The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Decreased Histone Deacetylase Activity
in Chronic Obstructive Pulmonary Disease

Kazuhiro Ito, Ph.D., Misako Ito, B.A., W. Mark Elliott, Ph.D., Borja Cosio, M.D.,
Gaetano Caramori, Ph.D., Onn Min Kon, M.D., Adam Barczyk, M.D.,
Shizu Hayashi, Ph.D., lan M. Adcock, Ph.D., James C. Hogg, M.D.,
and Peter J. Barnes, D.M., D.Sc.

ABSTRACT

BACKGROUND

Chronic obstructive pulmonary disease (COPD) is characterized by chronic airway in-
flammation that is greater in patients with advanced disease. We asked whether there is
a link between the severity of disease and the reduction in histone deacetylase (HDAC)
activity in the peripheral lung tissue of patients with COPD of varying severity. HDAC is
a key molecule in the repression of production of proinflammatory cytokines in alveo-
lar macrophages.

METHODS

HDAC activity and histone acetyltransferase (HAT) activity were determined in nuclear
extracts of specimens of surgically resected lung tissue from nonsmokers without
COPD, patients with COPD of varying severity, and patients with pneumonia or cystic
fibrosis. Alveolar macrophages from nonsmokers, smokers, and patients with COPD
and bronchial-biopsy specimens from nonsmokers, healthy smokers, patients with
COPD, and those with mild asthma were also examined. Total RNA extracted from lung
tissue and macrophages was used for quantitative reverse-transcriptase—polymerase-
chain-reaction assay of HDAC1 through HDAC8 and interleukin-8. Expression of
HDAC?2 protein was quantified with the use of Western blotting. Histone-4 acetylation
at the interleukin-8 promoter was evaluated with the use of a chromatin immunopre-
cipitation assay.

RESULTS

Specimens of lung tissue obtained from patients with increasing clinical stages of COPD
had graded reductions in HDAC activity and increases in interleukin-8 messenger RNA
(mRNA) and histone-4 acetylation at the interleukin-8 promoter. The mRNA expres-
sion of HDAC2, HDACS5, and HDACS and expression of the HDAC2 protein were also
lower in patients with increasing severity of disease. HDAC activity was decreased in pa-
tients with COPD, as compared with normal subjects, in both the macrophages and bi-
opsy specimens, with no changes in HAT activity, whereas HAT activity was increased in
biopsy specimens obtained from patients with asthma. Neither HAT activity nor HDAC
activity was changed in lung tissue from patients with cystic fibrosis or pneumonia.

CONCLUSIONS
Patients with COPD have a progressive reduction in total HDAC activity that reflects the
severity of the disease.
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HE GLOBAL BURDEN OF CHRONIC OB-

structive pulmonary disease (COPD) — a

common and debilitating chronic inflam-
matory disease that is characterized by the progres-
sive development of airflow limitation and is poorly
reversible — is increasing.” Cigarette smoking is
strongly linked with the ongoing inflammation in
the airways and lung parenchyma, and the severity
of airflow limitation is correlated with the degree of
pulmonary inflammation.*3

The inflammatory processes in COPD are com-
plex.* Neutrophil chemotactic mediators, such as
interleukin-8 and leukotriene B,, and proinflamma-
tory cytokines, such as tumor necrosis factor «, are
increased in the sputum of patients with COPD, as
compared with that of normal subjects.®> Histone
acetyltransferase (HAT) and histone deacetylase
(HDAC) are families of nuclear enzymes that modify
the expression of inflammatory genes by regulating
chromatin structure.® Acetylation of the core his-
tones by transcriptional coactivator proteins, which
possess intrinsic HAT activity, leads to changes in
the chromatin structure that subsequently allow the
transcription factors and RNA polymerase II to bind
to DNA and enhance gene transcription. Converse-
ly, deacetylation of the core histones is generally
associated with the repression of transcription.
We have previously shown that HDAC is a key

molecule in the repression of production of pro-
inflammatory cytokines in alveolar macrophages’;
thus, a decrease in the HDAC could be associated
with enhanced inflammation in COPD.® The pres-
ent study was designed to test the hypothesis that
the magnitude of the inflammatory response in the
peripheral lung that has been described in COPD is
associated with a decrease in HDAC activity.

METHODS

PATIENTS

We followed the guidelines for grading disease se-
verity in COPD of the Global Initiative for Obstruc-
tive Lung Disease®: stage 0 denotes normal mea-
surements on spirometry with chronic symptoms
(i.e., cough and sputum); stage 1 denotes mild dis-
ease, with a ratio of forced expiratory volume in
one second (FEV,) to forced vital capacity (FVC) of
less than 70 percent and an FEV; of more than 80
percent of the predicted value with or without
symptoms (i.e., cough and sputum); stage 2 denotes
moderate disease, with an FEV;:FVC ratio of less
than 70 percent and an FEV, of 80 to 50 percent of
the predicted value with or without symptoms (i.e.,

cough, sputum, and dyspnea); stage 3 denotes se-
vere disease, with an FEV; of 50 to 30 percent of the
predicted value; and stage 4 denotes very severe
disease, with an FEV, of less than 30 percent of the
predicted value.

We obtained specimens of lung tissue and data
on patients’ lung function from a tissue bank that
was linked to an established patient registry.*® Spec-
imens of peripheral lung tissue were obtained from
11 patients who were nonsmokers without symp-
toms who had normal lung function and from 29
patients who were smokers: 9 with stage 0 COPD,
10 with stage 1 COPD, and 10 with stage 2 COPD.
Specimens of peripheral lung tissue were obtained
from an additional six patients with stage 4 COPD
who were undergoing lung-volume-reduction sur-
gery. The patient registry and the tissue bank also
provided specimens of peripheral lung tissue from
five patients who had a tumor that had produced
obstructive pneumonia, as well as from five explant-
ed lungs of patients with cystic fibrosis. Baseline
characteristics of the patients are summarized in
Table 1.

Alveolar macrophages were obtained by bron-
choalveolar lavage from six healthy nonsmokers,
six healthy current smokers, and seven patients with
stage 2 or 3 COPD (Table 2). Bronchial-biopsy spec-
imens were collected from 14 normal subjects who
were nonsmokers, 10 patients with mild asthma and
13 age-matched subjects who were smokers, and
7 patients with COPD (stage 2 or 3) and 10 age-
matched smokers (Table 2). Normal healthy sub-
jects for bronchoscopy studies were volunteers
recruited through advertisement. Although these
samples were not specifically collected for this study,
our study was part of a project that examined the mo-
lecular mechanism of inflammation in COPD, and it
was approved by the local research ethics commit-
tees. All subjects had provided written informed
consent for the deposition of their tissues in the tis-
sue bank from which we obtained the specimens
and for their use in research studies of this type.

CELL PREPARATION AND ASSAYS

Bronchoalvelolar-lavage fluid was collected as pre-
viously described.!* Cells from the fluid were cen-
trifuged (at 500xg for 10 minutes) and washed
twice with Hanks’ salt solution. Cell viability was
assessed with the use of the trypan-blue exclusion
method. Macrophages from the bronchoalveolar-
lavage fluid were separated by means of adhesion
to plastic and identified as previously described.**
In these experiments, the mean (£SE) viability of
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the macrophages was 66.3£4.7 percent (range, 30
to 95) and the mean purity was 93.4+1.3 percent
(range, 83 to 98).

Preparation of Cell Extracts

Tissue specimens (three pieces approximately
0.5 cm by 0.5 cm by 0.5 cm in size) and biopsy spec-
imens (two pieces approximately 1 mm by 1 mm by
3 mm in size) were ground under liquid nitrogen
with the use of a pestle and mortar. Hypotonic
buffer (10 mM HEPES—sodium hydroxide, pH 7.9,
1.5 mM magnesium chloride, 10 mM potassium
chloride, 10 mM 2-mercaptoethanol, and a com-
mercially available mixture of protease inhibitors
[Complete Protease-Inhibitor Cocktail Tablets,
Roche Diagnostics]) were added to the sample to
remove contaminating red cells and secretions and
to loosen the cell membranes. The sample was
then left on ice for 15 minutes. NP-40 solution
(Sigma), a nonionic detergent, was added to reach
a 0.5 percent final concentration, and the samples
were vortexed to isolate nuclei by lysing the cell
membranes. The samples were microcentrifuged
(at 3000 rpm for 1 minute), to remove the larger
debris, and the supernatants were then microcen-

trifuged (at 14,000 rpm for 30 seconds), to obtain
the nuclear-rich fraction. The nuclei of alveolar
macrophages were prepared by means of suspen-
sion with mild lysis buffer on ice for 10 minutes.*?
Nuclear proteins were extracted as previously de-
scribed.®® The protein concentration of each sam-
ple was measured (Bradford Bio-Rad Protein Assay
kit, Bio-Rad), with bovine serum albumin used as a
standard.

HDAC Activity and HAT Activity

HDAC activity and HAT activity were measured
with the use of a nonisotopic assay that used a fluo-
rescent derivative of epsilon-acetyl lysine (HDAC
Fluorescent Activity Assay Kit, Biomol) and an en-
zyme immunosorbent assay (HAT Activity Assay Kit,
Upstate Biotechnology) to detect antiacetylated ly-
sine antibody on synthesized histone-4 partial pep-
tide. The results are expressed as micromolar values
of the provided standard per microgram of protein.

Quantitative Reverse-Transcriptase—
Polymerase-Chain-Reaction Assay

Total RNA was extracted from approximately 1x10©
cells or from two specimens of lung tissue 0.3 cm3

Table 1. Characteristics of the Study Subjects.*
Nonsmokers
Characteristic (N=11)
Stage 0
(N=9)
Age (yr) 52.2+4.9 66.0+3.3
Sex (M/F) 3/8 72
FEV, (% of predicted normal value) 96.6+4.3 93.9+4.3
FEV,:FVC (%) 82409  75.2+1.8
Kco (% of predicted normal value) ~ 79.3£3.2 71.0£9.5
Smoking (pack-years) 0 55.5+13.2
Former smoker (no.) 0 2
Medication (no.)
Oral corticosteroid
Inhaled corticosteroid
Short-acting beta-adrenergic— 0
receptor agonist
Theophylline 0 0

Cystic
Pneumonia Fibrosis
Patients with COPD (N=5) (N=5)
Stagel  Stage2  Stage4
(N=10) (N=10) (N=6)
63.9+3.1 63.0+3.6 57.3+x2.8 62451  30.0+4.0
6/4 7/3 3/3 3/2 2/3
87.2+19  6.5+2.0 24.4+3.0 74.8+52 ND
64.6+1.4 62.0x1.6 41.7+3.7 67.8+4.7 ND
69.9+9.4 83.9+5.7 51.8+9.2 ND ND
49.7+11.2 58.0+14.7 42.0+9.0 9.5+3.4
3 3 6 2
ND ND
0 1
1 3
1 6
0 0 0

3

* COPD denotes chronic obstructive pulmonary disease, FEV,

forced expiratory volume in one second, FVC forced vital

capacity, Kco carbon monoxide gas transfer corrected for alveolar volume, pack-year the number of cigarettes smoked
per day, or 20 cigarettes, multiplied by the number of years of smoking, and ND not determined. Stages 0 through 4 de-
note severity of disease according to the grading of the Global Initiative for Obstructive Lung Disease,® with higher num-
bers indicating greater severity. Plus—minus values are means +SE.
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in size with the use of an RNeasy kit (Qiagen).
Reverse transcription was performed with the use
of an Omniscript RT Kit (Qiagen). Gene-transcript
levels of HDAC1 through HDACS, housekeeping
(unchanging) genes, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and interleukin-8 were
quantified by real-time polymerase chain reaction
(PCR) with the use of a QuantiTect SYBR Green
PCR kit (Qiagen) on a Rotor-Gene 3000 (Corbett
Research). Variation in the amount of transcript in
different samples was corrected for by GAPDH
expression. Sequences of the primer pairs used
for the PCR to identify HDAC1 through HDACS,
interleukin-8, and GAPDH are given in Supple-
ment 1 of the Supplementary Appendix (avail-
able with the full text of this article at www.
nejm.org).

Chromatin Immunoprecipitation Assay

Samples of lung tissue (three pieces approximately
0.5 cm by 0.5 cm by 0.5 cm in size) were immersed
ina 3 percent solution of formaldehyde for one hour
in order to fix protein-DNA complexes. The tissue
was cut into small pieces and homogenized in a
Dounce homogenizer. After removing debris with

the use of centrifugation (at 3000 rpm for 30 sec-
onds), chromatin immunoprecipitation was per-
formed with the use of antiacetylated histone-4
antibody and a chromatin immunoprecipitation
assay kit (Upstate Biotechnology). Quantitative PCR.
was performed (QuantiTect SYBR Green PCR Kkit,
Qiagen). Primer pairs for the nuclear factor-«xB
(NF-kB) binding site in the interleukin-8 promot-
er were SGGCCATCAGTTGCAAATC3 (forward
primer) and STTCCTTCCGGTGGTTTCTTCS3 (re-
verse primer). Variation in the amount of PCR prod-
uct in the samples of immunoprecipitated DNA
was corrected for by measuring total DNA before
immunoprecipitation was performed.

Western Blotting

Tissue extracts were analyzed by sodium dodecyl
sulfate—polyacrylamide-gel electrophoresis and
Western blot analysis with the use of an immuno-
blot apparatus (XCell SureLock Mini-Cell and Blot
Module Kit, Invitrogen). Immunoreactive bands
were detected by enhanced chemiluminescence
(ECL solution, Amersham Biosciences [GE Health-
care]) with the use of specific antibodies (Santa
Cruz Biotechnology) as previously described.” Vari-

Table 2. Characteristics of Subjects Who Provided Specimens of Alveolar Macrophages and Underwent Bronchial Biopsy.*
COPD Smokers Smokers

Characteristic (Stage 2 or 3) (Group 1) Nonsmokers (Group 2) Mild Asthma

Alveolar macrophages

No. of patients 7 6 6

Age (yr) 65.9+4.0 53.8+6.8 52.2+6.4

Sex (M/F) 43 2/4 3/3

FEV, (% of predicted normal value) 60.5+4.3 87.1+4.6 106.2+6.9

FEV,:FVC (%) 59.7+2.8 76.4+0.9 84.2+1.5

Smoking (pack-years) 39.316.4 29.56.6 0

Former smoker (no.) 3 0 0

Bronchial biopsy

No. of patients 7 10 14 13 10

Age (yr) 71.9+1.2 70.1=1.9 28.5£2.5 29.0+1.6 35.0+3.2

Sex (M/F) 7/0 8/2 9/5 6/7 6/4

FEV, (% of predicted normal value) 70.1£5.0 102.0+6.8 103.4+2.9 98.8+2.1 92.414.5

FEV,:FVC (%) 61.6+2.2 77.2+1.3 95.2+2.4 97.2+1.3 80.3+4.3

Smoking (pack-years) 40.1+12.2 54.0+£9.8 0 12.3+1.8 0

Former smoker (no.) 1 0 0 0 0

* Patients in Group 1 who were smokers were age-matched with patients with COPD, and patients in Group 2 who were

smokers were age-matched with patients with asthma. FEV,

denotes forced expiratory volume in one second, FVC forced

vital capacity, and pack-year the number of cigarettes smoked per day, or 20 cigarettes, multiplied by the number of years

of smoking. Plus—minus values are means +SE.
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ation of the band density of HDAC2 in different
samples was corrected for with use of the band
density of the nuclear membrane proteins lamin A
and lamin C (lamin A/C) or the total DNA content
in the tissue sample.

STATISTICAL ANALYSIS

Results are expressed as means =SE. Other mea-
sures (medians and standard deviations) are pro-
vided in the Supplementary Appendix. Analysis of
variance was performed with the use of the non-
parametric Kruskal-Wallis test. When the result
was significant, the Mann-Whitney U test was per-
formed for comparisons between groups (SPSS
software). Correlation coefficients were calculated
with the use of Spearman’s rank method. A P value
of less than 0.05 was considered to indicate statisti-
cal significance. All reported P values are two-sided.

RESULTS

PERIPHERAL LUNG TISSUE
Levels of interleukin-8 messenger RNA (mRNA),
normalized according to the amount of GAPDH,
were higher in samples of peripheral lung tissue
from patients with increasing severity of COPD
than in samples from nonsmokers. There were no
significant differences in the levels of interleukin-8
mRNA between samples from patients with stage 0
disease (0.45+0.24) or stage 1 disease (0.36£0.17),
and samples from nonsmokers (0.12+0.03); how-
ever, the differences were significant between sam-
ples from nonsmokers and those from patients with
stage 2 disease (0.59%0.14, P=0.005) or stage 4 dis-
ease (0.86%0.13, P=0.001) (Fig. 1A). A similar trend
was noted in the degree of histone-4 acetylation at
the NF-«B binding site of the interleukin-8 promot-
er, and these differences reached significance in
samples from patients with stage 2 disease (ratio to
total immunoprecipitated DNA, 0.0014+0.00034)
and patients with stage 4 disease (ratio to total im-
munoprecipitated DNA, 0.0019£0.00044), as com-
pared with those from nonsmokers (ratio to total
immunoprecipitated DNA, 0.00020+0.00008) (Fig.
1A). Expression of interleukin-8 mRNA and of his-
tone-4 acetylation in the interleukin-8 promoter was
correlated with increasing clinical severity of dis-
ease (stages 0, 1, 2, and 4) in the Spearman correla-
tion analysis (P=0.05 and P=0.01, respectively).
Total HDAC activity (expressed as micromolar
values of the deacetylated HDAC substrate standard
per microgram of protein) in samples of lung tissue

from nonsmokers was 2.1+£0.67 pM of the HDAC
standard, and the activity was reduced in patients
with more advanced stages of COPD; as compared
with the HDAC activity in samples from nonsmok-
ers, this difference reached statistical significance in
samples from patients with stage 2 disease (HDAC
activity, 0.67£0.13 pM, P=0.03) and patients with
stage 4 disease (HDAC activity, 0.36£0.077 pM,
P=0.000) (Fig. 1B). Furthermore, in samples from
patients with stage 4 disease, the level of HDAC ac-
tivity was significantly lower than that among pa-
tients with stage 0 disease (HDAC activity, 1.0£0.16
pM, P=0.007 for the comparison between patients
with stage 0 disease and those with stage 4 dis-
ease). By contrast, there was no difference in total
tissue HAT activity among these groups according
to analysis of variance (P=0.46) (Fig. 1C). Samples
of lung tissue obtained from patients with pneumo-
nia and patients with cystic fibrosis did not show
any significant difference in HDAC activity or HAT
activity from activity in samples from healthy non-
smokers. (These data are shown in Supplement 2 of
the Supplementary Appendix.)

HDAC activity was significantly correlated with
FEV, (r=0.45, P=0.02), the FEV,:FVC ratio (r=0.60,
P<0.001) (Fig. 1D), histone-4 acetylation (r=—0.61,
P<0.001), and interleukin-8 gene expression (r=
—0.46, P=0.01) when all subjects were included.
Significant correlations were also seen in samples
from patients with COPD (stages 0, 1, 2, and 4) be-
tween HDAC activity and FEV, (r=0.43, P=0.001),
FEV:FVC ratio (r=0.55, P<0.001), histone-4 acety-
lation (r=—0.51, P=0.003), and interleukin-8 gene
expression (r=—0.41, P=0.02). However, there was
no correlation of HDAC activity with age (P=0.06
for all subjects, and P=0.1 for patients with COPD)
or with carbon monoxide diffusion corrected for
alveolar volume (K¢p) (P=0.08 for all subjects, and
P=0.15 for patients with COPD). There was no
significant correlation between HDAC activity and
exposure to cigarettes measured in pack-years
(P=0.69) among patients with COPD (stages 0, 1,
2, and 4). (These data are summarized in Supple-
ment 3 of the Supplementary Appendix, and indi-
vidual figures for correlation are given in Supple-
ment 4 of the Supplementary Appendix.)

We next determined whether reduced HDAC ac-
tivity was a result of attenuated expression of the
genes for specific HDAC isoforms or a global sup-
pression of all isoforms. The relative expression of
HDAC2 mRNA normalized for GAPDH was reduced
in samples of lung tissue from patients with more
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severe COPD. The significant reduction in the level
of HDAC mRNA was found in tissue from patients
with stage 2 disease (0.024+0.0075, 35 percent of
the value in nonsmokers), as compared with sam-
ples from nonsmokers (0.068+0.017, P=0.03). A
further significant reduction was seen in samples
from patients with stage 4 disease (0.016+0.0080,
24 percent of the value in nonsmokers), as com-
pared with samples from nonsmokers (P=0.01) and
from patients with stage 0 disease (0.048+0.0095,
P=0.02) (Fig. 2A). The HDAC5 and HDAC8 mRNA

expression was also significantly reduced in samples
from patients with stage 2 disease and those with
stage 4 disease, as compared with levels in those
from nonsmokers or from patients with stage 0
disease, whereas the expression of HDAC1, 3, 4,
6, and 7 was not different (Fig. 2A). When HDAC2
mRNA expression was compared with large ribo-
somal protein expression instead of expression of
GAPDH, the results were similar (the data are pro-
vided in Supplement 5 of the Supplementary Ap-
pendix).
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Figure 1. Interleukin-8 Gene Expression and Histone Deacetylase (HDAC) in Peripheral Lung Tissue from Patients

Panel A shows interleukin-8 messenger RNA (mMRNA) expression and histone-4 acetylation at the interleukin-8 pro-

moter. Panel B shows HDAC activity. Panel C shows histone acetyltransferase (HAT) activity. The data were plotted as
means +SE, with the number of subjects in each group ranging from 5 to 11. (The complete data are given in Supple-
ments 1, 2, and 3 of the Supplementary Appendix.) Panel D shows the correlations between HDAC activity and the ratio
of forced expiratory volume in one second (FEV,) to forced vital capacity (FVC) in specimens obtained from normal non-
smokers and from patients with COPD at different stages. The dotted line indicates the 95 percent confidence interval of
the regression line. When the single outlier point shown at the top right in this panel was omitted, there was still a sig-
nificant positive correlation between HDAC activity and FEV,:FVC (r=0.60, P<0.001). SO, S1, S2, and S4 denote severity
of disease according to the grading of the Global Initiative for Obstructive Lung Disease, with higher numbers indicating
greater severity; PN pneumonia; and CF cystic fibrosis.
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Levels of HDAC2 protein measured by Western
blotting and normalized to the lamin A/C proteins
were also related to the clinical stage of COPD.
There was a graded reduction in HDAC2 expres-
sion in samples from nonsmokers (1.60+0.16)
and patients with stage 0 disease (1.10£0.13),
stage 1 disease (0.750%0.077), and stage 2 disease
(0.300£0.073), reaching a maximal reduction of
92 percent in the HDAC2 protein levels in samples
from patients with stage 4 disease (0.120+0.042;
P=0.001 for the comparison with nonsmokers and
for the comparison with patients with stage 0 dis-
ease) (Fig. 2B and 2C and Supplement 2 of the Sup-

plementary Appendix). When normalized accord-
ing to DNA content instead of lamin A/C, HDAC2
expression also decreased with the increasing
severity of COPD (in samples from nonsmokers,
250+26 band density per microgram of DNA; in
those from patients with stage 0 disease, 173+26
[P=0.06] for the comparison with nonsmokers; in
those from patients with stage 1 disease, 147+27
[P=0.04]; in those from patients with stage 2 dis-
ease, 110£33 [P=0.004]; in those from patients
with stage 4 disease, 76+14 [P=0.001]), indicating
that these changes cannot be explained by loss of
lung tissue as a result of emphysema.
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Figure 2. Histone Deacetylase (HDAC) Expression in Peripheral Lung Tissue.
Panel A shows the expression of histone deacetylase (HD) genes 1 through 8 with the use of real-time PCR. Panel B

shows HDAC2 protein expression with the use of Western blotting and lamin A and lamin C (lamin A/C) nuclear mem-
brane proteins as an internal control for nuclear-protein loading. Panel C shows the densitometric analysis of HDAC2
protein expression in samples of peripheral lung tissue from healthy nonsmokers (NS) and from patients with COPD
stage 0 (S0), stage 1 (S1), stage 2 (S2), and stage 4 (S4). The results are plotted as means +SE, with the number of sub-
jects in each group ranging from 6 to 11. In Panel A, there were significant differences (asterisks indicate P<0.05 and
daggers P<0.01 for the comparison with nonsmokers, and double daggers P<0.05 and section marks P<0.01 for the
comparison with patients with COPD stage 0). In Panel C, P values for the comparison with healthy nonsmokers are
shown above each bar. (The complete data and P values for all comparisons are given in Supplements 2 and 5 of the
Supplementary Appendix.)
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ALVEOLAR MACROPHAGES

Total HDAC activity in alveolar macrophages ob-
tained with the use of bronchoalveolar lavage from
subjects who were smokers (5.90£0.58 pM) was
slightly but not significantly decreased, as com-
pared with levels in samples from nonsmokers
(7.40£0.69 pM). There was a significant reduction
in HDAC activity in macrophages from patients with
COPD stages 2 and 3 (3.60+0.77 uM, P=0.01), as
compared with activity in those from nonsmokers
(P=0.01), but not as compared with activity in
those from healthy smokers (P=0.20) (Fig. 3A).

There was no evidence of a difference in total HAT
activity in alveolar macrophages of patients with
COPD as compared with normal smokers and non-
smokers (P=0.33) (Fig. 3A and Supplement 6 of the
Supplementary Appendix).

HDAC2 mRNA expression was reduced in al-
veolar macrophages from patients with COPD
(0.00030+0.00016, corresponding to 38 percent
of the expression in samples from nonsmokers
[0.00080+0.00016]; P=0.01) but not in samples
from healthy smokers (0.00050+0.00013, corre-
sponding to 63 percent of the expression in sam-
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Figure 3. Histone Deacetylase (HDAC) and Histone Acetyltransferase (HAT) Activity in Alveolar Macrophages and Bronchial-Biopsy

Panel A shows HDAC activity and HAT activity. Panel B shows expression of HDAC (HD) 1 through 8 mRNA in alveolar macrophages.

Panel C shows HDAC activity. Panel D shows HAT activity in bronchial-biopsy specimens obtained from healthy nonsmokers, healthy smok-
ers (those in group 1 are younger than those in group 2), and patients with COPD and those with mild asthma that had not previously been

treated with steroids. The results are plotted as means +SE, with the number of subjects in each group ranging from 6 to 14. In Panels A, C,

and D, P values for the comparison with nonsmokers are shown above each bar. In Panel B, the significant differences are shown by the sym-
bols above the bars (the asterisk indicates P<0.05 and the daggers P<0.01 for the comparison with nonsmokers). (The complete data and

P values for all comparisons are given in Supplements 6, 7, and 8 of the Supplementary Appendix.)
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ples from nonsmokers; P=0.11) (Fig. 3B). HDAC3
mRNA expression was also significantly reduced
in samples from healthy smokers (P=0.02) and
those from patients with COPD (P=0.004), as com-
pared with expression in samples from nonsmok-
ers (Fig. 3B). Despite a tendency toward lower lev-
els of HDAC5 mRNA and HDAC8 mRNA, there was
no significant difference among all subject groups
(according to the Kruskal-Wallis analysis of vari-
ance P=0.13 and P=0.67, respectively). (The com-
plete data and P values are summarized in Supple-
ment 7 of the Supplementary Appendix.)

BRONCHIAL BIOPSIES

To see whether the changes in HDAC activity and
expression were specific to COPD or reflected some
process related to airway obstruction, we compared
HAT activity and HDAC activity in bronchial-biopsy
specimens from patients with COPD and from pa-
tients with asthma. Because the age of populations
with asthma and those with COPD differ, we also
studied healthy smokers who were matched for age
with patients with asthma and those with COPD
(Table 2). Total HDAC activity in biopsy specimens
from patients with mild asthma (0.670%0.085 M)
and from age-matched healthy smokers (0.660+
0.069 pM) showed a slight reduction as compared
with activity in biopsy specimens from healthy
nonsmokers (0.930£0.090 pM). Specimens from
patients with COPD (0.310£0.079 yM) and from
age-matched smokers (0.570£0.083 pM) showed a
significant further reduction in HDAC activity, as
compared with activity in those from healthy non-
smokers (0.930+0.089 pM) (Fig. 3C). HDAC activ-
ity in specimens from patients with COPD was also
significantly less than in specimens from age-
matched smokers (P=0.04) and from patients with
asthma (P=0.01). There was no significant differ-
ence (P=0.52) between HDAC activity in specimens
from younger smokers (0.660£0.069 pM) and those
from older smokers (0.570+0.083 pM). By contrast,
specimens from patients with asthma showed a
significant increase in HAT activity (27.4£3.0 uM,
P=0.001), as compared with those from nonsmok-
ers (15.2+1.3 pM), whereas specimens from pa-
tients with COPD (17.4+3.8 pM) showed no change
in HAT activity (Fig. 3D).

DISCUSSION

Our data show that total HDAC activity is decreased
in samples of peripheral lung tissue, alveolar mac-

rophages, and bronchial-biopsy specimens from
patients with COPD, as compared with activity in
age-matched healthy nonsmokers. Increases in his-
tone acetylation are usually associated with gene
induction.®” The overall acetylation status of his-
tones depends on the dynamic equilibrium between
HAT activity and HDAC activity. Our current data
show thatinterleukin-8 mRNA and histone-4 acety-
lation at the NF-«B binding site of the interleukin-8
promoter were increased in samples of peripheral
lung tissue from patients with COPD. HDAC activ-
ity is decreased, despite little change in HAT activ-
ity, among these patients. There was a positive cor-
relation between histone-4 acetylation and HDAC
activity (P<0.001), indicating that the balance be-
tween HAT activity and HDAC activity is shifted to-
ward histone hyperacetylation in the peripheral lung
of patients with COPD. These changes may be rela-
tively specific to COPD, because we could not find
a reduction in total HDAC activity in samples from
patients with asthma, cystic fibrosis, or pneumo-
nia (Fig. 1and 3). In contrast, in asthma, which also
involves increased expression of inflammatory
genes in the respiratory tract, we confirmed previ-
ous observations** showing increased HAT activity
in bronchial-biopsy specimens. Thus, in both asth-
ma and COPD, chromatin appears to be hyperacety-
lated but by means of different mechanisms, and
this increased histone acetylation provides a mech-
anism for local unwinding of chromatin and a sub-
sequent increase in inflammatory gene expression.®
In the present study, there was a positive corre-
lation between HDAC activity and disease severity,
as measured by the percent of predicted FEV; or the
degree of airway obstruction as measured by the
FEV,:FVC ratio. HDAC activity also correlated in-
versely with expression of the interleukin-8 gene and
associated histone-4 acetylation in lung tissue. This
finding suggests that the clinical stage of COPD
may be related to reduced HDAC activity, and this
reduced activity, in turn, could facilitate increased
expression of the relevant inflammatory genes.
There are 11 classic human HDACs that regu-
late histone acetylation.’ We previously reported
that HDAC?2 is involved in suppression of NF-xB—
mediated inflammatory gene expression by corti-
costeroids.” In the present study, we have shown
that HDAC2 mRNA and protein expression is sig-
nificantly reduced in tissue specimens of the periph-
eral lung and in alveolar macrophages from pa-
tients with COPD. In addition, we have shown that
HDACS3, 5, and 8 are also reduced in lung tissue
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and macrophages. These HDAC isoforms are re-
ported to be involved in the cell cycle, cell differen-
tiation, and apoptosis.*>7 Further experiments
will be required to clarify how the reduced function
of these HDACs influences the inflammatory pro-
cess in COPD.

We speculate that our findings may have thera-
peutic implications, because reductions in HDAC
activity may be reversible. Theophylline is an acti-
vator of HDAC,*3 and we have recently shown that
low concentrations of theophylline completely re-
store HDAC activity in alveolar macrophages from
patients with COPD, with reduced production of in-
flammatory cytokines and restoration of responsive-
ness to corticosteroids.*® Whether this is a mecha-
nism of the therapeutic action of theophylline in
COPD is not known. We report that total HDAC
activity and the expression of specific HDAC iso-
enzymes are decreased in peripheral lung tissue,
bronchial-biopsy specimens, and alveolar macro-
phages of patients with COPD and that this finding
is related to increasing disease severity. This finding
could in part account for the increased inflamma-

REFERENCES

tory response in the respiratory tract of patients
with COPD.

Supported by grants from the British Lung Foundation, Asthma
UK, the Clinical Research Committee (Royal Brompton Hospital),
GlaxoSmithKline (United Kingdom), Boehringer Ingelheim, Mitsu-
bishi Pharma, and the Canadian Institutes of Health Research
(7240).

Dr. Ito reports having received research support from Glaxo-
SmithKline, Boehringer Ingelheim, and Pfizer; Dr. Adcock, research
support from Pfizer and AstraZeneca; Dr. Hogg, research support
from GlaxoSmithKline and AstraZeneca; and Dr. Barnes, research
support from GlaxoSmithKline, AstraZeneca, Boehringer Ingelheim,
and Mitsubishi Pharma — all companies that manufacture drugs
used in the treatment of COPD. Dr. Ito reports having received lec-
ture fees from Mitsubishi Pharma; Dr. Kon, lecture fees from
GlaxoSmithKline and AstraZeneca; Dr. Adcock, lecture fees from
GlaxoSmithKline; Dr. Hogg, lecture fees from GlaxoSmithKline,
AstraZeneca, and Altana Pharma; and Dr. Barnes, lecture fees from
GlaxoSmithKline, AstraZeneca, Boehringer Ingelheim, Pfizer, and
Altana Pharma. In addition, Dr. Barnes reports having served on ad-
visory boards for GlaxoSmithKline, Boehringer Ingelheim, Pfizer,
Novartis, and Altana Pharma.

We are indebted to Prof. Alberto Papi (University of Ferrara, Fer-
rara, Italy), Drs. Sergei A. Kharitonov and Yasuo To (National Heart
and Lung Institute, London), Ms. F. Chu (University of British
Columbia, Vancouver, B.C., Canada), and Dr. Shunichi Watanabe
(Royal Brompton Hospital, London) for assistance in providing and
preparing clinical samples.

1. Barnes PJ. Chronic obstructive pulmo- 8. Barnes PJ, Ito K, Adcock IM. Cortico- induction of histone deacetylase activity to

nary disease. N Engl] Med 2000;343:269-80.
2. Saetta M, Turato G, Maestrelli P, Mapp
CE, Fabbri LM. Cellular and structural bases
of chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 2001;163:1304-9.
3. HoggJC, ChuF, Utokaparch S, etal. The
nature of small-airway obstruction in chron-
ic obstructive pulmonary disease. N Engl J
Med 2004;350:2645-53.

4. Barnes PJ, Shapiro SD, Pauwels RA.
Chronic obstructive pulmonary disease: mo-
lecular and cellular mechanisms. Eur Respir]J
2003;22:672-88.

5. Keatings VM, Collins PD, Scott DM,
Barnes PJ. Differences in interleukin-8 and
tumor necrosis factor-alpha in induced spu-
tum from patients with chronic obstructive
pulmonary disease or asthma. Am J Respir
Crit Care Med 1996;153:530-4.

6. Urnov FD, Wolffe AP. Chromatin re-
modeling and transcriptional activation: the
cast (in order of appearance). Oncogene
2001;20:2991-3006.

7. TtoK, Barnes PJ, Adcock IM. Glucocorti-
coid receptor recruitment of histone de-
acetylase 2 inhibits interleukin-1 beta-
induced histone H4 acetylation on lysines 8
and 12. Mol Cell Biol 2000;20:6891-903.

N ENGL J MED 352;19 WWW.NEJM.ORG

steroid resistance in chronic obstructive pul-
monary disease: inactivation of histone
deacetylase. Lancet 2004;363:731-3.

9. Global Initiative for Chronic Obstruc-
tive Lung Disease (GOLD). Global strategy
for the diagnosis, management and preven-
tion of chronic obstructive pulmonary dis-
ease: NHLBI/WHO workshop report. Be-
thesda, Md.: National Heart, Lung, and
Blood Institute, 2001. (NIH publication no.
2701.)

10. Ding L, Quinlan KB, Hamodat M, et al.
Alung tissue bank for gene expression stud-
ies in chronic obstructive pulmonary disease.
JCOPD 2004;1:191-204.

11. Cosio BG, Mann B, Ito K, et al. Histone
acetylase and deacetylase activity in alveolar
macrophages and blood mononocytes in
asthma. Am J Respir Crit Care Med 2004;
170:141-7.

12. Ito K, Lim S, Caramori G, Chung KEF,
Barnes PJ, Adcock IM. Cigarette smoking
reduces histone deacetylase 2 expression,
enhances cytokine expression, and inhibits
glucocorticoid actions in alveolar macro-
phages. FASEBJ 2001;15:1110-2.

13. Ito K, Lim S, Caramori G, etal. A molec-
ular mechanism of action of theophylline:

decrease inflammatory gene expression.
Proc Natl Acad Sci U S A 2002;99:8921-6.
14. Ito K, Caramori G, Lim S, et al. Expres-
sion and activity of histone deacetylases in
human asthmatic airways. Am J Respir Crit
Care Med 2002;166:392-6.

15. de Ruijter AJ, van Gennip AH, Caron
HN, Kemp S, van Kuilenburg AB. Histone
deacetylases (HDACs): characterization of
the classical HDAC family. Biochem J 2003;
370:737-49.

16. Durst KL, Lutterbach B, Kummalue T,
Friedman AD, Hiebert SW. The inv(16) fu-
sion protein associates with corepressors
via a smooth muscle myosin heavy-chain
domain. Mol Cell Biol 2003;23:607-19.

17. Bertos NR, Wang AH, Yang XJ. Class II
histone deacetylases: structure, function,
and regulation. Biochem Cell Biol 2001;79:
243-52.

18. Cosio BG, Tsaprouni L, Ito K, Jazrawi E,
Adcock IM, Barnes PJ. Theophylline re-
stores histone deacetylase activity and ste-
roid responses in COPD macrophages. J Exp
Med 2004;200:689-95.

Copyright © 2005 Massachusetts Medical Society.

MAY 12, 2005

Downloaded from www.nejm.org at IMPERIAL COLLEGE LONDON on November 20, 2006 .
Copyright © 2005 Massachusetts Medical Society. All rights reserved.



New England Journal of Medicine

CORRECTION
Histone Deacetylase Activity and COPD

To the Editor: In their study, Ito and colleagues (May 12 issue)1
observed reductions in both the activity and expression of histone
deacetylases (HDACSs), especially HDAC2, in patients with chronic
obstructive pulmonary disease (COPD). In addition, the activity in-
versely correlated with the severity of COPD.

Histone-modifying enzymes play essential roles in gene regulation.2
The balance between histone acetylation and deacetylation appears
to be crucial to normal cell growth. Disruption of either of these
molecular mechanisms has been associated with the development
of cancer. Several molecules and genes have been identified or de-
veloped or both to inhibit HDACs.? Valproic acid, an antiepileptic drug
that has been commercially available for decades, has been found
to inhibit HDACs, including HDAC2.* However, there is no evidence
that valproic acid worsens pulmonary function in patients taking the
medicine.® The “chicken-and-egg” conundrum remains unresolved:
Does the reduction of HDAC activity cause severe COPD, or is it a
secondary event?

Albert Y. Lin, M.D., M.PH.

Santa Clara Valley Medical Center
San Jose, CA 95128
albert.lin@hhs.co.santa-clara.ca.us
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To the Editor: The following statement in the Discussion section of
the article by Ito et al. is rather confusing: ~In the present study, there
was a positive correlation between HDAC activity and disease sever-
ity, as measured by the percent of predicted FEV1 [forced expiratory
volume in one second]. . . .” The Results section, Figure 1D, and the

abstract clearly indicate that there was apparently a negative correla-
tion between HDAC activity and disease severity. | assume that the
authors meant to say that there was a positive correlation between
HDAC activity and FEVl.

Angshu Bhowmik, M.B., B.S.
Homerton University Hospital
London E9 6SR, United Kingdom

The authors reply: Histone modification regulates many genes, in-
cluding those involved in normal cell growth. Eleven classic HDACs
have been identified.® In patients with COPD, we found a marked
reduction in HDAC2, with lesser reductions in HDAC5 and HDACS.
Different HDACs appear to be involved in different cellular functions
and presumably regulate different sets of genes. Indeed, the targeted
reduction of HDAC2 through RNA interference results in reduced re-
sponsiveness to corticosteroids in a human epithelial cell line (A549),
whereas this reduction is not observed when other classic HDACs are
inhibited.? Valproate, a nonselective inhibitor of classic HDACs, is as-
sociated with 50 percent inhibition of HDAC activity at approximately
200 pg per milliliter (1.4 mmol per liter) in A549 cells. Steady-state
plasma concentrations of valproate in patients with epilepsy are 50 to
100 pg per milliliter (0.3 to 0.7 mmol per liter), so it is possible that
clinical doses may have some HDAC inhibitory effect, enhancing in-
flammation or reducing responsiveness to corticosteroids in patients
with inflammatory diseases. There is one report of increased circu-
lating proinflammatory cytokines in children with epilepsy treated with
valproic acid.® However, we are not aware that a worsening of inflam-
matory diseases has been investigated or reported with valproate. We
agree with Dr. Lin that it is not certain whether the reduction in HDAC
activity is a consequence or a cause of severe COPD, but we would
like to suggest that it is both and that it provides a molecular basis for
the increasing pulmonary inflammation as COPD progresses.

We agree with Dr. Bhowmik that the sentence in the Discussion was
incorrectly written. We should have stated that there was a negative
correlation between HDAC activity and disease severity.

Peter J. Barnes, D.M., D.Sc.

lan M. Adcock, Ph.D.

Kazuhiro Ito, Ph.D.

Imperial College

London SW3 6LY, United Kingdom
p.j.barnes@imperial.ac.uk
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