Abstract

Background: Granulocytes are important in the pathogenesis of sevfeaimatory diseases.
Apoptosis is pivotal in the resolution of inflammation. Apoptosis in malignant cetidused by
histone deacetylase (HDAC) inhibitors, whereas HDAC inhibitors do useially induce
apoptosis in non-malignant cells. The aim of the present studytovesplore the effects of
HDAC inhibitors on apoptosis in human eosinophils and neutrophils.

Methods:Apoptosis was assessed by relative DNA fragmentation agsagxia-V binding, and
morphologic analysiddDAC activity in nuclear extracts was measured with a nonisoagsay.
HDAC expression was measured by real-time PCR.

Results: A HDAC inhibitor Trichostatin A (TSA) induced apoptosishi@é presence of survival-
prolonging cytokines interleukin-5 and granulocyte-macrophage colonylating factor (GM-
CSF) in eosinophils and neutrophils. TSA enhanced constitutive eosinophil atrdphé
apoptosis. Similar effects were seen with a structurallirditar HDAC inhibitor apicidin. TSA
showed additive effect on the glucocorticoid-induced eosinophil apoptosis,ntagonized
glucocorticoid-induced neutrophil survival. Eosinophils and neutrophils expres$tdACs at
the mRNA level except that HDAC5 and HDAC11 mRNA expressiaa wery low in both cell
types, HDAC8 mRNA was very low in neutrophils and HDAC9 mRNA Iowosinophils. TSA
reduced eosinophil and neutrophil nuclear HDAC activities by ~50-60%gesting a non-
histone target. However, TSA did not increase the acetylatian rain-histone target NKB
p65. c-jun-N-terminal kinase and caspases 3 and 6 may be involvednmethanism of TSA-
induced apoptosis, whereas PI3-kinase and caspase 8 are not.

Conclusions: HDAC inhibitors enhance apoptosis in human eosinophils and nestiophié

absence and presence of survival-prolonging cytokines and glucocorticoids.






Methods
Blood donors

For neutrophil experiments blood was obtained from healthy donors. For eosinehiirents,
blood (50-100 ml) was obtained from eosinophilic individuals. However, patieiits w
hypereosinophilic syndrome were excluded. All subjects gave intbroo@sent to a study

protocol approved by the ethical committee of Tampere University Hospitap@ranfinland).

Neutrophil and eosinophil isolation

Neutrophils from venous blood were isolated under sterile conditionseamysly reported
[13,14]. Neutrophil populations with purity of >98% were accepted for dperenents. The
neutrophils were resuspended at 2 % délls /ml, cultured for 16 h (3%C; 5 % CQ) in RPMI
1640 (Dutch modification) with 10 % fetal calf serum plus antibiotssinophils were purified
by using immunomagnetic anti-CD16 antibody conjugated beads as phgwessribed [5,15-
17]. The purity of eosinophil population was > 99 %. The eosinophils warspersded at 1 X
106 cells /ml, cultured (3%0, 5 % CQ) for 18 h (morphological and Annexin-V assays) or 40 h
(relative DNA fragmentation assay) in the absence or presérmaytokines, glucocorticoids and
HDAC inhibitors in RPMI 1640 (Dutch modification) with 10 % fetalfceerum plus antibiotics

in 96-well plates.

Macrophage cultures

J774.2 macrophages (The European Collection of Cell Cultures, Porton Dolishing/i UK)
were cultured at 37°C, 5% CO2 atmosphere, in Dulbecco's Modified '‘€Eadedium with

Ultraglutamine 1 (DMEM/U1) supplemented with 5 % of heat inaatiddbetal bovine serum,



penicillin (100 U/ml), streptomycin (100g/ml) and amphotericin B (250 ng/ml). Cells were
seeded on 24 well plates and grown to confluence prior to experimetissweére cultured for
24 h in the presence or absence of various concentrations obrM@polysaccharide (LPS; 10
ng/ml) and ammonium pyrrolidinedithiocarbamate (PDTC; &), whereafter medium was
removed, cells were washed once with phosphate-buffered saline gr@8puble-stained with

Annexin-V and PlI.

Apoptosis assays

Apoptosis was determined by propidium iodide staining of DNA fragatiemt and flow
cytometry (FACScan, Becton Dickinson, San Jose, CA) as previoasbyrided [15-17]. The
cells showing decreased relative DNA content were consid@@otaic [15,16]. Annexin V-
binding assay was performed as previously described [14,16] andluaNeng positive staining
with Annexin-V (i.e. both early apoptotic Annexin™7PI'® and late apoptotic/secondary
necrotic cells: Annexin V9PI'*®) were considered to be apoptotic. For morphological analysis,
eosinophils or neutrophils were centrifuged onto cytospin slides (10007rpmm) and stained
with May-Grinwald-Giemsa after fixation in methanol. The celiswing typical features of
apoptosis such as cell shrinkage, nuclear coalescence and nucleartichcom@densation were

considered as apoptotic [5,15,16].

Western blotting

Eosinophils were suspended af t@lls/ml and cultured at +37°C for 1 h in the absence and
presence of DMSO (solvent control), TSA (330 nM) or GM-CSF (0.inhg/Thereafter the

samples were centrifuged at 1000g for 1 min. The cell pelletysas by incubating for 15-30









were almost similar independently of the concentration of GM;G8§gesting that the cellular

targets of TSA are different from that of glucocorticoids.

To evaluate whether the ability to antagonize cytokine-affordsthephil survival is not related
to TSA only, we employed other pharmacological inhibitors of HDAGw®ther general HDAC
inhibitor, apicidin (0.1 - 1@M) antagonized GM-CSF-mediated eosinophil survival by inducing
apoptosis with an Efg of 427 + 42 nM (Figure 2B). MC-1293, a commercially available
HDACL1 inhibitor, antagonized GM-CSF-mediated eosinophil survival onlygtigrat high (10
mM) drug concentrations (Figure 2C). Another HDAC inhibitor, MS-2051-1 mM), at
concentrations known to inhibit HDAC1 [23] did not affect GM-CSF-afforaesinophil
survival. In contrast, at higher concentrations (10-200) known to inhibit HDAC3 [23], MS-

275 enhanced apoptosis in GM-CSF-treated eosinophils (Figure 2D).

HDAC inhibitors enhance constitutive eosinophil apoptosis

In the absence of life-supporting cytokines, TSA increased the numbeellsf showing
decreased relative DNA content suggesting apoptosis (FigureTaBle 1). Similarly, an
increase in the number of cells presenting with the typical mavgloall features of apoptosis
was found with TSA (percentage of apoptotic cells 11 + 3 and 62 *tBeirabsence and
presence of 330 nM TSA, respectively, n=5, P<0.001). This was confirmesthdwing an
increase in the percentage of Annexin-V-positive cells in the abseard presence of TSA (330

nM) (15+3% and 68+8%, respectively, n=6, P<0.001).

Apicidin enhanced spontaneous eosinophil apoptosis (Figure 3A). ThdiveeleiDAC1

inhibitor, MC1293, did not enhance eosinophil apoptosis (Figure 3B). MS-275 (6M)1
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Pharmacological nature of the effect of HDAC inhibitors

To further evaluate whether the effects of HDAC inhibitors osire@phil and neutrophil
apoptosis in the presence of glucocorticoids or Fas are additiyergistic, dose-response
curves of TSA in the absence or presence of survival-prolongiogiegs, glucocorticoids and
Fas are compared (Figure 6A and B). In eosinophils, the maxintamage of apoptotic cells is
similar in the presence of TSA (330 nM) alone and in the presd#rimedesonide and TSA (330
nM) (Figure 6A). This indicates that the effect is additive, fmitsynergistic. The same can be
seen with the combination of TSA and Fas. Similarly, in neutrophilanthemal percentage of
apoptotic cells is similar in the presence of TSA (330 nM) alowkeirathe presence of Fas and
TSA (330 nM) (Figure 6B). In neutrophils, TSA enhanced apoptosis iprésence of GM-CSF
and budesonide in a similar manner within the same concentration(Fagges 6B). Similarly,

in eosinophils TSA enhanced apoptosis in the presence of IL-5 (Figurélbi&)suggests that
the antagonism of the actions of survival-prolonging cytokines IL-5@&WdCSF in both cell
types and the antagonism of the actions of glucocorticoids does notaicihe level of IL-5,

GM-CSF or glucocorticoid receptors.

HDAC expression in human eosinophils and neutrophils

To evaluate whether granulocytes express HDACSs, we isolated niRNAhuman eosinophils
and neutrophils and measured the expression of different HDACs w=ahgme PCR. To
confirm the accuracy of the results, the expression of diffé#@#Cs was normalized against
two different housekeeping genes, namely GAPDH and GLB2L1. Thissiagve almost
identical results. Expression of HDAC5, 9 and 11 was very low in eosisapid expression of

HDACS5, 8 and 11 was very low in neutrophils (Figure 7). The expressiddD#C2 and
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HDAC9 was higher in neutrophils than in eosinophils and the expres$itiDAC8 was

significantly higher in eosinophils (Figure 7).

HDAC activity in eosinophils and neutrophils

The HDAC activity in eosinophil nuclear extracts was somewgher (0.37+ 0.05
OD/mg/min; n=6) than in neutrophil nuclear extracts (Gt2@.05 OD/mg/min; n=5, P<0.05).
For comparison, we included HelLa-cell nuclear extracts which hadycleghler HDAC activity
(0.70+ 0.04 OD/mg/min, n=6, P<0.001 versus eosinophil and neutrophil nuclear ex{f&?s
inhibited substrate (1.25 mM) deacetylation by eosinophil and neutrophilanwteacts only
partially. The maximal inhibition of HDAC activity by TSA (100M) in eosinophil nuclear
extracts was 52 13 % (n=6, P<0.05) and in neutrophil nuclear extracts it was 406 (n=5,
P<0.001), whereas in HeLa nuclear extracts HDAC activityintabited almost completely (93

+ 1 % inhibition, n=6, P<0.001) by 1000 nM TSA (Figure 8).

Acetylation of NF4AB p65 does not explain the apoptosis-inducing effect of TSA in human

eosinophils

The above data suggest that the effects of HDAC inhibitors inag@sls or neutrophils may not
be mediated via regulation of acetylation status of histones, lhdr ratight be mediated via
some non-histone targets. XB-has been shown to be involved in the regulation of eosinophil
apoptosis [3]. NFB assembly withKB, as well as its DNA binding and transcriptional activity,
are regulated by p300/CBP acetyltransferases that princtpadigt Lys218, Lys221 and Lys310
[25-27]. This process is reciprocally regulated by HDACs andrab¥WDAC inhibitors have

been shown to activate NdB [25-27]. To evaluate whether the effects of HDAC inhibitors
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apoptosis in human eosinophils (Figure 11). Inhibitors of caspase & (@MNe)ID(OMe)-
FMK) and 3 (Z-D(OMe)QMD(OMe)-FMK) compeletely and partiptagonized TSA-induced
DNA breakdown in human eosinophils, respectively (Figure 11). In conirdsbition of
caspase 8 (IETD-CHO) had no effect (Figure 11). These resgigest a role for caspases 3 and

6, but not 8, in the mechanism of action of TSA in human eosinophils.

HDAC inhibitors enhance apoptosis in J774 macrophages

Macrophages are considered to be important in the removal of apogttsic To evaluate
whether HDAC inhibitors could affect macrophage survival, we evalubeedffects of TSA on
apoptosis in J774.2 macrophages. TSA increased the percentage of Anmmsitivé cells in
J774.2 macrophages in a concentration-dependent manner, although to axesdethan a
combination of LPS and an inhibitor of NdB PDTC (100mM), previously known to induce

apoptosis in macrophages (Figure 12).
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with HDAC inhibitors in an in vitro situation leads almost up to 16RPfranscriptionally active
genes having altered expression [9]. Surprisingly, nearly arl equdoer of genes are repressed
in their expression as those that are activated [9]. TreatmiémtHDAC inhibitors in vitro
causes an increase in the acetylation levels of histones imbattal and tumor cells, including
melanocytes and melanoma cell lines [9]. However, normal meleeware resistant to cell
death caused by HDAC inhibitors, whereas most melanoma cell Um#srgo apoptosis [9].
This suggests that the difference between survival and death betageal and malignant cells
may be due to acetylation of non-histone proteins rather than histomesethes [9,10]. In
eosinophils, NFHkB has been shown to be involved in the regulation of apoptosis [SkBNF-
assembly with KB, as well as its DNA binding and transcriptional activity, exgulated by
p300/CBP acetyltransferases that principally target Lys218, Lys2@1 ws310 [25-27]. This
process is reciprocally regulated by HDACs and several El#ibitors have been shown to
activate NFkB [25-27]. In fact, ineffectiveness of HDAC inhibitors to induce apaptas
certain cell lines has been proposed to involve the transcriptiohehton by acetylation of
RelA/p65 subunit of NF-kB through the Akt pathway [26]. However, we weteble to detect
any increased acetylation of NF-kB p65 in response to TSA inmhugosinophils. Similarly,
inhibition of the PI3K-Akt pathway by pharmacological inhibitors did nobdulate TSA-
induced apoptosis. These results suggest that NF-kB p65 or PI3K-Aktgyasing/not involved,

but we cannot exclude other non-histone targets.

c-jun-N-terminal kinase (JNK) pathway has been proposed to be invaivegontaneous and
nitric oxide- and orazipone-induced apoptosis of human eosinophils [3,16,17,28]. Inhabition
JNK activity by the cell permeable inhibitory peptide L-JNKdlmost completely abolished
TSA-enhanced DNA breakdown, suggesting a role for JNK. Even thoughuwbleement of
caspases in apoptosis in general is well established, surpyridittig is known of the role

caspases in human eosinophils [3, 30] and the actual caspasesnueapaiptosis in human
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toxic towards several types of normal non-malignant cell lines J9ltOfact, the published
phase I-Il clinical trials suggest that HDAC inhibitors: 1. inhiHDAC activity in vivo in

humans and 2. show moderate to good tolerability in humans [40-44]. Theigempting to
speculate that HDAC inhibitors might be used to treat alsaneoisilic and/or neutrophilic

inflammation.

Macrophages are considered to be important in the removal of apogttgicTdie finding that
TSA at similar concentrations induced apoptosis also in a macreplalgline suggests that
removal of apoptotic cells in the lungs could be impaired. However diti@uto macrophages,
lung epithelial cells have been implicated in the removal of apomosinophils [45] and A549
lung epithelial cells have been reported to be insensitive to apombosised by HDAC

inhibitors [26].

Conclusions

Taken together, our results suggest that HDAC inhibitors su€lsAsnhance apoptosis both in
the presence and absence of survival-prolonging cytokines in eosinopthilseatrophils. In
addition, TSA has an additive effect on apoptosis in the presenceuodcgtticoids in
eosinophils and antagonizes glucocorticoid-induced neutrophil survival. Thhamsm of
action in eosinophils involves c-jun-N-terminal kinase and caspasa®d 3. Thus, HDAC
inhibitors have anti-eosinophilic and anti-neutrophilic properties arel @ossible drug

candidates to treat eosinophilic or neutrophilic inflammation.
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Figure legends

Figure 1. The effect of TSA (330 nM in C, G, J,K) on eosinophil apopitosiee presence of IL-
5 (0.3 ng/ml) as measured by relative DNA fragmentation assay (Afdexin V binding assay
(E-H; Annexin V-FITC: FL1-H and propidium iodide: FL2-H)) and morgugtal analysis (I-
K). Figures in top right hand corner represent the percentage inbpbis showing decreased
relative DNA content (A-C) or total percentage of apoptotic eosin®hll Annexin V-FITC"®
cells) (E-G). In A-C, E-G and I-J a representative of 6 simgixperiments is shown. Mean +
SEM, n=6 (D,H,K). **P<0.001 vs. solvent control in the presence of Ilné &## P<0.001 vs.

the control in the absence of IL-5 and TSA.

Figure 2. The effect of HDAC inhibitors Trichostatin A (TSA; A), apicidin,(B)C1293 (C) and
MS-275 (D) on eosinophil apoptosis in the presence of GM-CSF (in B-Digdndl). In (A) the
black colums indicate the effect of TSA in the absence of GM-@Poptosis was assessed by
flow cytometry measuring the relative DNA fragmentation. *P<0.05<8&B1 and ***P<0.001

as compared with the respective control. Me&hE.M., n=5-6.

Figure 3. The effect of HDAC inhibitors apicidin (A), MC1293 (B) ants-275 (C) on
apoptosis in eosinophils in the absence of survival-prolonging cytokinespataneous
apoptosis). Apoptosis was assessed by flow cytometry meastnegrelative DNA
fragmentation in propidium iodide-stained cells. **P<0.01 and ***P<0.001 as compatied
the respective control in the absence of HDAC inhibitors. Me&EtM. of 5-6 independent

determinations using cells from different donors.

Figure 4. The effect of trichostatin A (A-C) on human eosinophil ap@ptoghe presence of

budesonide (InM; A), fluticasone (ImM; B) or mometasone (&4M; C). In (D-F) is shown the
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effects of HDAC inhibitors apicidin (D), MC1293 (E) and MS-275 (F)emsinophil apoptosis

in the presence of budesonidem{dl). Apoptosis was assessed by flow cytometry measuring the
relative DNA fragmentation in propidium iodide-stained cells. ** iatlks P<0.01 and ***
P<0.001 as compared with the respective control in the absence of Hiidhbitors. Mean

+ S.E.M. of 5-6 independent determinations using cells from different donors. Thepooeng
percentage of apoptotic cells in the absence of glucocorticoids BA€Hhhibitors was 49 + 3

(n=25).

Figure 5. The effect of Trichostatin A on apoptosis in human neutraphite presence (A) or
absence (B) of the survival-prolonging cytokine GM-CSF (10 ng/mlYC-E) is shown the
effect of trichostatin A on human neutrophil apoptosis in the presdrmedesonide (hM; C),
fluticasone (1mM; D) or mometasone (bM; E). Apoptosis was assessed by flow cytometry
measuring the relative DNA fragmentation assay. *** P<0.001 agpaoed with the respective
control in the absence of HDAC inhibitors. ### P<0.001 as compared witbsihective control

in the absence of HDAC inhibitors and GM-CSF or glucocorticoids.nMe&.E.M. of 6

independent determinations using cells from different donors.

Figure 6. Concentration-response curves of TSA in eosinophils (A) aricbpleils (B) in the
absence (black circle) and presence of survival-prolonging cywi&ck up-pointing triangle;

IL-5 0.3 ng/ml in eosinophils and GM-CSF 10 ng/ml in neutrophils), bardde (black down-
pointing triangle; 1mM) or Fas (black square; 100 ng/ml). Apoptosis was assessed by flow
cytometry measuring the relative DNA fragmentation (A) or &an V-binding (B).
Eosinophils or neutrophils were isolated and concentration-response aurihes absence or
presence of cytokines, budesonide or Fas were prepared simultantomsithe cells of the

same donor. Mean $.E.M. of 6 independent determinations using cells from different donors.
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Table 2. The effects of trichostatin A on Fas-induced eosinophil ap@pt®lown is the

percentage of apoptotic cells after 40 h incubation as analyzeeldtive DNA fragmentation

assay.
Percentage of apoptotic cells
Control A 4
Fas 65 2##
Fas +trichostatin A 3.3 nM 673
Fas +trichostatin A 33 nM TO 2%**
Fas +trichostatin A 330 nM oo ) Rk

Values are the meanSEM of independent determinations using cells from different donors.
n=6. *** indicates P < 0.001 as compared with the respective solvenbtanthe absence of
trichostatin A and ## P<0.01 as compared with the respective contha absence of Fas. The

concentration of Fas activating antibody was 100 ng/ml.
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Figure 12



