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ABSTRACT Numerous studies have shown that oxidative stress accelerates telomere shortening in several
lung pathologies. Since oxidative stress is involved in the pathophysiology of o-antitrypsin deficiency
(AATD), we hypothesised that telomere shortening would be accelerated in AATD patients. This study aimed
to assess telomere length in AATD patients and to study its association with o;-antitrypsin phenotypes.

Telomere length, telomerase activity, telomerase reverse transcriptase (h'TERT) expression and biomarkers
of oxidative stress were measured in 62 children and teenagers (aged 2-18 years) diagnosed with AATD and
18 controls (aged 3-16 years).

Our results show that intermediate-risk (MZ; SZ) and high-risk (ZZ) AATD patients have significantly
shorter telomeres and increased oxidative stress than controls. Correlation studies indicate that telomere
length was related to oxidative stress markers in AATD patients. Multiple hypothesis testing revealed an
association between telomere length, telomerase activity, hTERT expression and AATD phenotypes; high-
risk patients showed shorter telomeres, lower hTERT expression and decreased telomerase activity than
intermediate-risk and low-risk patients.

AATD patients show evidence of increased oxidative stress leading to telomere attrition. An association
between telomere and o;-antitrypsin phenotypes is observed suggesting that telomere length could be a
promising biomarker for AATD disease progression.
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Introduction

oy -antitrypsin deficiency (AATD) is a rare, genetic and hereditary condition that leads to low plasma
levels of the o;-antitrypsin antitrypsin (AAT) protein, significantly increasing the risk of chronic
obstructive pulmonary disease (COPD) and liver disease in these patients [1].

The AAT protein is encoded by the SERPINAI gene, and more than 100 variants have been described in
this locus, most of them without a defined biological meaning. The most common pathogenic variants are
the S and Z forms (as opposed to the normal M allele) [2].

A great variability in the severity of symptoms found in AATD patients has been observed, and neither
plasma levels of AAT nor phenotype are sufficient to identify those patients who will develop severe liver or
lung disease indicating that there must be other mechanisms besides the protease-antiprotease imbalance
that contribute to the development of emphysema or liver disease [3]. Therefore, the identification of other
risk factors involved in the progression of lung or liver disease may help us understand the variability of the
symptoms observed in these patients and the ability to counter them.

Oxidative stress has been shown to be a contributing factor to the development of liver and lung damage
in AATD animal models [4-6]. Our research group recently demonstrated in asymptomatic (normal lung
function and liver damage parameters) AATD children, that oxidative stress produced by a reduction in
antioxidant defences is involved in the pathophysiology of AATD and is associated with the risk of
developing lung and/or liver disease [7]. Overall, these data might suggest that oxidative stress could play a
role in the decline in lung and/or liver function in AATD patients.

Epidemiological studies have revealed that loss of telomere integrity is an important factor in the decay of
physiological functions associated with ageing, inflammation and several chronic illnesses [8, 9]. In this
respect, it has been suggested that telomere length may be used as a biomarker of chronic oxidative stress
and inflammation [10, 11].

Telomeres are DNA protein structures located at the end of chromosomes that protect them from
degradation and end-to-end fusion. Telomeric sequences are synthesised by a specialised reverse
transcriptase called telomerase, an enzyme composed of several subunits including the telomerase RNA
(hTR) and the catalytic subunit telomerase reverse transcriptase (hTERT). By using hTR as a template,
hTERT adds telomeric repeats to the 3’-strands of chromosomes to form the telomeres. It has been shown
that the rate of telomere shortening is influenced by both genetic, as well as environmental factors [11, 12].
Telomere state depends not only on its length but also on the composition of the telomere cap and
telomerase activity. Any change to any of these factors could jeopardise telomeric integrity, which would
lead to loss of telomere function [13].

Numerous studies have shown that oxidative stress accelerates telomere shortening in several lung
pathologies [14], and it has been found to be associated with emphysema risk in COPD patients [15-17].
Therefore, it seems relevant to investigate telomere shortening in AATD, a condition characterised by
chronic oxidative stress and inflammation.

The aim of this study was to determine whether AATD was associated with reduced telomere length and
to explore its association with AAT phenotypes. In addition, telomerase activity and hTERT expression
were determined to increase our knowledge on telomere biology. We hypothesised that AATD patients
would have shorter telomeres, reduced telomerase activity and reduced hTERT expression compared to
controls. Moreover, in AATD patients, telomere length would be related to AAT phenotypes.

Materials and methods

Study subjects

62 patients and 18 controls were recruited by genetic counselling from the paediatrics units of the Hospital
Clinico Universitario Valencia and Hospital Universitari Doctor Peset (both Valencia, Spain) from May
2011 to January 2016. Patients had a familial history of AATD. Inclusion criteria were: 1) patients diagnosed
with AATD according to the American Thoracic Society/European Respiratory Society recommendations
[18]; and 2) control individuals with MM phenotype and no history or clinical findings that suggested a
pulmonary or hepatic pathology. Exclusion criteria were the following: 1) COPD or hepatic disease not
related to AATD; 2) patients with diseases related to oxidative stress, such as rheumatoid arthritis, lupus
erythematosus, inflammatory bowel disease, diabetes mellitus, cardiac dysfunction and neoplasms; 3) active
fever or infection; 4) surgery <3 months prior to the sample collection; 5) intense physical exercise <2 days
prior to sample collection; 6) treatment with antioxidants 3 months prior to sample collection; and
7) acetaminophen (paracetamol) consumption for at least 1 month before blood sampling.

All samples were analysed and blinded with respect to the patients’ clinicopathological status. The study
was approved by the research ethics committee of the Hospital Clinico Universitario Valencia. Procedures
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were explained to the children, young teenagers and parents. Written informed consent was obtained from
all participants. In the case of the children, the informed consent form was signed by their parents.

Anamnesis and physical examination

Anthropometric measurements were performed using standard techniques. Body mass index (BMI) was
calculated as kg:m™> Pulmonary function testing was performed by spirometry, computed tomography
(CT) and diffusing capacity of the lung for carbon monoxide. Liver function was determined by measuring
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and vy-glutamyl transferase (GGT).
Serum concentration of AAT was measured by nephelometry. Pulmonary, liver and AAT normality values
are indicated in table 1 [19, 20]. AAT phenotypes were determined by isoelectric focusing of serum samples
as previously described [21].

Blood sampling and DNA/RNA isolation

Peripheral venous blood was collected from patients and healthy volunteers after 12 h fasting in 4 mL BD
Vacutainer CPT with sodium heparin (Becton Dickinson, Franklin Lakes, NJ, USA) and peripheral blood
mononuclear cells (PBMC) separated according to the manufacturer’s instructions.

Parallel isolation of DNA and RNA from PBMC was performed using the NucleoSpin Triprep (Macherey
Nagel, Diiren, Germany) according to the manufacturer’s recommendations.

For serum separation, whole blood was collected in serum separation tubes (Becton Dickinson), allowed to
clot at room temperature for 30 min and centrifuged at 2000xg for 10 min at 4°C. The resulting supernatant
was collected and stored at —80°C until analysis.

Oxidative stress parameters
Oxidative stress parameters were measured as previously described [7]. For further details refer to the
supplementary material.

Telomere length assay
Measurement of telomere length was performed by quantitative PCR as previously described [22]. For
further details refer to the supplementary material.

Telomerase activity
Telomerase activity was measured using the TRAPeze XL Telomerase Detection Kit (Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. For further details refer to the supplementary material.

hTERT gene expression
Quantitative detection of h"TERT mRNA was performed by reverse transcription quantitative PCR. For
further details refer to the supplementary material.

TABLE 1 Demographics and clinical characteristics in o4-antitrypsin deficiency patients and controls

Variable Control Low risk Intermediate High risk p-value
Subjects 18 20 34 8

Age years 11 (3-16) 11 (4-14) 10 (2-18) 13 (6-16) 0.25
Male/female 11 (61%)/7 (39%) 11 (55%)/9 (45%) 21 (62%)/13 (38%) 6 (75%)/2 (25%) 0.97
AAT mg-dL‘"‘I 140 (118-212) 117 (87-167) 83 (52-139) 23 (19-36) <0.0001
BMI kg-m‘z 20 (14-22) 19 (13-27) 19 (14-26) 23 (16-25) 0.52
FEV1 % pred'" 96 (88-113) 92 (71-115) 106 (86-145) 101 (86-121) 0.60
FVC % pred'" 100 (90-108) 96 (73-156) 101 (79-144) 105 (80-117) 0.94
FEVi/FVC % pred* 92 (78-114) 88 (84-116) 94 (84-116) 84.0 (79-109) 0.29
FEF25-75 % pred§ 82 (65-111) 82 (65-128) 103 (70-141) 79 (66-110) 0.07
Drco % pred'" 103 (95-104) 119 (99-130) 102 (101-103) 0.70
AST U-.L7f 28 (21-37) 26 (19-38) 28 (19-45) 26 (18-42) 0.60
ALT U-L7'f 20 (10-40) 18 (11-28) 20 (14-41) 24 (15-34) 0.09
GGT U-L~1## 15 (12-18) 16 (10-24) 15 (11-24) 18 (16-23) 0.03

Data are presented as median (range), unless otherwise stated. Bold indicates statistical significance (p<0.05) after application of the Kruskal-
Wallis test. Comparison of proportions was performed using the Chi-squared test. AAT: a4-antitrypsin; BMI: body mass index; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; FEF25-75: forced expiratory flow at 25-75% of FVC; DLco: diffusing capacity of the lung for carbon

monoxide; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: y-glutamyl-transferase.
7: normal >80% predicted; *: normal >80% predicted; &: normal >65% predicted; ': normal range 1-37 U.L™"; ##;

#. normal range 90-200 mg-dL™";
normal range 1-55 U-L~".
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Statistical analyses

Demographic and clinical data are expressed as median and range (minimum and maximum values).
Assessment of normality was performed by the Shapiro-Wilk normality test. Biomarkers of oxidative stress
are expressed as median and interquartile range (IQR). Median comparison between groups of continuous
variables was performed using the Kruskal-Wallis non-parametric test. Telomere length, telomerase activity
and hTERT mRNA expression data followed a normal distribution and differences were assessed using
ANOVA. Multiple hypothesis testing was performed (Holm-Sidak and Dunn’s multiple comparisons tests) to
identify the significant pairwise differences among groups. The Chi-square test was applied for proportion
comparisons. Correlations between telomere length and oxidative stress markers were assessed using
Spearman’s rank correlation test. A two-tailed p-value <0.05 was considered statistically significant. Statistical
analyses were performed using the GraphPad Prism 6.00 Software (GraphPad, La Jolla, CA, USA).

Results

Demographic and clinical data

Demographic and clinical characteristics of patients and controls included in the study are presented in
table 1.

Patients were categorised according to their AAT phenotype in three different risk groups for developing
lung and/or liver damage: low risk (MS; SS), intermediate risk (MZ; SZ) and high risk (ZZ) [7]. A control
group of healthy volunteers with the MM phenotype was also included in the study. 18 (22.5%) of the 80
subjects included in the study had the MM phenotype, 20 (25.0%) had low-risk, 34 (42.5%) had
intermediate-risk and eight (10%) had high-risk phenotypes.

All the subjects included in the study were clinically healthy according to both their physical status and
their pulmonary and liver tests (table 1). CT scans revealed no signs of lung damage in any of the
individuals included in the study (data not shown). Regarding liver damage markers, there were no
differences in AST and ALT levels between groups. A significant increase (p=0.03) in serum GGT in
high-risk patients was observed, although none of the patients showed GGT values above normal range.
There were no differences in age, sex, BMI and lung function tests across the groups. As expected,
significant differences were observed in the AAT levels between groups (p<0.0001).

Telomere shortening in circulating PBMC in AATD patients

Significant differences in telomere length were observed between groups (p=0.0006) (figure 1). Multiple
analysis testing revealed that intermediate-risk and high-risk patients had significantly lower telomere
length (p=0.042 and p=0.026, respectively) than the control group, whereas no significant differences were
observed between the low-risk patients and the control group (p=0.389). When AATD patients were
compared to each other, telomeres were significantly shorter in intermediate-risk and high-risk groups
than in the low-risk group (p=0.024 and p<0.0001, respectively). No significant differences in telomere
length were observed between the high-risk and intermediate-risk groups (p=0.102).
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FIGURE 1 Telomere shortening in circulating peripheral blood mononuclear cells in a4-antitrypsin deficiency
(AATD) patients. Boxplots show telomere length and AATD risk groups. Data are presented as median and
interquartile range. Significant differences in telomere length were observed between groups (p=0.0006).
Telomere length was significantly decreased in intermediate-risk (p=0.042) and high-risk patients (p=0.026)
compared to controls. No significant differences were observed between the low-risk patients and the controls
(p=0.389). *: p<0.05; **: p<0.01.
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Decreased hTERT expression in PBMC of AATD patients

Significant differences in h'TERT expression were observed between groups (p=0.0002) (figure 2). Multiple
analysis testing showed that when compared with that for the control group, intermediate-risk and
high-risk patients had significantly lower hTERT expression (p=0.001 and p=0.0005, respectively), whereas
no significant differences were observed in the comparison with the low-risk group (p=0.225). When
AATD patients were compared to each other, h'TERT expression was significantly lower in the high-risk
than in the low-risk group (p=0.03). No significant differences in hTERT expression were observed
between the high-risk and the intermediate-risk groups (p=0.302) or between the intermediate-risk and
the low-risk groups (p=0.129).

Decreased telomerase activity in PBMC of AATD patients

Significant differences in telomerase activity were observed between groups (p<0.0001) (figure 3). When
compared to the control group, telomerase activity was significantly decreased in the intermediate-risk and
high-risk patients (p<0.001 and p<0.001, respectively), whereas no significant differences were observed
with the low-risk group (p=0.365). When AATD patients were compared to each other, telomerase activity
was significantly lower in intermediate-risk and high-risk groups compared to the low-risk group
(p<0.001, p=0.001; respectively). No significant differences in telomerase activity were observed between
the high-risk and intermediate-risk groups (p=0.342).

Oxidative stress markers are increased in AATD patients

Biomarkers of oxidative stress in AATD patients and controls are shown in table 2. Significantly higher
differences in  biomarkers  of  oxidative  stress,  malonyldialdehyde (MDA;  p<0.001),
8-hydroxydeoxyguanosine (8-OHdG; p<0.001) and protein carbonyls (p=0.01) were observed between
groups. Intermediate-risk and high-risk patients showed significantly higher MDA (p<0.01, p<0.001),
8-OHdG (p<0.01, p<0.001) and protein carbonyls (p=0.01, p<0.01) than the control group. When
compared to the control group, intermediate-risk and high-risk patients showed significantly decreased
catalase activity (p<0.01, p<0.001) and increased glutathione peroxidase activity (p<0.01, p<0.001) leading
to an accumulation of hydrogen peroxide (p<0.01, p<0.001). No differences were observed between the
control and the low-risk groups in any of the analysed parameters.

Association between telomere length and oxidative stress markers and AAT levels in AATD
patients and in controls

A series of Spearman rank-order correlations were conducted in order to determine if there was a correlation
between telomere length and oxidative stress markers in AATD patients and in controls. As telomere length is
dependent on age, correlations were adjusted by age. As shown in table 3, in AATD patients there was a
statistically significant negative correlation between telomere length and MDA (Rho=-0.378, p=0.043); 8-OHdG
(Rho=—0.347, p=0.041) and H,0O, levels (Rho=-0.202, p=0.008). No correlation between telomere length and
protein carbonyls levels was observed (Rho=—0.061, p=0.680). There was a positive correlation between telomere
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FIGURE 2 Decreased telomerase reverse transcriptase (hTERT) expression in peripheral blood mononuclear
cells of aq-antitrypsin deficiency (AATD] patients. Boxplots show hTERT mRNA expression and AATD risk
groups. Data are presented as median and interquartile range. Significant differences in hTERT expression
were observed between groups (p=0.0002). hTERT expression was significantly decreased in intermediate-risk
(p=0.001) and high-risk patients (p=0.0005) compared to controls. No significant differences were observed
between the low-risk patients and controls (p=0.225). **: p<0.01; ***: p<0.001.
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FIGURE 3 Decreased telomerase activity in peripheral blood mononuclear cells of a4-antitrypsin deficiency
(AATD) patients. Boxplots show telomerase activity and AATD risk groups. Data are presented as median and
interquartile range. Significant differences in telomerase activity were observed between groups (p<0.0001).
Telomerase activity was significantly decreased in intermediate-risk (p<0.001) and high-risk patients
(p<0.001) compared to controls. No significant differences were observed between the low-risk patients and
controls (p=0.365). ****: p<0.0001.

length and AAT levels, which was statistically significant (Rho=0.374; p=0.002). No correlation was observed
between telomere length and oxidative stress parameters or AAT levels in controls (table 3).

Discussion

Recent studies by our research group have shown that oxidative stress is involved in the pathophysiology
of AATD [7]. Throughout the years, much evidence has shown an association between oxidative stress and
telomere shortening [23-25]. Telomeres (and telomerase) are involved in the pathogenesis of several lung
diseases, including idiopathic pulmonary fibrosis, COPD, emphysema and lung cancer [12, 26]. One
common characteristic in all these diseases is that patients have shorter telomeres than controls [27] and it
has been reported that short telomere length is a genetic susceptibility factor for the development of
emphysema [15-17]. Moreover, the association between lung function and telomere length has been
addressed in several studies. Patients with moderate-to-severe COPD show significantly shorter telomeres
than controls [28, 29]. Short telomeres are a risk factor for idiopathic pulmonary fibrosis and are a
determinant of cigarette smoking-induced emphysema susceptibility in mice [16, 26]. Based on these
evidences, we hypothesised that AATD patients would have shorter telomeres than healthy individuals and
that telomere length would be related to AAT phenotypes and, therefore, to the risk of developing lung
and/or liver damage in AATD patients.

TABLE 2 Biomarkers of oxidative stress in o-antitrypsin deficiency (AATD) and in control individuals

Variable Control (MM) AATD patients p-value
Low risk (MS; SS) Intermediate risk (MZ; SZ) High risk (2Z)

Subjects 18 20 34 8

Oxidative stress markers
8-0HdG ng-mL’1 0.63 (0.49-0.87) 0.71 (0.55-0.97) 1.07 (0.56-2.37) 1.77 (0.80-2.58) <0.001
MDA pmol-mg’1 0.91 (0.56-1.35) 1.17 (0.23-3.10) 1.58 (0.50-4.23) 2.59 (0.92-6.17) <0.001
pPC nmol-mg_W 0.16 (0.09-0.24) 0.18 (0.12-0.26) 0.20 (0.12-0.23) 0.23 (0.19-0.27) 0.01
H,0, fluorescence 229 (74-425) 246 (68-544) 327 (203-547) 518 (369-601) <0.001
units

Antioxidant capacity
SOD activity 5.30 (3.49-7.39) 5.61(3.83-8.95) 6.30 (3.82-8.95) 5.24 (3.78-6.18) 0.08
CAT activity 37.39 (24.43-51.73) 37.32 (21.42-57.93) 27.52 (10.73-44.21) 18.33 (13.17-24.80) <0.001
GPx activity 21.36 (13.96-29.56) 22.62 (18.21-29.14) 24.75 (17.45-38.71) 33.15 (28.53-39.40) <0.001
GR activity 3.90 (2.74-4.96) 3.85 (2.42-6.75) 4.35(2.29-7.13) 3.98 (2.55-4.97) 0.60

Data are presented as median (interquartile range), unless otherwise stated. Bold indicates statistical significance (p<0.05) after application of the
Kruskal-Wallis test. 8-OHdG: 8-hydroxydeoxyguanosine; MDA: malonyldialdehyde; PC: protein carbonyls; H,0,: hydrogen peroxide; SOD: superoxide
dismutase; CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase.
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TABLE 3 Age-adjusted correlations between telomere length and oxidative stress markers and
aq-antitrypsin (AAT) levels in aq-antitrypsin deficiency (AATD) patients and controls

Controls AATD patients
Spearman’s Rho p-value Spearman’s Rho p-value
AAT mg-dL™! -0.231 0.340 0.374 0.002
MDA pmol-mg~’ 0.207 0.694 —-0.378 0.043
8-0HdG ng-mL~"' -0.399 0.159 —-0.347 0.041
PC nmol-mg~" -0.039 0.933 —-0.061 0.680
H,0, fluorescence units 0.393 0.263 —0.202 0.008

Correlations were assessed with Spearman’s rank test. A p-value <0.05 was statistically significant. MDA:
malonyldialdehyde; 8-OHdG: 8-hydroxydeoxyguanosine; PC: protein carbonyls; H,0,: hydrogen peroxide.

The present study shows that telomeres of PBMC are significantly shorter in AATD patients than in
healthy controls. The results show that intermediate- and high-risk patients have significantly shorter
telomeres than healthy controls. This may be explained by the lower mRNA hTERT expression and
decreased telomerase activity observed in these patients compared to those for the control group. Multiple
hypothesis testing indicates an association between telomere length and AATD phenotypes. High-risk
patients showed shorter telomeres, lower hTERT expression and decreased telomerase activity than
intermediate-risk patients. This is similar to that observed between these patients and the low-risk patients.
Nevertheless, no differences were observed either in telomere length, mRNA hTERT expression or
telomerase activity between the low-risk and the control groups.

In order to support the hypothesis that oxidative stress leads to telomere attrition, assessment of oxidative
stress markers was performed in AATD patients and control individuals. Our results indicate increased
oxidative stress in AATD patients and are in agreement with our previous results [7]. Spearman’s
correlation analysis showed a negative correlation between telomere length and oxidative stress markers
(MDA, 8-OHdG and H,0,), which is consistent with our hypothesis that increased oxidative stress causes
accelerated telomere shortening in AATD patients. In addition, our results show for the first time a
positive correlation between telomere length and AAT levels.

Telomere length has not been extensively studied in AATD. In the only study published to date, it was
shown that COPD patients with AATD had longer telomeres in leukocytes than COPD patients without
AATD. The authors also found that telomere length determined in blood may be an appropriate surrogate
for telomere length in the lungs. However, there was no significant association between leukocyte telomere
length and patient lung function [30]. Our study is not comparable to the study by SareraLi et al. [30]
since the design of both studies differed considerably. Our study was conducted in AATD healthy children
and young adults versus adult AATD patients with COPD in the study by SareraLi et al. [30]. Moreover, in
that study there was no control group without COPD, therefore, it is not possible to establish whether
patients with AATD present telomere shortening compared with healthy individuals. Also, the authors did
not separate AATD patients by their AAT phenotypes. There is a direct association between the AAT
levels and telomere length according to our study, thus its determination is important for the
interpretation of the results. Finally, smoking may affect telomere length [14]. In the study by SareraLt
et al. [30], all AATD patients were current or former smokers, therefore, the authors were not able to test
for the effect of AATD in nonsmokers compared with smokers.

Several possibilities could explain how oxidative stress shortens telomeres in AATD patients. First,
decreased hTERT expression and telomerase activity would cause a decrease in catalase activity, leading to
H,0, accumulation and increasing OS, which would downregulate telomerase activity leading to
accelerated telomere shortening. A direct link between telomerase and catalase deficiency has been
reported in animal models. Increased oxidative stress and oxidative damage, caused by higher O, and
H,0, production and lower catalase activity, have been previously reported in mouse embryonic
fibroblasts and kidneys isolated from mice lacking telomerase activity (Terc™'~). Restoration of telomerase
activity in this model increases catalase expression and activity, lowering oxidative stress [13]. Secondly, it
has been shown in human endothelial cells that chronic oxidative stress rapidly downregulates telomerase
activity leading to telomere accelerated shortening [25].

In addition, since H,O, is itself a powerful oxidant and central precursor to both OH and HOCI (two
extremely potent oxidants), its accumulation would explain the significantly increased levels of oxidative stress
biomarkers observed in high- and intermediate-risk patients. Due to its high content of guanines, telomeres
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are especially sensitive to the accumulation of single-strand breaks induced by 8-OHdG [31, 32], which will
interfere with the replication fork leading to telomere shortening observed in these groups of patients.

It has long been known that hTERT gene expression correlates with telomerase activity, therefore the reduction
in telomerase activity observed in AATD patients is probably caused by a decrease in hTERT expression and
the resultant reduction of hTERT production. However, recent research has led to the characterisation of
additional transcription factors and epigenetic mechanisms that play a role in h'TERT expression [33]. For
instance, it has been recently described that prolonged long-term exposure to endoplasmic reticulum stress (as
happens in AATD) causes hTERT expression downregulation in tumour cells [34]. Therefore, the possibility
that these factors could influence hTERT expression in AATD patients cannot be ruled out.

Whether telomerase activity reduction is a direct or indirect effect of low AAT levels is currently
unknown. No evidences have been found of a direct regulation of telomerase activity by AAT, so current
data point to an indirect regulation through regulation of oxidative stress and inflammation [35], h"TERT
expression [34] and iron metabolism [36].

Several factors, such as ageing, tobacco and alcohol consumption, and obesity (among many others)
modify the oxidative stress status. The present study was conducted in children and young teenagers to
avoid these confounding factors as much as possible. None of the participants included in the study were
obese or had been exposed to cigarette smoke (according to familiar interviews). These aspects are of
particular importance as they emphasise the fact that clinically healthy AATD individuals have alterations
at the biochemical level that could be important in the prognosis of the disease.

As stated above, in humans, AATD shows a highly variable clinical phenotype and the existence of genetic
modifiers that may influence disease progression has been proposed [4, 5]. Our results are in agreement
with these reports and suggest that it might be worth studying allelic variations of genes involved in
glutathione metabolism, oxidative stress defence and telomere length regulation as potential genetic factors
relevant to the severity of disease.

A major limitation of the present study is the limited number of homozygous ZZ patients analysed (n=8),
which is not surprising given the low prevalence of this phenotype. Although we are aware that this could be
a problem for reaching definitive conclusions, the high significance of the differences found indicates that the
results would probably not vary significantly after introducing a greater number of ZZ patients into the study.

Our results, together with the observation that lung alveolar integrity is compromised by telomere shortening
in telomerase null mice [37], suggests that telomere length (produced by increased oxidative stress) in PBMC
are promising biomarkers for AATD disease progression although further studies, including a higher number
of patients at different progression stages, is needed to determine the clinical relevance of this observation.
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