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Abstract

Severe deficiency of alpha-1 antitrypsin has a highly variable clinical
presentation. The Genomic Research in Alpha-1 Antitrypsin
Deficiency and Sarcoidosis a1 Study is a prospective, multicenter,
cross-sectional study of adults older than age 35 years with PiZZ or
PiMZ alpha-1 antitrypsin genotypes. It is designed to better
understand if microbial factors influence this heterogeneity. Clinical
symptoms, pulmonary function testing, computed chest
tomography, exercise capacity, and bronchoalveolar lavage (BAL)
will be used to define chronic obstructive pulmonary disease (COPD)
phenotypes that can be studied with an integrated systems biology
approach that includes plasma proteomics; mouth, BAL, and stool
microbiome and virome analysis; and blood microRNA and blood
mononuclear cell RNA and DNA profiling. We will rely on global
genome, transcriptome, proteome, and metabolome datasets.
Matched cohorts of PiZZ participants on or off alpha-1 antitrypsin
augmentation therapy, PiMZ participants not on augmentation
therapy, and control participants from the Subpopulations and
Intermediate Outcome Measures in COPD Study who match on

FEV1 and age will be compared. In the primary analysis, we will
determine if the PiZZ individuals on augmentation therapy have
a difference in lower respiratory tract microbes identified
compared with matched PiZZ individuals who are not on
augmentation therapy. By characterizing the microbiome in alpha-1
antitrypsin deficiency (AATD), we hope to define new phenotypes
of COPD that explain some of the diversity of clinical presentations.
As a unique genetic cause of COPD, AATD may inform typical
COPD pathogenesis, and better understanding of it may
illuminate the complex interplay between environment
and genetics. Although the biologic approaches are hypothesis
generating, the results may lead to development of novel
biomarkers, better understanding of COPD phenotypes,
and development of novel diagnostic and therapeutic trials in AATD
and COPD.
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Alpha-1 antitrypsin deficiency (AATD) is
a genetic condition that predisposes
individuals to early-onset pulmonary
emphysema and airway obstruction, which
are often indistinguishable from usual
chronic obstructive pulmonary disease
(COPD). Its presentation and severity can
vary remarkably between individuals.
Prominent features of AATDCOPD include
basilar-predominant panacinar
emphysema, airway reactivity, radiographic
bronchiectasis, and a prominent interaction
with environmental factors. The extent to
which other modifying response genes
influence individual gene expression and
clinical disease phenotypes remains
unknown in AATD.

Alpha-1 Antitrypsin (AAT) is the most
abundant serum and lung antiprotease and has
a variety of biologic activities that influence
lung homeostasis. Prominent among these are
roles in neutrophil elastase inhibition,
antiprotease activities against cathepsins,
involvement in the complement cascade, and
interaction with Toll-like receptors.

Infections have long been thought to
play a role in exacerbations and progression
of traditional COPD, but they have not
been as well studied in AATD. Given the
structural and immunologic alterations seen
in AATD, it is possible that local microbial
factors may also contribute to variability in
disease expression and severity. Culture-
independent metagenomic techniques that
employ direct sequence-based identification
of microbial agents (microbiome studies)
have expanded the ability to detect bacteria
and viruses in the lung and relate them to
disease processes.

Although AATD has classically been
described as a disease with prominent
emphysema, a large body of evidence
suggests that airway disease is an early and
integral component of disease pathogenesis.
Asthma is the most common misdiagnosis
identified in clinical studies (1). This is
understandable owing to the high
frequency of cough, sputum production,
and wheezing seen in large clinical cohorts
(2, 3). Bronchitis is common even among
those with normal spirometry (4), and
COPD exacerbations are frequent among
those on augmentation therapy (5, 6). How
these features are impacted by airway
infections caused by bacteria, viruses,
or mycobacteria remains unknown (7).
Observation of dramatic differences in
phenotypic presentation, even in siblings,
suggests either strong environmental

influences, including microbial infection or
colonization, and/or a significant influence
of modifying genes affecting the impact
of the AATD (8–11).

AATD Genotypes
Severe deficiency of AAT is a rare condition
with an estimated prevalence of 60,000–
100,000 individuals in the United States. The
most commonly recognized deficiency allele,
the Z-variant, arises from a point mutation in
the SERPINA1 gene that encodes for AAT. It
is characterized by substitution of a lysine for
a glutamic acid at position 342 and
polymerizes within the hepatocyte (12),
lowering serum and lung levels of AAT.
Homozygous protease inhibitor Z genetic
mutations (PiZZ) make up the severe AATD
cohort in the present study. Individuals with
PiZZ AATD have 10–15% of the normal
baseline circulating and lung levels of AAT,
but clinical presentation is highly
heterogeneous and some individuals may
never develop disease. Environmental
exposures, especially cigarette smoke, greatly
increase the risk of lung disease in those with
AATD; however, it is unknown whether
airway microbial factors contribute to this
heterogeneity.

The decision to prescribe or receive
augmentation therapy for PiZZ AATD is
not made lightly. Therapy is expensive, and
the burden of intravenous administration
once weekly for life is not easily dismissed.
Although therapy is associated with slowing
of emphysema progression (13, 14),
augmentation therapy has not been clearly
shown to lessen the frequency or number of
COPD exacerbations (13). In addition,
augmentation therapy is not indicated in
individuals without emphysema despite
PiZZ deficiency.

PiMZ carriers of one deficiency Z and
one normal M allele also appear to more
frequently have COPD when the protease
burden is high. The best characterized
protease burden arises from cigarette
smoking. In a recent study in which
researchers carefully characterized PiMZ
populations who had not been tested for
AATD because of symptoms, COPD
prevalence was higher in PiMZ compared
with PiMM siblings when cigarette
smoking was present (15). Other case
control studies have confirmed the
increased prevalence of Z alleles in COPD
cohorts (16). Importantly, the PiMZ
genotype is present in 1–2% of the U.S.
population, up to 8% of the entire COPD

cohort (17), and affects 3–6 million
individuals in the United States.

There is some controversy whether
bronchiectasis is a frequent clinical
phenotype in AATD. Population-based
bronchiectasis registries have not shown
large differences in AAT allele frequencies
compared with control populations (18).
However, studies within AATD cohorts
have shown frequent bronchiectasis. The
best study was performed in 2007 on
74 subjects with PiZZ by Parr and colleagues
(19), who showed computed tomography
(CT)-confirmed bronchiectasis in
70 individuals (95%). Clinically significant
disease, as manifested by four or more
segments of airway abnormality and
chronic sputum production, was seen in
20 individuals (28%). The researchers in the
National Heart, Lung, and Blood Institute
(NHLBI) Study of Severe Deficiency of
Alpha-1 Antitrypsin recovered 42 autopsy
specimens from the 204 decedents in this
observational cohort. Whereas large airway
bronchiectasis was present in only six
(14%), dilation of membranous bronchioles
was frequent (20). Further understanding of
the organisms involved in bronchiectasis
could impact future therapy for this disease
and may affect the larger population with
typical COPD.

Lung Microbiome
The lung is among the most difficult organs
in which to study the microbiome, in large
part because a bronchoscope used to
sample the lower airways must traverse the
microbe-rich upper respiratory tract.
Nevertheless, the lung is open to the
environment and has direct
communication with the upper airway, and
its microbial content is likely impacted by
innumerable diseases and disease
phenotypes. Although the lower airways
and alveoli were once felt to be sterile, data
suggest that the microbiome of the lung
closely resembles that of the oropharynx,
but at markedly lower density (21, 22).
Microaspiration occurs in healthy
individuals and may be responsible for this
similarity (23). Investigators in several
studies have also detected the presence of
unique organisms such as Tropheryma
whipplei, the agent of Whipple’s disease, in
the lung (21, 22, 24).

In typical smokers’ COPD, acquisition
of new strains of bacteria was once
considered causative in the pathogenesis
of acute exacerbations (25, 26). Data now
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suggest that these pathogens are present
before the exacerbation and that factors
which encourage “blooms” of specific
microbes are important. One reason to
study AATD is that the protease inhibitor
deficiency may amplify the effects of
the microbial and native airway cellular
interactions. The microbiome is known
to influence lymphocyte, neutrophil, and
macrophage populations in the lung in both
healthy and pathologic conditions (27).
Downstream effects on tumor necrosis
factor a and matrix metalloproteinases
vary in pneumonia and bronchiectasis
associated with microbiota composition
(28, 29). Colonization or low-grade chronic
infections may drive an ongoing spiral of
disease progression (30).

Although Haemophilus influenzae,
Chlamydia species, Pneumocystis jirovecii,
and other bacteria and viruses have been
implicated in chronic progression of disease
(31–34), some microbial species may
decrease lung inflammation, as has been
shown for Lactobacillus species (35). The
lung microbiota composition in COPD has
been shown to be influenced by age and
inhaled corticosteroids (36). Such chronic
processes in AATD are more poorly
defined than in typical COPD and thus
are a focus of the Genomic Research in
Alpha-1 Antitrypsin Deficiency and
Sarcoidosis (GRADS) Study.

AATD also appears to increase the risk
of invasive pulmonary nontuberculous
mycobacterial infections, with significant
overrepresentation of abnormal AAT
genotypes in this population (37). There is
also interest in the observation that AATD
modulates permissiveness for growth of
HIV Type 1 (38), raising the question
whether it could impact components of
the viral microbiome. To investigate
the interactions between AATD, the
microbiome, and COPD phenotypes,
we designed this study to enhance the
understanding of typical COPD by
illuminating the disease that generated
the protease-antiprotease theory of the
pathogenesis of COPD.

Relevant Pathobiology
Polymorphonuclear leukocyte (PMN,
neutrophil)–mediated airways
inflammation is a hallmark of AATD and
typical COPD. However, few studies have
evaluated whether the microbiome may
be causative in PMN translocation to the
airways or distal airspaces of the lung.

Noninfectious causes of neutrophil influx
into the AATD lung have been more
consistently studied. Human neutrophil
elastase (HNE) stimulates alveolar
macrophages to release LTB4, a potent
PMN chemoattractant (39). Polymers of
AAT, found often in the circulation of
individuals with PiZZ (severe AATD) (40),
stimulate the influx of lung neutrophils
through an IL-8–dependent mechanism
(41–43). Other sources of PMN influx
include defensins (44), elastin fragments
(45), and possibly the activation of cells
involved in immune modulation within the
lung through the unfolded protein response
(46). Specifically, microbial colonization
and infection have not been specifically
studied as a mechanism for lung
leukocytosis in AATD.

Considerable work has been done to
determine the interplay between bacterial
species and their associated elastases, PMN
influx into the airway, and airway protease
defenses in COPD. Common findings in
progressive disease include persistence of
neutrophilic inflammation despite optimal
therapy, more rapid progression in patients
colonized with some bacterial species
(particularly Pseudomonas and its
associated elastase) (47), and excess
amounts of antiproteases, particularly in
oxidized or fragmented form. Data have
suggested that components of the sputum
sol matrix such as heparan sulfate and
syndecan 1 are responsible for
compartmentalizing neutrophil elastase,
making it inaccessible to exogenous
antielastase compounds (48, 49).

In addition to acute neutrophil-
associated lung destruction in AATD, recent
evidence supports a chronic immune
activation that resembles the lymphoid
follicular response seen in moderate to
advanced COPD (50). Such a response
may be related to loss of immune tolerance
associated with the early tissue damage
resulting from the primary pathogenic
processes, but other possible explanations
include viral and other microbial processes
that result in ongoing immune activation
as occurs in typical COPD (33, 51).

Some work has been performed on
biomarkers of disease progression in AATD.
Bronchoalveolar lavage (BAL) has been used
to characterize the elastase inhibitory
capacity of the lower airway (52), which
improves with AAT augmentation therapy
(53). Acute bacterial pneumonia prompts
an increase in measured AAT in BAL that

is functionally complexed to HNE, resulting
in lower elastase inhibitory activity (54).
Oxidative injury of AAT can have a variety
of sources (55), including cigarette
smoke. Therefore, it is reasonable to
hypothesize that a complex interplay exists
between immunoreactive AAT, HNE,
elastase inhibitory activity, complexed
AAT–HNE, and lower airway PMN
numbers that depends in part on the
microbiome.

Bronchiolitis is a major component of
COPD. It is associated with a large excess
of neutrophils in the airway (56) and
with bronchial hyperreactivity,
a COPD phenotype marked by frequent
exacerbations, and a more rapid decline in
FEV1 compared with individuals without
bronchiolitis. Elastase in the airway
contributes to antigen-induced
mucociliary dysfunction in animal (57)
and human airways. Although
a correlation between an abnormal
microbiome and a bronchiolitis phenotype
is likely, preliminary data are insufficient
to define expected changes.

Present Study
Because AAT may function over a lifetime
in a variety of novel interactions with the
environment, a better understanding of the
interaction between AAT and the microbial
environment is the goal of the GRADS
Alpha-1 Study protocol. Clinical COPD
phenotypes of bronchodilator-responsive
individuals, those with clinical
bronchiectasis, and those with normal lung
function without symptoms are all of
interest in this pilot study. Companion
requests for applications (RFAs) for
a Genomics and Informatics Center (GIC)
and for clinical centers were released by the
NHLBI of the National Institutes of Health
as RFA-HL-12-013 and RFA-HL-12-014,
both with a planned start date of April 1,
2012.

Methods

Study Objectives
The GRADS Alpha-1 Study protocol is
designed to investigate the overarching
hypothesis that AAT impacts the diversity
and content of the lower airway microbiota,
resulting in a less inflammatory airway. This
occurs whether the AAT is given by
augmentation or is naturally occurring
owing to the presence of one or two copies of
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the normal PiM SERPINA1 allele. The
specific aims of the study are
1. To compare the lower respiratory tract

microbiome and virome population
diversity and content in age and stage-
matched individuals with PiZZ (based on
Global Initiative for Chronic Obstructive
Lund Disease [GOLD] guidelines [58])
not receiving augmentation therapy,
individuals with PiZZ receiving
augmentation therapy, PiMZ individuals

not receiving augmentation
therapy, and (normal nondeficient
genotype) individuals with PiMM who
have COPD

2. To determine correlations between BAL
and peripheral blood gene expression
patterns and patterns in lung microbial
and viral populations across all cohorts

3. To correlate the presence or absence
of CT-confirmed bronchiectasis and
bronchiolectasis with patterns in the

microbiome population diversity
and content

4. To identify and define novel molecular
phenotypes of AATD based on
computational integration of clinical,
transcriptomic, and microbiomic data

Study Design
Four separate cohorts are defined for this
pilot study: individuals with PiZZ not

Table 1. Inclusion and exclusion criteria

Inclusion criteria
1. Age between 35 and 80 yr (inclusive) at baseline visit
2. Alpha-1 antitrypsin genotype PiZZ or PiMZ
3. Able to tolerate and willing to undergo study procedures
4. Signed informed consent

Exclusion criteria
1. History of comorbid condition severe enough to significantly increase risks based on investigator discretion
2. Diagnosis of unstable cardiovascular disease, including myocardial infarction, in the past 6 wk; uncontrolled congestive heart failure; or

uncontrolled arrhythmia
3. PaO2

on room air at rest ,50 mm Hg or SaO2
on room air at rest ,85%

4. Postbronchodilator FEV1 ,30% predicted
5. Use of anticoagulation (Patients taking warfarin or clopidogrel will be excluded; patients taking aspirin alone can be studied even with

concurrent use.)
6. Dementia or other cognitive dysfunction that, in the opinion of the investigator, would prevent the participant from consenting to the

study or completing study procedures
7. Active pulmonary infection with tuberculosis
8. History of pulmonary embolism in the past 2 yr
9. Non-COPD obstructive disease (various bronchiolitides, sarcoidosis, lymphangioleiomyomatosis, Langerhans cell histiocytosis) or

parenchymal lung disease, pulmonary vascular disease, pleural disease, severe kyphoscoliosis, neuromuscular weakness, or other
cardiovascular and/or pulmonary disease that, in the opinion of the investigator, limits the interpretability of the pulmonary function
measures

10. Prior significant difficulties with pulmonary function testing
11. Hypersensitivity to or intolerance of albuterol sulfate or ipratropium bromide or propellants or excipients of the inhalers
12. Hypersensitivity to or intolerance of all drugs required for sedation during conscious sedation bronchoscopy
13. History of lung volume reduction surgery, lung resection, or bronchoscopic lung volume reduction in any form
14. History of lung or other organ transplant
15. History of large thoracic metal implants (e.g., AICD and/or pacemaker) that, in the opinion of the investigator, limits the interpretability

of computed tomographic scans
16. Currently taking >10 mg/day or 20 mg every other day of prednisone or equivalent systemic corticosteroid
17. Currently taking any immunosuppressive agent, excepting systemic corticosteroids
18. History of lung cancer or any cancer that spread to multiple locations in the body
19. Current illicit substance abuse, excluding marijuana
20. Known HIV/AIDS infection
21. History of or current exposure to chemotherapy or radiation treatments that, in the opinion of the investigator, limits the interpretability

of the pulmonary function measures
22. BMI .40 kg/m2 at baseline examination
23. Current or planned pregnancy within the study course
24. Currently institutionalized (e.g., prisons, long-term care facilities)
25. Possession of a genotype of PiMZ and ever having received intravenous or inhaled alpha-1 antitrypsin augmentation therapy

(alpha-1 proteinase inhibitor)
Conditional exclusions
1. Participants who present with an upper respiratory infection or pulmonary exacerbation, either solely participant-identified or that has

been clinically treated, in the preceding 6 wk can be rescreened for the study once the 6-wk window has passed.
2. Participants who present with current use of acute antibiotics or steroids can be rescreened for the study >30 days after discontinuing

acute antibiotics and/or steroids. This does not apply to participants who are on chronic prednisone therapy of ,10 mg/day or,20 mg
every other day.

3. Participants who present with a myocardial infarction or eye, chest, or abdominal surgery within 6 wk can be rescreened after the 6-wk
window has passed. Study coordinators should consult with the site’s principal investigator before rescreening these participants.

4. Female participants who present ,3 mo after giving birth will be asked to reschedule their visit until 3 mo have passed since the birth.
5. Individuals with PiZZ who are receiving alpha-1 antitrypsin augmentation therapy (alpha-1 proteinase Inhibitor) must be off

augmentation therapy for .6 mo to qualify for stratified enrollment in the PiZZ group not receiving augmentation therapy.

Definition of abbreviations: AICD = automated implantable cardiac defibrillator; BMI = body mass index; COPD = chronic obstructive pulmonary disease;
PiMZ = protease inhibitor Z carrier state; PiZZ = homozygous protease inhibitor Z genetic mutations.
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receiving augmentation therapy, individuals
with PiZZ receiving augmentation therapy,
individuals with PiMZ not receiving
augmentation therapy, and individuals with
PiMM. The optimal matching strategy
would control for age, sex, FEV1%
predicted, smoking intensity, and
bronchiectasis present on CT scans.

A control population of individuals
with PiMM was felt necessary for this
study and was facilitated through the
Subpopulations and Intermediate Outcome
Measures in COPD Study (SPIROMICS)
(59). SPIROMICS BAL samples collected
using a similar methodology as that used in
the GRADS Study are being shared with the
GRADS Alpha-1 program (59).

The study design approved by the
GRADS Observational Safety Monitoring
Board sought matching between the four
cohorts on age within 5 years and FEV1%
predicted within one 2011 GOLD stage (58).
A key feature of the study design is to find
comparable patients because individuals with
PiZZ are, on average, 10 years younger than
individuals with PiMM with similarly severe
COPD. An additional demographic
difference is related to the fact that
individuals choosing not to use augmentation
therapy are typically less ill and have better
lung function than most individuals on AAT
augmentation therapy. PiMM samples are

selected from the SPIROMICS cohort by
matching age and FEV1 to the PiZZ not
receiving augmentation cohort.

Recruitment
Recruitment into this study is heavily
dependent on contact via mail, e-mail, and
published invitations to individuals affected by
AATD. Recruitment is administered by the
Alpha-1 Foundation Research Registry at the
MedicalUniversity of SouthCarolina (MUSC).
This registry has been in existence since 1996
and has contact information and genotypes on
more than 5,000 individuals with the severe
deficiency or carrier state. Additional
recruitment came from the Alpha Coded
Testing Study, a home genetic testing cohort at
MUSC (60), Alpha-1 Foundation
Education days, and Alpha-1 Foundation
publications.

The study inclusion and exclusion
criteria are presented in Table 1. Importantly,
participants could be smoking, but they must
not have used antibiotics for 4 weeks and
could not be using any immunosuppressant
or prednisone greater than 10 mg daily or an
equivalent. Written informed consent is
obtained from all participants.

Measurements
Questionnaires are collected to integrate
with biosamples in future studies (Table 2).

Pulmonary function testing is performed in
dedicated spirometry laboratories and
includes spirometry before and after
bronchodilators, measurement of
plethysmographic lung volumes, and
diffusing capacity of carbon monoxide
(DLCO) assessed using American Thoracic
Society (ATS) criteria. A 6-minute-walk test
is performed using ATS criteria.

Chest CT is performed with
participants at TLC and residual volume
by a rigid quality-controlled program
following bronchodilator administration.
Phantoms with a range of attenuation values
are used at each center to approve scanners
for use in the GRADS Study before patient
scanning. Radiation exposure is determined
by body mass index category and performed
by helical protocol with participants in the
supine position (Table 3). Scans are assessed
for quality at the University of
Pittsburgh Radiology Center. Structural
changes in the parenchyma and airways are
assessed both visually and quantitatively. A
visual quantitative analysis of
bronchiectasis is performed using bronchial
dilatation, peribronchial wall thickening,
and number of bronchiectasis segments as
variables.

Quantitative analysis measures include
lung volumes computed on the basis of
CT (both lung and air volumes), density

Table 2. Questionnaires used for data collection

Questionnaire Goal

Gastroesophageal Reflux Disease Questionnaire (GerdQ) The GerdQ is a validated test for the correlate of anatomic reflux. This test
determines if the lung microbiome is related to gastroesophageal reflux.

Past lung function tests and FEV1 decline Spirometry, TLC, RV, and DLCO evaluations are collected from up to 5 yr
of past tests to define an estimate of the mean yearly FEV1 decline.

Charlson comorbidity index This index is used to assess the comorbidities associated with COPD
that might be impacted by microbiome findings.

St. George’s Respiratory Questionnaire (SGRQ) This 51-item respiratory system–specific quality of life questionnaire
quantifies the 3 domains of symptoms, activity, and impact, as well
as total score.

Modified Medical Research Council (mMRC) Dyspnea Scale The mMRC quantifies activity associated dyspnea, which is an
important biomarker of COPD severity and risk of death.

COPD Assessment Test (CAT) The CAT is an 8-item questionnaire that quantifies symptom severity.
Questionnaire for Ease of Cough and Sputum Clearance This 5-item questionnaire queries the impact of cough and sputum, and

the results will be compared with those in the SPIROMICS cohort.
AlphaNet Exacerbation Questionnaire This 10-item questionnaire addresses exacerbation frequency and

duration and has been collected monthly on .2,000 individuals with
severe deficiency of AAT. The results will assure the generalizability
of the study cohort.

PROMIS Fatigue Instrument This instrument queries fatigue in the affected population.
Hospital Anxiety and Depression Scale (HADS) HADS is a 14-item questionnaire that assesses anxiety and

depression, and it was also used in the SPIROMICS cohort.
MOT-Short Form 12 This is a 12-item general quality of life questionnaire.

Definition of abbreviations: AAT = alpha-1 antitrypsin; COPD = chronic obstructive pulmonary disease; DLCO = diffusing capacity of carbon monoxide;
MOT =Medical Outcomes Trust; PROMIS = Patient Reported Outcomes Measurement Information System; RV = residual volume; SPIROMICS =
Subpopulations and Intermediate Outcome Measures in COPD Study.
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mask analysis (percentage of voxels minus
a predefined Hounsfield unit [HU] value
threshold, such as 2950 HU, 2910 HU,
or 2856 HU), count of all automatically
detected airway sections, lumen area, lumen
perimeter, wall area, wall thickness, and wall
area as a percentage of the total airway area.

Bronchoscopy is performed under
conscious sedation on Visit 2 of the
protocol. Oral samples are taken before
lidocaine and include both saline rinses
and tongue scrapings. The bronchoscope
is instilled with saline collected for
microbiome analysis before insertion into
the patient, then passed orally without
suction to the right middle lobe or lingula
into a wedged position. A bronchial wash
(20 ml) and BAL aliquots to total 360 ml
of saline are infused into two adjacent
segments. Bronchial brushings and biopsies
are allowed by local sample acquisition
protocols. A stool sample is collected for
microbiome analysis to compare the lung
and stool microbiomes.

Biosamples are collected for current and
future use by following a quality-controlled
protocol with sample processing done on the
day of collection (Table 4). To maximize
recovery of nucleic acids, BAL, sputum, and
lung tissue specimens are processed
according to a combination of procedures
recently described (61, 62). Cellular material
is pelleted, after which the supernatant is
used for viral isolation and the pellet is used
for bacterial DNA isolation.

For bacterial microbiome analysis, an
approach is used that relies on sequence tags
that enable taxonomic identification. DNA
is extracted and subjected to polymerase
chain reaction (PCR) amplification using
primers directed at the bacterial ribosomal
RNA gene (16S rRNA) that all bacteria
possess. This gene has highly conserved
regions and highly variable (V) regions
(which can be used for taxonomic
identification). The V1–V3 region of the
16S rRNA gene will be amplified. PCR
amplicon libraries are gel purified,

quantified, pooled in equal ratios by mass,
and subjected to deep sequencing using the
Illumina platform (Illumina, San Diego,
CA). Sequences are grouped together into
“taxons” based on sharing 97% identity,
and these taxons are aligned with reference
databases to assign each to a particular
bacterial group (family, genus, or species
level, depending on the level of precision
possible). Bacterial numbers are generated
by quantitative PCR of the 16S gene.

To identify the virome, supernatants
are passed through 0.45-mm and 0.22-mm
filters. Viral DNA and RNA are isolated
according to protocols recently published
(63). Because there are no sequences shared
by all viruses that could be used for
sequence tag identification as with bacteria,
viruses are identified by massive sequencing
of all nucleic acids present (following
physical separation from bacterial and host
cells), termed shotgun metagenomics. The
DNA and RNA from viral preparations are
converted into bar-coded DNA and cDNA

Table 3. Chest computed tomography scanner protocols

Siemens Healthcare GE Healthcare Philips
Healthcare

Sensation 64 SOMATOM
Definition

SOMATOM
Definition AS1

VCT Brilliance 64

Definition Flash CT750 HD iCT 128

Acquisition (tube current modulation off: CareDose, Auto mA, DoseRight, ACS)
Acquisition mode Spiral Spiral Spiral Helical Spiral Helix
Detector collimation (mm) 0.6 0.6 0.6 0.625 0.625
Energy (kVp) 120 120 120 120 120
Pitch 1.00 1.00 1.00 0.984 0.920
Gantry rotation time (s) 0.5 0.5 0.5 0.5 0.5
Exposure Effective mAs Effective mAs Effective mAs Tube Current (mA) Effective mAs
Inspiration scan

BMI ,20 kg/m2 80 85 90 145 105
BMI 20–30 kg/m2 100 105 110 180 130
BMI .30 kg/m2 145 150 165 270 190

Expiration scan
BMI ,20 kg/m2 55 60 65 100 70
BMI 20–30 kg/m2 55 60 65 100 70
BMI .30 kg/m2 80 85 90 145 105

Reconstructions (no iterative reconstruction algorithms: iDOSE, ASIR, IRIS, IQ Enhance)
Reconstruction 1
Kernel B35f B35f B35f Standard B
Thickness (mm) 0.750 0.750 0.750 0.625 0.67
Interval (mm) 0.500 0.500 0.500 0.500 0.50

Reconstruction 2
Kernel B46f B46f B46f Bone D
Thickness (mm) 0.750 0.750 0.750 0.625 0.67
Interval (mm) 0.500 0.500 0.500 0.500 0.50

Reconstruction 3
Kernel B60f B60f B60f Lung E
Thickness (mm) 2.000 2.000 2.000 2.500 2.500
Interval (mm) 2.000 2.000 2.000 2.500 2.500

Definition of abbreviations: ACS = automatic current selection; ASIR = adaptive statistical iterative reconstruction; BMI = body mass index; IRIS = iterative
reconstruction in image space; kVp = kilovolt peak; mAs =milliampere seconds.
Reconstruction matrix 5123 512 for all images.
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and deep sequenced on the Illumina
HiSeq2000 platform. Each HiSeq run can
generate up to 250 GB of data, allowing
GRADS Study researchers to sample the
virome at a very high depth of coverage.

Virome sequencing is accomplished by
using a paired-end read strategy. The
individual sequences are screened for
human and bacterial sequence, trimmed for
quality, then assembled using several
approaches. The resulting coding sequence
is then searched against several databases,
including collections of mobile genetic
elements (e.g., ACLAME database:
http://aclame.ulb.ac.be/) and other
sequenced metagenomes, to augment viral
discovery and annotation.

Data Management and Analysis Plan
This cross-sectional study has a primary
analysis goal of determining whether
individuals with PiZZ on augmentation
therapy have a difference in lower
respiratory tract microbes compared with
matched individuals with PiZZ who are not
on augmentation therapy. Mixed models
analysis will be used to adjust for FEV1, age,
sex, oral or inhaled corticosteroid use,
bronchiectasis presence on CT examination

and its severity, historical exacerbation
frequency, preceding rate of FEV1

decline, serum C-reactive protein, BAL
neutrophil percentage, BAL neutrophil
elastase, and serum Z polymer
concentration. Interaction effects will
be characterized.

Sample size calculations for analysis
of variance (ANOVA) suggested that
aminimumof 35 samples per group would be
required. A sample size of 200 patients overall
for this protocol, 50 in each group, is optimal,
including close to 40 with no detectable
emphysema on CT scans and evenly split
among individuals with no obstruction or
mild, moderate, or severe obstruction.

For the primary analysis, matched
cohorts of similar patients allow for paired
t tests to compare the microbial content as
measured by the number, richness, and
diversity of microbes. McNemar’s test is
used to compare the lower respiratory tract
microbiome and virome, assessed by the
presence or absence of specific organisms.
Conditional logistic regression is used to
determine if there is an independent
association with the use of augmentation
therapy after controlling for presenting
characteristics that differ between the two

populations. In secondary comparisons
between all patients with PiZZ, we will
compare the content and diversity of the
microbiome in two cohorts of
individuals stratified by time on
augmentation therapy.

The remainder of the specific aims will
be met using identical methods. P values
less than 0.05 are considered significant
following appropriate adjustment for
multiple comparisons.

Integrated Genomics
State-of-the-art methods are applied for
transcript profiling ofmRNA,microRNA, and
large noncoding RNA, including microarrays
and sequencing techniques. The GIC uses
state-of-the-art analytic approaches as well as
new algorithms (mirConnX) that can be used
to coanalyze mRNA and microRNA
expression data from time-course or case–
control studies to identify regulatory network
modules relevant to the particular phenotype
or disease (64). The GIC uses a combination
of methods to generate significant testable
hypotheses at the regulatory and protein
interaction level. For global pathway analysis,
we will use Ingenuity Pathway Analysis
(Qiagen, Redwood City, CA) and
MetaCore (GeneGo/Thomson Reuters,
http://thomsonreuters.com/metacore/), and
gene set analysis will be performed to identify
specific signatures potentially relevant to
infection. R packages for genomic meta-
analysis are integrated: MetaDiagnosis
for assessing study quality, MetaDE for
differentially expressed gene detection,
MetaPath for pathway analysis, MetaClass
for classification analysis, MetaDimR for
dimension reduction, MetaClust for gene
clustering, and MetaNetwork for regulatory
network construction.

We will use the taxonomic and
operational taxonomic unit (OTU)-based
profiles in a series of ordination, clustering,
and community structure analyses designed
to compare and identify significant shifts
in 16S profiles using computational
algorithms tuned for high-throughput next-
generation sequencing. This includes the
application of refined statistical approaches
to identify core membership in the
microbiome between groups of individuals,
including analyses and comparisons of very
low-abundance entities (using a suite of
computational tools and visual analyses
known as the Corbata tools) (65). Of
particular importance in this study are to
examine the derivation of OTUs from

Table 4. Study procedures and samples collected

Procedure V1 V2

Informed consent X
Vital signs X
Pulmonary function testing
Spirometry before and after bronchodilators X
Slow vital capacity X
Plethysmographic lung volumes X
Carbon Monoxide Diffusing Capacity X

Exercise: 6-minute walk test with oximetry and Borg Dyspnea Scale XX
Chest computed tomography with inspiration and expiration images X
Blood
Serum X
EDTA plasma X
Citrate plasma X
P100 plasma X
Cell preparation tubes (two; centrifuged at the site) X
RNA (one with PAXgene kit [PreAnalytiX, Hombrechtikon,
Switzerland])

X

Urine
Cotinine X

Stool X
Bronchoscopy
Mouth rinse specimen X
Bronchoalveolar lavage 20-ml proximal aliquot X
Bronchoalveolar lavage distal collection X
Bronchoalveolar lavage cell count and differential X
Mycobacterial culture X

Definition of abbreviations: EDTA = ethylenediaminetetraacetic acid; V1 = Visit 1; V2 = Visit 2 (usually
next day, but must be ,30 days).
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exogenous sources (e.g., patient sampling
and laboratory procedures) versus the
actual patient and, further, to better
discriminate between legitimate biological
mixing that can occur between the oral
cavity and lower lung. To address this issue,
we will apply a probabilistic approach to
examining the microbial composition
based on the consistency (i.e., variance)
of the relative distribution of the
taxonomic assignments or OTUs across the
entire set of samples (i.e., laboratory
controls, BAL controls, and experimental
samples).

Further, we will integrate the availability
of associated clinical patient metadata using
various linear regression analyses to identify
the factors that may be affecting the
microbiome compositions and to define
significant associations of groups of samples
related by their 16S profiles identified within
the cohort with clinical patient metadata (e.g.,
FEV1, DLCO) using multivariate analyses. To
identify the effect of factors on individual
taxa, the taxonomic abundances in the profiles
will first be analyzed using additive log
ratio transformation and used as the
response variable for a multivariate regression.
To identify the effect of factors affecting
the differences between samples,
PERMANOVA will be used. PERMANOVA
is a nonparametric permutation-based

algorithm for performing ANOVA between
groups of samples.

Potential Outcomes
and Conclusions

By characterizing the microbiome in AATD,
we hope to define new phenotypes of COPD
that explain some of the diversity of clinical
presentations (Figure 1). This unique genetic
cause of COPD has the potential to add to
knowledge of the disease with implications
for typical COPD pathogenesis, as well as the
promise to increase understanding of the
complex interplay between environment and
genetics.

In addition, the GRADS Study
biosamples allow us to use an integrative
systems biology strategy designed to identify
the functional and regulatory pathways that
play roles in COPD pathophysiology.
This approach relies on global genome,
transcriptome, proteome, metabolome,
and microbiome data sets collected in these
cross-sectional patient cohorts. Although
the biological approaches are hypothesis-
generating, the results have the potential to
change future hypotheses, lead to
development of novel biomarkers, increase
understanding of COPD phenotypes, and
allow novel diagnostic and therapeutic trials

in AATD and COPD that can be validated in
prospective clinical trials. n
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Figure 1. Alpha-1 Antitrypsin (AAT) deficiency, with its associated intermediate deficiency genotypes,
can inform the study of chronic obstructive pulmonary disease (COPD) pathogenesis related to
protease–antiprotease balance related to microbial communities and their immune impact. The
resulting COPD clinical phenotypes may be related to a complex interaction between AAT genetics,
microbial diversity or specific microbes, and immune phenotypes. A systems biology approach to this
model will be applied in the Genomic Research in Alpha-1 Antitrypsin Deficiency and Sarcoidosis
Alpha-1 Study. PiZ = protease inhibitor Z genotypes; PMN= polymorphonuclear leukocytes.
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Sesboüé R. Distribution of a1-antitrypsin alleles in patients with
bronchiectasis. Chest 2000;117:415–419.

19 Parr DG, Guest PG, Reynolds JH, Dowson LJ, Stockley RA. Prevalence
and impact of bronchiectasis in a1-antitrypsin deficiency. Am J
Respir Crit Care Med 2007;176:1215–1221.

20 Tomashefski JF Jr, Crystal RG, Wiedemann HP, Mascha E, Stoller JK;
Alpha 1-Antitrypsin Deficiency Registry Study Group. The
bronchopulmonary pathology of a-1 antitrypsin (AAT) deficiency:
findings of the Death Review Committee of the national registry for
individuals with severe deficiency of alpha-1 antitrypsin. Hum Pathol
2004;35:1452–1461.

21 Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A,
Bushman FD, Collman RG. Topographical continuity of bacterial
populations in the healthy human respiratory tract. Am J Respir Crit
Care Med 2011;184:957–963.

22 Morris A, Beck JM, Schloss PD, Campbell TB, Crothers K, Curtis JL,
Flores SC, Fontenot AP, Ghedin E, Huang L, et al.; Lung HIV
Microbiome Project. Comparison of the respiratory microbiome in
healthy nonsmokers and smokers. Am J Respir Crit Care Med 2013;
187:1067–1075.

23 Gleeson K, Eggli DF, Maxwell SL. Quantitative aspiration during sleep
in normal subjects. Chest 1997;111:1266–1272.

24 Lozupone C, Cota-Gomez A, Palmer BE, Linderman DJ, Charlson ES,
Sodergren E, Mitreva M, Abubucker S, Martin J, Yao G, et al.; Lung
HIV Microbiome Project. Widespread colonization of the lung by
Tropheryma whipplei in HIV infection. Am J Respir Crit Care Med
2013;187:1110–1117.

25 Murphy TF, Sethi S, Hill SL, Stockley RA. Inflammatory markers in
bacterial exacerbations of COPD. Am J Respir Crit Care Med 2002;
165:132.

26 Sethi S, Wrona C, Eschberger K, Lobbins P, Cai X, Murphy TF.
Inflammatory profile of new bacterial strain exacerbations of chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 2008;177:
491–497.

27 Dickson RP, Erb-Downward JR, Freeman CM, Walker N, Scales BS,
Beck JM, Martinez FJ, Curtis JL, Lama VN, Huffnagle GB. Changes
in the lung microbiome following lung transplantation include the
emergence of two distinct Pseudomonas species with distinct
clinical associations. PLoS One 2014;9:e97214.

28 Taylor SL, Rogers GB, Chen AC, Burr LD, McGuckin MA, Serisier DJ.
Matrix metalloproteinases vary with airway microbiota composition
and lung function in non-cystic fibrosis bronchiectasis. Ann Am
Thorac Soc 2015;12:701–707.

29 Iwai S, Huang D, Fong S, Jarlsberg LG, Worodria W, Yoo S,
Cattamanchi A, Davis JL, Kaswabuli S, Segal M, et al. The lung
microbiome of Ugandan HIV-infected pneumonia patients is
compositionally and functionally distinct from that of San Franciscan
patients. PLoS One 2014;9:e95726.

30 Sethi S, Mallia P, Johnston SL. New paradigms in the pathogenesis of
chronic obstructive pulmonary disease II. Proc Am Thorac Soc 2009;
6:532–534.

31 Murphy TF, Brauer AL, Schiffmacher AT, Sethi S. Persistent
colonization by Haemophilus influenzae in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 2004;170:266–272.

32 Wilkinson TM, Donaldson GC, Johnston SL, Openshaw PJ, Wedzicha
JA. Respiratory syncytial virus, airway inflammation, and FEV1

CLINICAL STUDY DESIGN

Clinical Study Design 1559



decline in patients with chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 2006;173:871–876.

33 Retamales I, Elliott WM, Meshi B, Coxson HO, Pare PD, Sciurba FC,
Rogers RM, Hayashi S, Hogg JC. Amplification of inflammation in
emphysema and its association with latent adenoviral infection. Am J
Respir Crit Care Med 2001;164:469–473.

34 Morris A, Sciurba FC, Lebedeva IP, Githaiga A, Elliott WM, Hogg JC,
Huang L, Norris KA. Association of chronic obstructive pulmonary
disease severity and Pneumocystis colonization. Am J Respir Crit
Care Med 2004;170:408–413.

35 Sze MA, Utokaparch S, Elliott WM, Hogg JC, Hegele RG. Loss of
GD1-positive Lactobacillus correlates with inflammation in human
lungs with COPD. BMJ Open 2015;5:e006677.

36 Pragman AA, Kim HB, Reilly CS, Wendt C, Isaacson RE. Chronic
obstructive pulmonary disease lung microbiota diversity may be
mediated by age or inhaled corticosteroid use. J Clin Microbiol 2015;
53:1050.

37 Kim JS, Tanaka N, Newell JD, Degroote MA, Fulton K, Huitt G, Lynch DA.
Nontuberculous mycobacterial infection: CT scan findings, genotype,
and treatment responsiveness. Chest 2005;128:3863–3869.

38 Shapiro L, Pott GB, Ralston AH. Alpha-1-antitrypsin inhibits human
immunodeficiency virus type 1. FASEB J 2001;15:115–122.

39 Hubbard RC, Fells G, Gadek J, Pacholok S, Humes J, Crystal RG.
Neutrophil accumulation in the lung in a1-antitrypsin deficiency:
spontaneous release of leukotriene B4 by alveolar macrophages.
J Clin Invest 1991;88:891–897.

40 Tan L, Dickens JA, Demeo DL, Miranda E, Perez J, Rashid ST, Day J,
Ordoñez A, Marciniak SJ, Haq I, et al. Circulating polymers in
a1-antitrypsin deficiency. Eur Respir J 2014;43:1501–1504.

41 Bergin DA, Reeves EP, Meleady P, Henry M, McElvaney OJ, Carroll TP,
Condron C, Chotirmall SH, Clynes M, O’Neill SJ, et al. a-1 Antitrypsin
regulates human neutrophil chemotaxis induced by soluble immune
complexes and IL-8. J Clin Invest 2010;120:4236–4250.

42 Mahadeva R, Atkinson C, Li Z, Stewart S, Janciauskiene S, Kelley DG,
Parmar J, Pitman R, Shapiro SD, Lomas DA. Polymers of Z
a1-antitrypsin co-localize with neutrophils in emphysematous alveoli
and are chemotactic in vivo. Am J Pathol 2005;166:377–386.

43 Mulgrew AT, Taggart CC, Lawless MW, Greene CM, Brantly ML, O’Neill
SJ, McElvaney NGZ. Z a1-antitrypsin polymerizes in the lung and
acts as a neutrophil chemoattractant. Chest 2004;125:1952–1957.

44 Wencker M, Brantly ML. Cytotoxic concentrations of a-defensins in the
lungs of individuals with a1-antitrypsin deficiency and moderate to
severe lung disease. Cytokine 2005;32:1–6.

45 Houghton AM, Quintero PA, Perkins DL, Kobayashi DK, Kelley DG,
Marconcini LA, Mecham RP, Senior RM, Shapiro SD. Elastin
fragments drive disease progression in a murine model of
emphysema. J Clin Invest 2006;116:753–759.

46 Carroll TP, Greene CM, O’Connor CA, Nolan AM, O’Neill SJ,
McElvaney NG. Evidence for unfolded protein response activation in
monocytes from individuals with a-1 antitrypsin deficiency.
J Immunol 2010;184:4538–4546.

47 Schaaf B,Wieghorst A, Aries SP, Dalhoff K, Braun J. Neutrophil inflammation
and activation in bronchiectasis: comparison with pneumonia and
idiopathic pulmonary fibrosis. Respiration 2000;67:52–59.

48 Chan SC, Shum DK, Ip MS. Sputum sol neutrophil elastase activity in
bronchiectasis: differential modulation by syndecan-1. Am J Respir
Crit Care Med 2003;168:192–198.

49 Chan SC, Leung VO, Ip MS, Shum DK. Shed syndecan-1 restricts
neutrophil elastase from a1-antitrypsin in neutrophilic airway
inflammation. Am J Respir Cell Mol Biol 2009;41:620–628.

50 Baraldo S, Turato G, Lunardi F, Bazzan E, Schiavon M, Ferrarotti I,
Molena B, Cazzuffi R, Damin M, Balestro E, et al. Immune activation
in a1-antitrypsin-deficiency emphysema: beyond the protease–
antiprotease paradigm. Am J Respir Crit Care Med 2015;191:
402–409.

51 Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L,
Cherniack RM, Rogers RM, Sciurba FC, Coxson HO, et al. The nature
of small-airway obstruction in chronic obstructive pulmonary
disease. N Engl J Med 2004;350:2645–2653.

52 Carp H, Miller F, Hoidal JR, Janoff A. Potential mechanism of
emphysema: a1-proteinase inhibitor recovered from lungs of
cigarette smokers contains oxidized methionine and has decreased
elastase inhibitory capacity. Proc Natl Acad Sci USA 1982;79:
2041–2045.

53 Vogelmeier C, Biedermann T, Maier K, Mazur G, Behr J, Krombach F,
Buhl R. Comparative loss of activity of recombinant
secretory leukoprotease inhibitor and a1-protease inhibitor caused
by different forms of oxidative stress. Eur Respir J 1997;10:
2114–2119.

54 Abrams WR, Fein AM, Kucich U, Kueppers F, Yamada H, Kuzmowycz
T, Morgan L, Lippmann M, Goldberg SK, Weinbaum G. Proteinase
inhibitory function in inflammatory lung disease: I. Acute bacterial
pneumonia. Am Rev Respir Dis 1984;129:735–741.

55 Ossanna PJ, Test ST, Matheson NR, Regiani S, Weiss SJ. Oxidative
regulation of neutrophil elastase-a-1-proteinase inhibitor
interactions. J Clin Invest 1986;77:1939–1951.

56 Kindt GC, Weiland JE, Davis WB, Gadek JE, Dorinsky PM. Bronchiolitis
in adults: a reversible cause of airway obstruction associated with
airway neutrophils and neutrophil products. Am Rev Respir Dis 1989;
140:483–492.

57 O’Riordan TG, Otero R, Mao Y, Lauredo I, Abraham WM. Elastase
contributes to antigen-induced mucociliary dysfunction in ovine
airways. Am J Respir Crit Care Med 1997;155:1522–1528.

58 Global Initiative for Chronic Obstructive Lung Disease (GOLD). Global
strategy for the diagnosis, management, and prevention of chronic
obstructive pulmonary disease [updated 2014; accessed 2015 Jul
27]. Available from: http://www.goldcopd.org/uploads/users/files/
GOLD_Report2014_Feb07.pdf.

59 Couper D, LaVange LM, Han M, Barr RG, Bleecker E, Hoffman EA,
Kanner R, Kleerup E, Martinez FJ, Woodruff PG, et al.;
SPIROMICS Research Group. Design of the Subpopulations and
Intermediate Outcomes in COPD Study (SPIROMICS). Thorax
2014;69:491–494.

60 Strange C, Dickson R, Carter C, Carpenter MJ, Holladay B, Lundquist
R, Brantly ML. Genetic testing for a1-antitrypsin deficiency. Genet
Med 2004;6:204–210.

61 Victoria JG, Kapoor A, Dupuis K, Schnurr DP, Delwart EL. Rapid
identification of known and new RNA viruses from animal tissues.
PLoS Pathog 2008;4:e1000163.

62 Reyes A, Haynes M, Hanson N, Angly FE, Heath AC, Rohwer F, Gordon
JI. Viruses in the faecal microbiota of monozygotic twins and their
mothers. Nature 2010;466:334–338.

63 Thurber RV, Haynes M, Breitbart M, Wegley L, Rohwer F. Laboratory
procedures to generate viral metagenomes. Nat Protoc 2009;4:
470–483.

64 Huang GT, Athanassiou C, Benos PV. mirConnX: condition-specific
mRNA-microRNA network integrator. Nucleic Acids Res 2011;39
(Web Server issue):W416–W423.
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