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Cyclin-dependent kinase inhibitors enhance the
resolution of inflammation by promoting
inflammatory cell apoptoslS
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Adriano G Rossi1, Deborah A Sawatzky1.3, Annemieke WaIker1,3, Carol Ward1, Tara A Sheldrake1,
Nicola A Riley1, Alison Caldicott1, Magdalena Martinez-Losa1, Trevor R WaIkerl, Rodger Duffinl,
Mohini Gray1, Elvira Crescenzi2, Morag C MartinI, Hugh J Bradf, John S Savill1,lan Dransfield1&
Christopher Haslett1

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 signais from survival factors such as
granulocyte-macrophage colony-stimulating factor (GM-CSF).We show that the CDKinhibitor 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. ln the pleurisy model, the caspase inhibitor zVAD-fmkprevents
R-roscovitine-enhanced resolution of inflammation, indicating that this CDKinhibitor augments inflammatory cell apoptosis.
We also provide evidence that R-roscovitine promotes apoptosis by reducing concentrations of the anti-apoptotic protein Md-l.
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 tissuesi. Thus, it is vital that, once
their physiological function has been achieved, these inflammatory
cells and their potentially histotoxic contents are eleared 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 macrophages2,3. Neutrophil survival and apoptosis are
profoundly influenced by the inflammatory milieu: inflammatory
mediators such as GM-CSF or lipopolysaccharide (LP5), environ-
mental conditions such as hypoxia, and the presence of pro-apoptotic
stimuli such as tunIor necrosis factor-a; or Fas ligand markedly alter
neutrophillongevity4,S.

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

Et

fail to elicit a pro-infiammatory response2,6. If macrophage phago-
cytosis or neutrophil apoptosis is irnpaired, however, chronic inflam-
mation may ensuéS,7. Consequently, the mechanisms involved in
regulating inflammatory cell survival and apoptosis are the subject of
considerable research endeavor.

Cell division ofeukaryotic cells occurs in four phases (Gl, 5, 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 cyele, whereby different CDKs become activated
during cell-cyele progression when complexed with their associated
cyclin partners8. For this reason, targeting CDKs by specific inhibitors
may prevent or limit tunIor progression. Indeed, CDK inhibitors are
under clinical trial for esophageal, lung, prostate and non-small-cell
lung cancers9. ln contrast, inhibition ofCDKs attenuates apoptosis of
terrninally differentiated neuronslO. The precise mechanisrns that
deterrnine the effects of CDK inhibitors on apoptosis remain unelear,
although these inhibitors downregulate Mel-1 (relS. 11,12), a key
protein regulating apoptosisI3 ineluding neutrophil apoptosisI4. Neu-
trophils are terrninally differentiated cells and therefore CDK inhibi-
tors such as R-roscovitine wouId be predicted either to have no effect
or, as in neurons, to inhibit apoptosislO.
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Here we have investigated whether CDK inlulJitors can influence
neutrophil apoptosis in vitro and consequently the resolution of
neutrophilic inflammation in vivo. We show that human neutrophils
express functional CDKs and that different CDK inhibitors directiy
induce caspase-dependent neutrophil apoptosis and inhibit ceIl
survival induced by several biologically important powerful anti-
apoptotic agents. We also show that the CDK inlulJitor R-roscovitine
downregulates Md-1 expression induced by survival fàctors in neu-
trophils. ln addition, we demonstrate in vivo that R-roscovitine
markedly enhances resolution of inflammation in mouse models
of carrageenan-induced acute pleurisy, bleomycin-induced lung
inflammation 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 directiy,
human neutrophils were incubated over a 20-h period with the
structurally diverse CDK inhibitors R-roscovitine15-17, NG75 (refs.
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Figure 1 Effects of CDK inhibitors on hum an neutrophil apoptosis. (a) Different CDK inhibitors
induce concentration-dependent apoptosis of neutrophils. Human neutrophils (5 x 106 cellsfm!)
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 :1:s.e.m. (n 2:: 3). **P < 0.01 versus control. (b) Different CDK inhibitors induce time-
dependent apoptosis of neutrophils. Human neutrophils (5 x 106 cellsfm!) were incubated over
20 h with 20 IlM R-roscovitine, 10 IlM NG75 or 10 IlM hymenialdisine. Apoptosis was assessed
as in a (n 2::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,
flow cytometry dot plots of NG75-treated neutraphils, taken at 0 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. ln c, tYpical neutrophil morphology of multi-Iobed nuclei is
seen. ln d, arrow indicates tYpically apoptotic neutrophil morphology, showing condensed nuclei. ln e, arrow indicates apoptotic neutrophil without nuclear
staining and the cell membrane appears 'Ieaky'. 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 106 cellsfm!) were pre-incubated with 0:2 mM
dbcAMP, 50 Ulml of GM-CSF or 1 ~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 in a (n 2:: 3). IlP < 0.05 versus control. *P < 0.05, **P <
0.01 versus contrai of relevant survival agent.
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18,19) and hymenialdisine2°,21 at a range of concentrations similar to
those known to inhibit CDKs specificallyl5-21. The CDK inhibitors
markedly increased neutrophil apoptosis in a concentration-
dependent (Fig. la) and time-dependent (Fig. 1b) manner. After 8 h
ofNG75 treatrnent, a marked increase in annexin-V-positive cells was
observed (Fig. 1c--e); after prolonged treatrnent (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. le). Similar profiles were seen with R-roscovitine and
hymenialdisine treatrnent, and all annexin-V binding data was con-
finned by morphological assessment of apoptosis (data not shown).

ln a time-course study, R-roscovitine (20 vM) and NG75 (10 !-lM)
increased the rate of apoptosis after 8 h, whereas 10 vM hymenialdi-
sine did not increase apoptosis above the control rate (Fig. Ib).
We deliberately used hymenialdisine at 10 !lM, 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 fàctors (see below). Systematic study of its cellular targets
has shown that R-roscovitine has high specificity for CDK1,
CDK2 and CDKS, 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

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 106 cellslml) were incubated for 6 h with

R-roscovitine (20 !lM) with or without zVAD-fmk

(100 !lM). Apoptosis was assessed as in Fig. la
(n = 4). *P < 0.05 versus control. (b) CDKI

and CDK2 proteins are expressed in neutrophils

and R-roscovitine induces caspase cleavage in
neutrophils. Human neutrophils (5 x 106 cellsl

ml) were Iysed after isolation (0 h) or after
treatment (4 h) with buffer, GM-CSF (50 ngfml),

R-roscovitine (20 !lM), or GM-CSF (50 ngfml)

plus R-roscovitine (20 !lM). Proteins were

subjected to western blotting with antibodies

to caspase 3, CDKl, CDK2 or ~actin. Blots

are representative of at least three separate

experiments. (c) CDKI and CDK2 protein

expression does not change during neutrophil
apoptosis. Human neutrophils (5 x 106 cellslml)

were Iysed after isolation (0 h) or after treatment

(20 h) with buffer, GM-CSF (50 U/ml) or

gliotoxin (0.1 !lgfmi). Proteins were subjected

to western blotting with antibodies to CDK 1 or

CDK2. Blots are representative of at least three

separate experiments. (d,e) CDKI activity is

present in neutrophils and decreases after

apoptosis induced by the activating antibody to

Fas (CHll). Neutrophils (5 x 106 cellslml) were

treated with CHII (500 ngfml) for the indicated

times. Subsequently, 107 cells were Iysed for

each sam pie, the Iysate was incubated with antibody to CDKl, and CDKI activity was measured by 32p transfer to histone Hl (d,e). Apoptosis
(annexin-V+/PI+j (e) and CDKl activity (d,e) were measured every 2 h over 8 h. CDKl activity was detected at time 0 and at 2 h, but not at later time

points as apoptosis increased (d,e). Again, no difference in CDKl expression was detected over time (d). Results are representative of at least three separate
experiments. (f) R-Roscovitine reduces survival factor-induced Md-l protein expression in neutrophils. Human neutrophils (5 x 106 cellslml) were treated

with buffer, GM-CSF (50 ngfml), R-roscovitine (20 !lM), or GM-CSF (50 ngfml) plus R-roscovitine (20 !lM) for 2 h. After cell Iysis, proteins were subjected to

western blotting with antibody to Md-!. Blots are representative of at least three separate experiments.
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hymenialdisine2°,21 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 S stereoisomer (half-maximal
inhibitory concentrations of 0.45 ~ and 0.95 ~, respectively15).
Our own studies with the stereoisomers used at 20 /lM showed that
apoptosis after 6 h was 12.4 :t 0.4% for the control, 12.8 :t 1.3% for
the dimethyl sulfoxide (DMSO; 0.04%) control, 75.9 :t 3.5% for R-
roscovitine and 75.6 :t 3.3% for S-roscovitine (mean :t s.e.m.; n = 4

separate donors, done in triplicate).

CDK inhibitors overcome survival factor delay of apoptosis
Because these CDK inhibitors acœlerated apoptosis, we investigated
whether they reversed the effects of agents that delay neutrophil
apoptosis through different signaling pathwaysS. For example, dbcAMP
penetrates the celI membrane to mimic endogenous cAMP22;GM-CSF
acts through the GM-CSF receptor to activate phosphatidylinositol
3-kinase (PI3K), Janus kinase 2 and the transcription factor STAT!

(ref. 5); and LPS binds to TolI-like receptor-4 to activate mitogen-
activation kinase (MAPK), PI3K and NF-KB signaling to inhibit
apoptosis5,23-26. ln addition, LPS-induced delay of neutrophil apop-
tosis is also dependent on contaminating monocytes25,26. The CDK
inhibitors overrode all of these survival signals in a concentration-
dependent manner (Fig. lf-h) without directIy inducing apoptosis
per se (see 10 ~ hymenialdisine data). Thus, overriding of survival

4
CH11(h)

6

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 zVAD-fmk prevented R-roscovitine-induced
apoptosis (Fig. 2a). R-Roscovitine treatment resulted in caspase-3
cleavage, directIy verifying that this CDK inhibitor activates
caspases in neutrophils (Fig. 2b). ln 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 ofbasal apoptosis was low «5%; Fig. Ib) 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. If).

Human neutrophils express functionally active CDKs
Because neutrophils are terminally differentiated and do not undergo
celI division, little is known about CDKs and their associated partners
in these celIs. 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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