of established neutrophil-dependent inflammation in carrageenan-elicited acute pleurisy, bleomycin-

induced lung injury, and passively induced arthritis in mice. In the pleurisy model, the caspase inhibitor zZVAD-fmk prevents
R-roscovitine—enhanced resolution of inflammation, indicating that this CDK inhibitor augments inflammatory cell apoptosis.
We also provide evidence that R-roscovitine promotes apoptosis by reducing concentrations of the anti-apoptotic protein Mcl-1.
Thus, CDK inhibitors enhance the resolution of established inflammation by promoting apoptosis of inflammatory cells, thereby
demonstrating a hitherto unrecognized potential for the treatment of inflammatory disorders.

Neutrophils have a central role in innate immunity and are rapidly
recruited to sites of infection and injury; however, their many defense
mechanisms that destroy and digest invading microorganisms
are potentially deleterious to tissues'. Thus, it is vital that, once
their physiological function has been achieved, these inflammatory
cells and their potentially histotoxic contents are cleared rapidly.
During spontaneous resolution of inflammation, neutrophils undergo
apoptosis: a pre-programmed and highly regulated cell death process
that results in shutdown of secretory capacity and allows recognition
and removal by macrophages®*. Neutrophil survival and apoptosis are
profoundly influenced by the inflammatory milieu: inflammatory
mediators such as GM-CSF or lipopolysaccharide (LPS), environ-
mental conditions such as hypoxia, and the presence of pro-apoptotic
stimuli such as tumor necrosis factor-o or Fas ligand markedly alter
neutrophil longevity®®.

Neutrophil apoptosis is controlled by a complex network of signal-
ing pathways that regulate both the turnover of key molecules,
including the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1)
and the pro-apoptotic Bcl-2 family member Bax, and activation of the
caspase family of proteases®. Once apoptosis has been engaged, the
neutrophil secretory activity is shutdown; the cells remain intact and
are phagocytosed by macrophages using recognition mechanisms that

fail to elicit a pro-inflammatory response®S. If macrophage phago-
cytosis or neutrophil apoptosis is impaired, however, chronic inflam-
mation may ensue*>’. Consequently, the mechanisms involved in
regulating inflammatory cell survival and apoptosis are the subject of
considerable research endeavor.

Cell division of eukaryotic cells occurs in four phases (G1, S, G2, M)
and in some circumstances, for example where growth factors are
withdrawn or the cell is terminally differentiated, the cell will rest
in GO phase. The CDKs have been traditionally described as key
regulators of the cell cycle, whereby different CDKs become activated
during cell-cycle progression when complexed with their associated
cyclin partners®. For this reason, targeting CDKs by specific inhibitors
may prevent or limit tumor progression. Indeed, CDK inhibitors are
under clinical trial for esophageal, lung, prostate and non-small-cell
lung cancers®. In contrast, inhibition of CDKs attenuates apoptosis of
terminally differentiated neurons'?. The precise mechanisms that
determine the effects of CDK inhibitors on apoptosis remain unclear,
although these inhibitors downregulate Mcl-1 (refs. 11,12), a key
protein regulating apoptosis'® including neutrophil apoptosis'*, Neu-
trophils are terminally differentiated cells and therefore CDK inhibi-
tors such as R-roscovitine would be predicted either to have no effect
or, as in neurons, to inhibit apoptosis®,
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Figure 1 Effects of CDK inhibitors on human neutrophil apoptosis. (a) Different CDK inhibitors
induce concentration-dependent apoptosis of neutrophils. Human neutrophils (5 x 108 cells/ml)

were incubated for 20 h with increasing concentrations of R-roscovitine, NG75 or hymenialdisine (HD).
Apoptosis was assessed by annexin-V—FITC binding and confirmed by morphology. Data represent

the mean = s.e.m. (n = 3). **P < 0.01 versus control. (b) Different CDK inhibitors induce time-
dependent apoptosis of neutrophils. Human neutrophils (5 x 10° cells/ml) were incubated over

20 h with 20 uM R-roscovitine, 10 pM NG75 or 10 pM hymenialdisine. Apoptosis was assessed
asina(n = 3). *P < 0.05, **P < 0.01 versus control. (c-e) The CDK inhibitor NG75 enhances
annexin-V binding and induces morphological changes indicative of neutrophil apoptosis. Left,
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flow cytometry dot plots of NG75-treated neutrophils, taken at O h (c), 8 h (d) and 20 h (e).

Non-apoptotic cells are shown in gray, annexin-V-FITC* cells in green, and annexin-V*/PI* cells in

red. Right, corresponding micrographs. In ¢, typical neutrophil morphology of multi-lobed nuciei is

seen. In d, arrow indicates typically apoptotic neutrophil morphology, showing condensed nuclei. In e, arrow indicates apoptatic neutrophil without nuclear
staining and the cell membrane appears ‘leaky’. This type of morphology may account for the annexin-V*/PI* cells seen by flow cytometry at 20 h. (f-h) CDK
inhibitors reverse dbcAMP-, GM-CSF- and LPS-mediated survival of neutrophils. Human neutrophils (5 x 108 cells/ml) were pre-incubated with 0.2 mM
dbcAMP, 50 U/ml of GM-CSF or 1 pg/ml of LPS as indicated for 30 min. Appropriate concentrations of R-roscovitine (f), NG75 (g) or hymenialdisine (h)
were then added and the cells were incubated for a further 20 h. Apoptosis was assessed as ina (n = 3). ¥P < 0.05 versus control. *P < 0.05, **P <

0.01 versus control of relevant survival agent.

Here we have investigated whether CDK inhibitors can influence
neutrophil apoptosis in vifro and consequently the resolution of
neutrophilic inflammation in vive. We show that human neutrophils
express functional CDKs and that different CDK inhibitors directly
induce caspase-dependent neutrophil apoptosis and inhibit cell
survival induced by several biologically important powerful anti-
apoptotic agents. We also show that the CDK inhibitor R-roscovitine
downregulates Mcl-1 expression induced by survival factors in neu-
trophils. In addition, we demonstrate in wivo that R-roscovitine
markedly enhances resolution of inflammation in mouse models
of carrageenan-induced acute pleurisy, bleomycin-induced lung
inflaimmation and passively induced arthritis. The R-roscovitine—
enhanced resolution of established pleurisy is driven by a caspase-
mediated pro-apoptotic effect. These findings suggest that CDK
inhibitors may provide a therapeutic strategy to promote resolution
of inflammatory diseases.

RESULTS

CDK inhibitors induce human neutrophil apoptosis

To investigate whether CDK inhibitors can affect apoptosis directly,
human neutrophils were incubated over a 20-h period with the
structurally diverse CDK inhibitors R-roscovitine!>'7, NG75 (refs.

18,19) and hymenialdisine?®?! at a range of concentrations similar to
those known to inhibit CDKs specifically'>2!. The CDK inhibitors
markedly increased neutrophil apoptosis in a concentration-
dependent (Fig. 1a) and time-dependent (Fig. 1b) manner. After 8 h
of NG75 treatment, a marked increase in annexin-V-positive cells was
observed (Fig. 1c—e); after prolonged treatment (20 h), an increased
number of annexin-V- and propidium iodide (PI)-positive cells
(indicating secondary necrosis) were present and these cells could be
identified morphologically by their nuclear loss and ruffled plasma
membrane (Fig. 1e). Similar profiles were seen with R-roscovitine and
hymenialdisine treatment, and all annexin-V binding data was con-
firmed by morphological assessment of apoptosis (data not shown).

In a time-course study, R-roscovitine (20 pM) and NG75 (10 uM)
increased the rate of apoptosis after 8 h, whereas 10 uM hymenialdi-
sine did not increase apoptosis above the control rate (Fig. 1b).
We deliberately used hymenialdisine at 10 uM, a concentration that
did not affect apoptosis per se, because subsequently we wanted to test
the effect of the CDK inhibitor on delayed apoptosis induced by
survival factors (see below). Systematic study of its cellular targets
has shown that R-roscovitine has high specificity for CDKI,
CDK2 and CDKS3, but not for other kinases including CDK4 and
CDK6 (refs. 15-17); in addition, both NG75 (refs. 18,19) and
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Figure 2 CDK protein and activity in neutrophils a 60 5

and mechanisms governing the pro-apoptotic
effect of CDK inhibitors. (a) The caspase inhibitor
ZVAD-fmk inhibits R-roscovitine-induced
apoptosis of neutrophils. Human neutrophils

(5 x 108 cells/ml) were incubated for 6 h with
R-roscovitine (20 uM) with or without zVAD-fmk
(100 pM). Apaoptosis was assessed as in Fig. la
(n = 4). *P < 0.05 versus control. (b) CDK1 o
and CDK2 proteins are expressed in neutrophils

and R-roscovitine induces caspase cleavage in

neutrophils. Human neutrophils (5 x 106 cells/ &
ml) were lysed after isolation (O h) or after
treatment (4 h) with buffer, GM-CSF (50 ng/ml),
R-roscovitine (20 pM), or GM-CSF (50 ng/ml)
plus R-roscovitine (20 uM). Proteins were i
subjected to western blotting with antibodies
to caspase 3, CDK1, CDK2 or B-actin. Blots
are representative of at least three separate
experiments. (c) CDK1 and CDK2 protein —
expression does not change during neutrophil
apoptosis. Human neutrophils (5 x 10° cells/ml)
were lysed after isolation (O h) or after treatment
(20 h) with buffer, GM-CSF (50 U/ml) or
gliotoxin (0.1 pg/ml). Proteins were subjected

to western blotting with antibodies to CDK1 or
CDK2. Blots are representative of at least three
separate experiments. (d,e) CODK1 activity is 40
present in neutrophils and decreases after 20
apoptosis induced by the activating antibody to
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each sample, the lysate was incubated with antibody to CDK1, and CDK1 activity was measured by 32P transfer to histone H1 (d,e). Apoptosis
(annexin-V*/PI*} (e} and CDK1 activity (d,e) were measured every 2 h over 8 h. CDK1 activity was detected at time O and at 2 h, but not at later time

points as apoptosis increased (d,e). Again, no difference in CDK1 expression was detected over time (d). Results are representative of at least three separate
experiments. (f) R-Roscovitine reduces survival factor-induced Mcl-1 protein expression in neutrophils. Human neutrophils (5 x 108 cells/ml) were treated
with buffer, GM-CSF (50 ng/ml), R-roscovitine (20 uM), or GM-CSF (50 ng/ml) plus R-roscovitine (20 pM) for 2 h. After cell lysis, proteins were subjected to
western blotting with antibody to Mcl-1. Blots are representative of at least three separate experiments.

hymenialdisine?®*! have high specificity for the same CDKs. The
crystal structure of human CDK2 complexed with R-roscovitine has
been described, together with evidence showing that the R stereo-
isomer of roscovitine is slightly more potent at inhibiting purified
CDKl/cyclin B activity than is the § stereoisomer (half-maximal
inhibitory concentrations of 0.45 uM and 0.95 pM, respectively'®).
Qur own studies with the stereoisomers used at 20 pM showed that
apoptosis after 6 h was 12.4 + 0.4% for the control, 12.8 + 1.3% for
the dimethyl sulfoxide (DMSO; 0.04%) control, 75.9 + 3.5% for R-
roscovitine and 75.6 + 3.3% for S-roscovitine (mean + s.e.m.; n = 4
separate donors, done in triplicate).

CDK inhibitors overcome survival factor delay of apoptosis

Because these CDK inhibitors accelerated apoptosis, we investigated
whether they reversed the effects of agents that delay neutrophil
apoptosis through different signaling pathways®. For example, dbcAMP
penetrates the cell membrane to mimic endogenous cAMP?%; GM-CSE
acts through the GM-CSF receptor to activate phosphatidylinositol
3-kinase (PI3K), Janus kinase 2 and the transcription factor STAT1
(ref. 5); and LPS binds to Toll-like receptor-4 to activate mitogen-
activation kinase (MAPK), PI3K and NF-kB signaling to inhibit
apoptosis®?*26, In addition, LPS-induced delay of neutrophil apop-
tosis is also dependent on contaminating monocytes®+%, The CDK
inhibitors overrode all of these survival signals in a concentration-
dependent manner (Fig. 1f~h) without directly inducing apoptosis
per se (see 10 pM hymenialdisine data). Thus, overriding of survival

signals by CDK inhibitors occurs independently of, or is more
sensitive to, direct effects of the inhibitors on apoptosis and takes
place irrespective of the signaling pathways triggered in neutrophils.

CDK inhibitors induce caspase-dependent apoptosis

We found that CDK inhibitor-induced apoptosis was caspase depen-
dent because pre-incubating neutrophils with the broad-
range caspase inhibitor zZVAD-fmk prevented R-roscovitine—induced
apoptosis (Fig. 2a). R-Roscovitine treatment resulted in caspase-3
cleavage, directly verifying that this CDK inhibitor activates
caspases in neutrophils (Fig. 2b). In addition, we found that
R-roscovitine-induced caspase-3 cleavage was attenuated by the
pro-survival factor GM-CSF (Fig. 2b), probably because of competing
pro- and anti-apoptotic pathways. At the early time point of 4 h,
the rate of basal apoptosis was low (< 5%; Fig. 1b) and consequently
caspase-3 cleavage was minimal (Fig. 2b); however, caspase-3
cleavage was already very evident at 4 h when the neutrophils were
treated with R-roscovitine alone. At 20 h, the pro-apoptotic effect
of R-roscovitine was dominant over survival factor-mediated

effects (Fig. 1f).

Human neutrophils express functionally active CDKs

Because neutrophils are terminally differentiated and do not undergo
cell division, little is known about CDKSs and their associated partners
in these cells. CDK1 and CDK2 were found to be present in
neutrophils (Fig. 2b,c) and there was no difference in CDK protein
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