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ABSTRACT

COPD is characterized by an abnormal regulatory T cell (Treg) response with a shift
towards a Thl and Th17 cell responses. However, it is unclear if the function of Treg
cells is impaired by smoking and in COPD. In addition, the miRNA profile of Treg cells in
COPD is unknown and whether miRNA deregulation contributes to COPD
immunopathogenesis. We set the objective to study Treg cell function isolated from
peripheral blood of patients with COPD versus controls and to compare their miRNA
profiles. We also were interested in exploring the function of some of the differentially
expressed Treg cell miRNAs. We assessed the Treg cell function by observing their
suppressive activity on autologous effector T cells and analyzed their miRNA expression
initially by microarray analysis then conducted real time RT-PCR validation for selected
miRNAs. In Silico target gene analysis for the validated miRNAs suggested that miR-
199-5p is particularly relevant to Treg cell physiology so its function was investigated
further using CCD-986Sk and MOLT-4 cells. We found no difference in Treg cell
function between COPD and controls but we were able to identify 6 and 96 miRNAs that
were differentially expressed in COPD versus control Treg cells. We confirmed that
miR-199a-5p was repressed by approximately 4 fold in Treg cells of COPD patients
compared to cells in healthy smokers. Importantly, miR-199a-5p had significant
overrepresentation of its target genes in the Treg cell transcriptome, with many targets
associated with the TGF-$ activation pathway. We also confirmed the function of miR-
199a5p in an in-vitro loss-of-function cell model running TaqMan® arrays of the Human
TGF-B Pathway. These findings suggest that the abnormal repression of miR-199a-5p
in patients with COPD compared to unaffected smokers may be involved in modulating

the adaptive immune balance in favor of a Thl and Th17 response.
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CHAPTER 1

INTRODUCTION

Inflammation in COPD: Triggers and Perpetuating Factors

COPD is a heterogeneous and progressive disease characterized by local
and systemic inflammation(1). Exposure to smoking and toxic particles induces
a neutrophilic inflammatory response but with progression to airflow obstruction
and lung destruction the inflammatory response fails to resolve(2). The
characteristic pathological changes in COPD are then accompanied by increased
numbers of macrophages and other components of the adaptive immune
response, including increased formation of lymphoid follicles(2;3;4). Recently,
several pathogenic mechanisms have been proposed to explain the development
and progression of COPD(5;6). These mechanisms involve pathobiological
processes related to abnormal oxidative stress and unfolded protein responses
that eventually maintain the chronic inflammatory state and possibly contribute to
deregulation of the lung maintenance programs. The end result of these
interacting and overlapping responses eventually lead to the characteristic airway

remodeling and lung destruction observed in COPD(7).

Cigarette Smoke, Particulate Material, and Oxidants

COPD is a smoking-related disease but its progressive nature and the

presence of low-grade inflammation in ex-smokers likely reflects an ongoing



injury, which is poorly understood and may not be caused solely by smoking(8).
Smoking has significant immunomodulatory effects both locally and
peripherally(9;10), on innate and adaptive immune responses(9;11;12), and on
cellular and humoral immune function(13). Smoking components activate aryl
hydrocarbon receptors, which are ligand-activated transcription factor involved in
reactivation of xenotoxic metabolism(14). In animal models activation of the aryl
hydrocarbon receptor on both CD4+ and CD8+ cells leads to suppression of the
cytotoxic T cell response(15) and various cigarette components have been
shown to reduce T cell proliferation and activation(16;17;18). Many of the
cigarette components were found to affect IL-2 production and its dependent
activation thus causing a reduction of CD25 expression in both peripheral CD4+
and CD8+ cells(17;18;19;20). Suppression of IL-2 production in T cells by

smoking was also reported in lung-derived T cells(21).

Occupational exposures are also well known risk factors for COPD. In
fact, chronic bronchitis has been reported in 4-22% of never smokers(22;23).
Indoor and outdoor air pollution from organic and inorganic dust, chemical
agents, and fumes from biomass fuel combustion coupled with poor ventilation
could be harmful and have been associated with decrements of lung function and
COPD(24;25;26). The NHANES Il survey done in the U.S. population aged 30-
75 years estimated the fraction of work-related COPD to be approximately 19%,
and 31% among never-smokers(27).  Similar to cigarette smoking, inhaled
pollutants from biomass fuels cause lung inflammation and destruction with some

degree of fibrosis, resulting in two well-defined COPD phenotypes, chronic



bronchitis and emphysema. Smoke, whether from cigarettes, biomass fuel
combustion, or other pollutants, affects many pulmonary cellular components via
repeated oxidative stress. Oxidative stress is associated with lung inflammation
and is one of the major factors contributing to the amplification of inflammation in
COPD and to resistance to the anti-inflammatory effects of corticosteroids(28).
There is abundant evidence that oxidative stress is increased in the lungs of
patients with COPD. Studies demonstrated increased concentrations of
hydrogen peroxide, 8-isoprostane,and ethane in exhaled breath(29;30;31) and
increased lipid peroxidation in lung tissue(32). Oxidative stress is generated also
by positive feedback loops from activated neutrophils and macrophages,
providing a mechanism which accounts for a sustained and unrelenting presence
of an increased oxidative stress in patient with COPD even after quitting
smoking(30). Taking in consideration the complexity and heterogeneity of COPD,
it is likely that the same feedback loops may be involved in other processes as
well including enhanced senescence/aging and tissue destruction with alveolar
cell apoptosis and excessive extracellular matrix proteolysis(33). Consequently,
alveolar tissue damage further amplifies the inflammatory processes potentially
leading to autoimmunity and self-perpetuating stimuli for enhanced influx of

inflammatory cells in the damaged COPD lung(34).



Disruption of Lung Maintenance and Premature Lung Aging

A growing body of evidence indicates that certain aging mechanisms may
have a critical role in the pathogenesis of COPD(35). Aging is characterized by a
decline in structure and function due to a gradual loss of homeostatic
mechanisms responsible for the maintenance and regeneration of adult tissues.
At a cellular level, aging is associated with senescence, stem cell exhaustion,
and apoptosis, all could be potentially driven by a stress-deregulated
inflammatory response and oxidative response(36;37). In the aging lungs, there
are emphysema-like changes and gradual subtraction of airways but this attrition
is much steeper in COPD(38). The observed loss of lung tissue with aging and
COPD has been attributed to increased cellular senescence and
apoptosis(39;40). Muller et al. have found that the proliferation rate and number
of population doublings of parenchymal lung fibroblasts from patients with
emphysema are reduced suggesting that some disruption in the lung
maintenance program exist in emphysema(41). In addition, findings of increased
cellular senescence markers in epithelial and endothelial cells in emphysema
lungs also suggest that the loss of lung tissue is in part related to
senescence(40;42). Importantly, both oxidative stress and inflammation have a
close relationship with cellular senescence. Oxidative stress has been linked to
enhanced telomere shortening(43) and senescent cells demonstrate activation of
NF-kB and release of numerous inflammatory cytokines resulting in enhanced
inflammatory state which is thought to be part of the ‘“inflammaging”

processes(44,45).



COPD, an Autoimmune Disease

Many of the classic features of autoimmune diseases have been reported
in patients with COPD. Several studies have confirmed the presence of various
IgG autoantibodies with avidities for lung antigens in patients with COPD.
Fegahli-Bostwick et al. demonstrated the presence of pulmonary anti-epithelial
cell 1gG antibodies and intrapulmonary immune complexes in their COPD
patients. In addition, they observed evidence of increased cytotoxicity of
pulmonary epithelial cells by allogeneic mononuclear cells after incubation with
COPD plasmas, which is suggestive of autoimmune/humoral induced lung
injury(46). In support of the autoimmune paradigm Nunez et al. also found that
anti-tissue antibody titers were associated with severity of airflow limitation and
gas exchange impairment after adjusting for potential confounders(47). Although
prior reports don’t imply direct causality between the presence of the
autoantibodies and COPD but their potential pathogenic relevance was tested in
a study that injected rats with human umbilical vein endothelial cells(48).
Antibodies against the endothelial cells were produced in the injected rats and
emphysema developed in association with apoptosis of alveolar cells and
accumulation ofCD4+ T cells in their lungs(48). This study also showed that the
antibodies against human endothelial cells in these rats induced endothelial cell
apoptosis in vitro and caused emphysema when transferred to mice. Finally, the
transfer of T cells isolated from the spleens of rats that were immunized with
human endothelial cells also caused emphysema in immunocompetent rats(48).

The current discoveries of anti-elastin(49), pulmonary anti-epithelial(46) and



anti-endothelial antibodies(50) however have not led so far to the identities of the
antigens that induce these aforementioned antibodies. Moreover, several
mechanisms are likely to be involved in generating some of these autoantigens.
Exposure to infectious or environmental insults, tissue trauma, oxidative stress,
or cell death could release sequestered antigens, modify proteins(51), damage
mitochondria, and release DNA from apoptotic cells that result in
neo/autoantigens. The adaptive immune system can recognize these products as
foreign antigens and trigger autoimmune responses that are self-perpetuating
since the immunogenic neoantigens are continually renewed despite smoking

cessation and removal of the inciting injury.

The Adaptive Immune Response in COPD

Recurrent exposure to noxious agents, including smoking and infections,
activate the epithelial cells and the innate response with influx of neutrophils and
macrophages producing inflammatory mediators such as TNFa, IL-1b, GM-CSF,
and IL-8(52), which in turn trigger the adaptive immune response after repeated
exposures(53). The association between the inflammatory reaction, involving the
adaptive immune response, and COPD has been established decades ago but
more recent evidence demonstrated that the progression of COPD is associated
with increasing infiltration of the airways by CD8 cells, B cells, and lymphoid
follicles(54). The role of the adaptive immune response is further supported in

smoking animal models that demonstrated similar increase in inflammatory



cellular organization into lymphoid follicles that accompanied the development of
emphysema(3). The increase in lymphocytes and their organization into follicles
are consistent with increased immune surveillance of mucosal surfaces in the
airways of patients with COPD leading the way to close collaboration among the
epithelium, antigen-presenting cells, and lymphoid follicles to facilitate antigen
presentation and modulation of the adaptive immune response. The cascade of
events that follows this collaboration to cause lung tissue remodeling is not fully
elucidated but transgenic animal models have shown that overexpression of
particular cytokines and proteinases may be sufficient to cause emphysema and
peribronchiolar fibrosis(55). Experiments in transgenic mice have shown that
overexpression of IL-13 results in emphysema with mucus hyperplasia and
inflammation while inducing multiple metalloproteinases and cathepsins(55).
Taraseviciene-Stewart et al showed that humoral and CD4+ cell dependent
mechanisms are alone sufficient to cause alveolar cell apoptosis and activation
of matrix metalloproteinases (MMP) leading to the development of centrilobular
emphysema(48). Nonetheless, and keeping in mind the limitations of studying
animal models, the same cytokines may not be always identified in humans as is
the case for IL-13(56). Di Stefano et al colleagues found instead an increased
number of IFN-y producing cells in bronchial biopsies from COPD patients
compared with controls(57). They also demonstrated a significant association
between the presence of IFN-y expressing cells with the degree of airflow

limitation in smokers(57).



B Cells

Several groups have demonstrated the presence of B-cell aggregates in
the lungs of COPD patients(3;54;58). Peribronchial lymphoid follicles are tertiary
lymphoid organs with specialized structures that form under chronic inflammatory
processes and are composed of defined B- and T-cell areas, and follicular
dendritic cells with development of lymphatics and high endothelial venules. In
adults these lymphoid follicles are absent in healthy individuals but they are
induced in pathologic conditions such as COPD. The neogenesis of the follicles
involves activation of lymphocytes to express the cytokine lymphotoxin a12 on
their membrane. Signaling through the lymphotoxin on stromal cells triggers the
release of chemokines that orchestrate lymphocyte homing and
compartmentalization in the follicles. CCL19 and CC21 regulate homing of
CCR7+ naive T cells and mature dendritic cells, while CXCL13 attracts CXCR5+
B cells into the lymphoid follicles. Additionally, CXCL13 induces lymphotoxin
a1B2 resulting in a positive feedback loop(59). In a recent study, Litsiou et al.
demonstrated that B cells were the main source of CXCL13 in COPD lungs and
that lymphoid follicle formation are driven by the CXCL13-dependent mechanism
involving the toll-like receptor and lymphotoxin receptor signaling. The same
mechanism was shown to be induced by cigarette smoke extract, H,O,, and LPS
exposure(60). In addition, Bracke et al. showed that both CXCL13 mRNA and
protein levels were increased in lungs of cigarette smoke-exposed mice and
patients with COPD, and administration of anti-CXCL13 antibodies completely

prevented the cigarette smoke-induced formation of pulmonary lymphoid follicles



in  mice(4).Intriguingly, absence of tertiary lymphoid organs attenuated
destruction of alveolar walls and inflammation in bronchoalveolar lavage (BAL)

but did not affect airway wall remodeling.

So far the role of the tertiary lymphoid follicles in COPD and their impact
on disease progression remain controversial. It is possible that lymphoid follicle
formation is associated with the development of protective responses during
infections or may be detrimental if directed against lung auto- and neoantigens
with the development of pathogenic autoantibodies and persistent inflammation.
Hogg et al demonstrated that the number of lymphoid follicles present in small
airways is increased in patients with severe COPD when compared with those
with mild COPD or healthy control subjects(54). Van der Strate et al. reported
also the same observation, correlating lymphoid B follicles and the extent of
alveolar destruction(3). The investigators also extended their observation to
document a clonal process in all lymphoid follicles thus suggesting that antigen-

specific responses may be involved in lymphoid neogenesis(3).

CD8+ and CD4+ Effector Cells (Th1l, Th2, and Th17)

Cigarette smoke-driven neoantigens, bacterial or viral agents, and
breakdown products from extracellular matrix can modulate the adaptive immune
responses in the lungs of COPD patients with the participation of CD4+ and
CD8+ T cells(34;54;61). The number of pulmonary CD8+ cells increases
substantially with progression of COPD(61) and when activated they release

proteolytic enzymes, e.g. perforin and granzymes, which cause apoptosis and



necrosis thus contributing to the lung destruction in COPD(62). Furthermore,
phagocytosis of apoptotic cells by alveolar macrophages is deficient in COPD
and this can increase the amount of antigenic material, which may contribute to

the autoimmune response.

CD4+ T cells are also increased in the airways and parenchyma of
smokers with COPD(54). The lung CD4+ cells are activated and are oligoclonal
suggesting that their accumulation is the result of stimulation by antigens
distributed throughout the lung(63). Initially, the CD4+ cell phenotype was

reported to be Thl because these cells expressed STAT4 and IFN-y and they

correlated with disease severity(57). The effector functions of the Thl cell are
mediated by their characteristic cytokines (IL-1, IL6, INF-y)(64;65), promoting
transendothelial migration of inflammatory cells to the site of injury; however, a
Thl response is not always observed in COPD and it does not explain all the
pathologic changes(55). More recently, and with discovery of other T cell
phenotypes, interest revolved around studying Thl7 cells because of their
inflammatory functional activities. These cells were designated Th1l7 and are
characterized by expression of IL-18 and IL-23 receptors (cytokines typically
produced by monocytes, macrophages, and dendritic cells) and by production of
IL-17A and IL-17F(66;67) to regulate tissue inflammation.Th17 cells are believed
to be involved in mediating host defensive mechanisms to extracellular bacterial
infections and they have been implicated in the pathogenesis of many
autoimmune diseases(67). Of interest, Th17 cytokines have been reported to be

increased in COPD lung(68;69); however, their involvement may be more related

10



to smoking per se rather than to COPD because the increase in IL-17A+ cells
was also observed in control smokers with normal lung function and in the
asthmatic lungs(70). In support of the role of Thl7 in COPD, Chen et al
observed in a murine model that cigarette smoke augmented in vitro and in vivo
Th1l7 cell differentiation via the aryl hydrocarbon receptor(71). The effector
functions of Th17 are also mediated via interactions between their cytokines and
other chemokines/chemokine receptors(CXCL10, CXCL9, CXCR3) to upregulate
the production of matrix metalloproteinase-12 (MMP-12) in macrophages thereby

facilitating lung destruction(71;72;73).

Regulatory CD4+ T (Treg) Cells in COPD

Regulatory T cells have a significant role in autoimmune disorders,
transplant rejection, allergic diseases, and asthma(74;75). In the Th2 model of
asthma, Treg cells may interfere with the development of asthma at different
levels, such as allergic sensitization, airway remodeling, and airway
hyperresponsiveness(74). The role of Treg cells in COPD is starting to be
characterized(49;76;77;78) but it is yet to be well defined or agreed upon. Three
studies that examined the Treg cells in BAL fluid showed a decrease of these
cells in COPD compared to smokers and nonsmokers(77;78;79), but the results
are inconsistent in lung tissue. Plumb et al. showed increased Treg cells in the
lungs of COPD patients(80) whereas Lee et al. reported the opposite(49) and
Isajevs et al reported that the Treg cells are decreased in small airways and are
increased in large airways(81). Similarly, studies that addressed Treg cell

11



function in COPD cells reported conflicting results(49;82;83);Lee et al. reported
no difference in peripheral Treg cell function between COPD and controls(49),
Tan el al. found impaired Treg suppression in COPD(83), whereas Kalathil et al.
found the COPD Treg cells to be excessively suppressive(82). Of note, the
suppressive assays in the three aforementioned studies were performed using
different stimulation protocols on autologous effector T cells. The discrepancy in
the results may be related to methodological differences, dysfunction in Teff cells
rather than Treg cells, or due to underlying demographic and/or clinical variables.
Therefore, it is difficult to conclude if Treg cell function in COPD is overly or
inadequately suppressive causing recurrent infection versus persistent and
uncontrolled lung inflammation based on the available human data. In addition,
the aforementioned functional studies were done on peripheral Treg cells and

may not reflect the lung tissue Treg cell phenotype and function.

Functional experiments in mice models, however, favor the concept of a
defective tissue Treg cell response rather than having an overactive response
that lead to COPD(84;85). Wang et al. reported a marked shift of the Th17/Treg
balance that occurred in mice with chronic but not subacute cigarette smoke
exposure. The investigators observed a significant increase of Th1l7 cells that
was accompanied with a significant decrease in Treg cells in lung tissue
(85).Interestingly, the same trend was observed in peripheral blood CD4+
cells(85). This paradigm of an attenuated Treg cell generation/function seems to
be in agreement with that of other autoimmune diseases(86;87;88;89) and may

also explain the increase in bronchus-associated lymphoid tissue (BALT)

12



because lung homing of functional Treg cells is essential in controlling BALT
formation(84). Several studies reported that BALTs have an important role in the
development of airflow limitation and are associated with severity of
disease(3;4;60;90). Future studies will be needed to confirm if a similar Treg cell

dysfunction can explain the increased BALTs in COPD patients.

Subsets of Treg Cells

Regulatory T cells are neither homogeneous nor static in nature, having
multiple possible origins and functional profiles(91) but the nomenclature and
defining markers of these profiles remain non-standardized. The FoxP3+
transcription factor was assumed to be a master regulator and a specific marker
for the so-called natural Treg thymically-derived (nTreg) cells but recent evidence
proved otherwise. It is now believed that FoxP3+ CD4+ cells are composed of
two distinct subsets of Treg cells originating from either the thymus (tTreg or
nTreg) or the periphery (pTreg) that are derived from mature CD4+ cells. The
nTreg cells, however, are the major Treg population, which appear sufficient for
the control of systemic and tissue-specific autoimmunity(91) while the pTreg cells
may broaden the antigen specificity of Treg cells and promote immune tolerance

to environmental antigens(92).

In addition to distinctions based on the location of induction (thymic versus
peripheral), Treg cells have been divided into functional subsets(93). These
include: 1. “central” Treg cell population, which has circulatory characteristics that

are similar to naive conventional CD4+ T cells; 2. several “effector” Treg cell

13



populations, which have enhanced function and signs of recent antigen
encounter; and 3. the polarized “tissue-resident” Treg cell populations, which are
present in most non-lymphoid organs. The central Treg cells constitute the
majority of Treg cells in the circulation and secondary lymphoid organs, and have
been referred to as “resting or naive” Treg cells in some studies. These central
Treg cells share phenotypic features with naive and memory conventional T
cells, yet they are not quiescent, with baseline suppressive function, being
CD62L"CCR7+ or CD45RAMCD25"" T cells, and most often collected from the
secondary lymphoid organs. In contrast, the effector Treg cells make up a minor
fraction of the Treg population in the circulation and secondary lymphoid organs
and are referred to as “activated” Treg cells in some studies. This population
shares phenotypic features with activated conventional T cells and is defined as
CD62L"CCR7"°"“CD44"KLRG1+CD103+ or CD45RA°“CD25", depending on
the study. These effector Treg cells likely have encountered antigens more
recently than central Treg cells and show enhanced migration through non-
lymphoid tissues. Last, the tissue-resident Treg cells are those Treg cells that
have long-term residence in non-lymphoid tissues, in contrast to the short-term
migration through non-lymphoid tissues observed by effector Treg -cells.
Potentially, each organ might harbor a distinct population of tissue-resident Treg
cells such as the adipose tissue Treg cells that are marked by the expression of

PPAR-y(93).

The role of Treg cell subpopulations in containing the inflammatory

response in COPD was only addressed in one study(78). Prior studies that
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investigated peripheral blood Treg cells in COPD did not reveal differences
between COPD patients and controls, smokers and nonsmokers, but all these
studies did not examine the various Treg cell subpopulations(76;77;81). More
recently, however, Hou et al separated the CD4+ Foxp3+ cells in peripheral
blood into three different subsets: resting Treg cells (CD25++CD45RA+),
activated Treg cells (CD25+++CD45RA-), and a pro-inflammatory (IL-17 and
IFN-y) secreting Treg subset (CD25++CD45RA-)(78). In this study, an
imbalance between the subpopulations of Treg cells was found in COPD versus
smokers without COPD, with a decrease in both resting and activated Treg cells
(the suppressive phenotypes) and an increase in the cytokine-secreting Treg
cells (the pro-inflammatory phenotype). Interestingly, the imbalance in Treg cell
populations, which favors the pro-inflammatory Treg cell in COPD, was also
found in local Treg cells (obtained from BAL) and was significantly associated
with severity of airflow obstruction and enhanced CDS8 cell activation(78).
Therefore, and in view of the perpetual antigenic milieu found in COPD (as
discussed in previous sections, possibly from smoking and its degradation
byproducts, latent viral pathogens, and repeated exacerbations), it seems that
local and systemic immune activation prevail in conjunction with Treg cell
disturbances. For now, it is unclear if the immune activation is caused by the
Treg dysfunction or if both are driven by overlapping mechanisms that underlie

the persistent inflammation in COPD.
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Requlation of Treg Cells

Regulatory T cell population has a high turnover and fine sensitivity to a
range of signals from its environment. Their lineage commitment is controlled by
genetic and epigenetic imprinting and is modulated by milieu-driven
transcriptional programs(93). These properties allow for the rapid adjustment in
Treg cell number, location, and function that are required for a balanced and
effective immune response. In fact, the capacity of Treg cells for immune
suppression depends on the maintenance of a stable population size which is
achieved by having a high basal proliferation rate (50% undergo division every
10 days in humans and mice) which is offset by a high apoptosis rate(94;95).
The mechanism for the Treg cells high proliferation rate is currently unknown and
may be driven by TCR-self reactivity or by the FoxP3 transcriptional program,
their key lineage-specifying factor. On the other hand, more is known about
mechanisms involved in their apoptosis and that these mechanisms are different
in the various Treg cell subsets. Apoptosis of the central Treg cells (circulating
and in lymphoid organ) was reported to be induced by FoxP3-dependent
phosphorylation of BCL-2 interacting mediator (BIM)(96) which can be negated
by IL-2. IL-2 upregulates the pro-survival protein myeloid leukemia cell
differentiation 1 (MCL1) (94) which in turns antagonizes the pro-apoptotic
function of BIM. The effector Treg cell population, however, seems to be
restricted by a different factor, B lymphocyte-induced maturation protein(BLIMP-
1), directing a transcriptional program that is required for optimal IL-10 and ICOS

expression and causes the downregulation of the pro-survival protein
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BCL-2(97;98). As for tissue-resident Treg cells, they may have additional
distinguishing homeostatic circuitry that are tissue-specific and are driven by

host-environment interaction(94;95;99).

Regulatory T cells play an important role in the adaptive immune response
becoming specialized for different environmental contexts and tailored not only
by their homeostatic controls but also by their function and diversity. Among the
pivotal functions of Treg cells is the control of immune tolerance as demonstrated
by constitutive or inducible depletion of FoxP3(91). While expression of FOxP3 is
required to maintain the Treg cell program and suppressive function in the
periphery, recent evidence suggests that it is neither a distinct marker of Treg
cells nor a sole regulator of their function. Expression of FoxP3 does not define
the transcriptional landscape of Treg cells, rather, several other transcriptional
factors and feedback loops cooperate with FoxP3 to stabilize expression of the
Treg cell signature(100;101)which is characterized by IL2RA (IL-2R a-chain, also
known as CD25), CTLA4 (cytotoxic T lymphocyte antigen 4), GITR (known as
tumor necrosis factor receptor superfamily member 18, TNFRSF18), and ICOS
(inducible T cell co-stimulator). These feedback loops reinforce the expression
of FoxP3 and its cofactors, such as GATA3 (GATA-binding 3), RUNX1 (runt-
related transcription factor 1) and STAT3 (signal transducer and activator of
transcription 3), and ensure that the Treg cell population is maintained in a stable
differentiated state(102); however, there are modifications of this state that give
rise to Treg cell heterogeneity and several different transcription factors seem to

be capable of driving further diversification of Treg cell function on the basis of
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tissue localization and inflammatory milieu. This heterogeneity of effector Treg
cells is also linked to altered homing and homeostatic properties via upregulation
of key transcription factors and alterations in migration pattern (Figure 1).
Interferon regulatory factor 4 (IRF-4) was found to have a non-redundant role in
the differentiation of central Treg cells to effector Treg cells(97). Direct TCR
ligation with CD28 +/- IL-2 co-stimulation induces the upregulation of expression
IRF4, which in turn orchestrates the differentiation of central Treg cells into
effector Treg cells(97). The effector Treg cell differentiation involves also BACH-2
(BTB and CNC homologue 2) downregulation and BLIMP-1 upregulation.
Eventually other unknown stimuli induce the polarization of Treg cells by
upregulating transcription factors that can act together with FoxP3 to induce the
expression of chemokine and homing receptors that mediate their recruitment to
specific tissues (or sites of inflammation) where specific mediators become

involved in their homeostasis or suppressive function (Figure 1).
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Figure 1: Treg Cell Differentiation. FoxP3+Treg cells are exported from the thymus and
recirculate through secondary lymphoid tissues as ‘central’ Treg cells. Activation of the
central Treg cells upregulates IRF-4 and modulates other transcription factors to
differentiate into effector Treg cells. Dashed lines indicate uncertainty over the
reversibility of differentiation. (BCL-6, B cell lymphoma 6; CCR, CC-chemokine receptor;
CXCR, CXC-chemokine receptor; GATA3, GATA-binding 3; ICOS, inducible T cell
co-stimulator; IFNy, interferon-y; LCFA, long-chain fatty acid; PPARy, peroxisome
proliferator-activated receptor-y; SCFA, short-chain fatty acid; STAT3, signal transducer

and activator of transcription 3).

[Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Immunology.
Liston A and Gray D. Homeostatic control of regulatory T cell diversity.14: 154—-165
(2014)]
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MicroRNAs in Treq Cells

Mature microRNAs (miRNA) are small single stranded RNA molecules,
typically 22 nucleotides in length, originally transcribed as a larger RNA species
hundreds or thousands of bases long termed primary miRNA (pri-miRNA). The
pri-miRNA is trimmed in the nucleus by the microprocessor comprised of a
Drosha family member into a roughly 70 nucleotide hairpin, termed precursor
MIiRNA (pre-miRNA), then exported to the cytoplasm. The RNase Il enzyme,
Dicer in collaboration with RNA-binding proteins further cleaves the pre-miRNA
into the shorter RNA duplexes generating a double-stranded RNA (19-24
nucleotides long) with one strand being loaded in a protein complex called RNA-
induced silencing complex (RISC). Mature miRNAs finally guide the complex to
their target mRNAs typically base pairing imperfectly to its 3-UTR. The
recruitment of this complex to a target mMRNA inhibits its translation but it can also
induce degradation of the mRNA target (Figure 2). The imperfect nature of the
base-pairing, formed from a 7-nucleotide seed region within the miRNA, allows a
single miRNA to control multiple genes with homologous sequences in the target
region. As such, miRNAs have been identified as key regulators of gene
expression and subsequently shown to participate in the regulation of the

immune response.
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Figure 2: miRNA Biogenesis. RNA polymerase |l transcribes the miRNA gene and
produces hairpin structured pri-miRNA that contains 5' cap and 3' poly-A tail. In the
nucleus, Drosha in association with DGCR8, a ds-RNA-binding protein generates about
55-70 nt long precursor miRNA (pre-miRNA). In eukaryotes, some pre-miRNAs are
generated from mirtrons as a product of splicing reaction. With the help of Ran-GTP
bound exportin-5 pre-miRNAs are exported from the nucleus to cytoplasm. In the
cytoplasm, Dicer together with TAR RNA-binding protein (TRBP) or PACT removes the
loop and generates miRNA duplex from pre-miRNAs. The miRNA duplex (ds-miRNA) is
then loaded into Argonaute (AGO) proteins (in the case of humans AGO 1-4). One of
the strands of ds-mRNA called guide strand retained in the AGO and with other effector

protein factors forms miRNA-induced silencing complex (miRISC)

[Reprinted by permission from Frontiers: Frontiers in Genetics. Role of miRNAs in CD4
T cell plasticity during inflammation and tolerance. Volume 4, article 8, Jan 2013.
http://journal.frontiersin.org/Journal/10.3389/fgene.2013.00008/abstract]
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Currently there is ample evidence that supports the role of miRNAs in
regulating the development, homeostasis, and function of the adaptive immune
cells, including Th17 cells, NK cell, B cells, and Treg cells(103). In T cells,miR-
181 was found to regulate the antigen response by modulating their TCR
signaling strength(104) and miR-155 was found to be involved in their
differentiation and activation(105;106). As for Treg cells, and under certain
conditions, they downregulate their FoxP3 expression, attenuate suppressor
functions, and manifest some of the functions of effector T cells (Th1l, Th2, and
Th17 cells)(107). In addition to the aforementioned networks of transcription
factors that are involved in regulation of the fate and function of Treg cells (Figure
1) depletion of specific overexpressed miRNAs results in altering particular
aspects of CD4+ cell development and function (Figure 3). Pan-miRNA depletion
in murine models, which is done by knocking out Dicer, results in autoimmune
pathology similar to FoxP3 deficiency with notable reduction in Treg cell numbers
and function(108;109;110). The miRNA-deficient Treg cells fail to remain stable
with downregulated FoxP3 and altered marker expression consistent with their
impaired suppressive activity(108).Deletion of Drosha in Treg cells led to a
similar loss of suppressive activity and defective FoxP3 induction as well(111).
These earlier investigations confirmed the pivotal role of miRNAs in the
regulation of Treg cell differentiation and function but did not identify the
individual miRNAs that are relevant to these processes. This is an area of active
research and more recent investigations started to discover the members of the

MiRNA network that regulate the Treg cell biology (Figure 4).
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Figure 3: miRNAs Regulating the Differentiation of CD4+ Cell Subsets. miRNAs
regulate the differentiation of different effector (Thl, Th2,Th17,and Tfh) and Treg

sub-population of CD4+ cells. miRNAs shown in green color are reported to

positively regulate whereas those in red color negatively regulate their

differentiation

[Reprinted by permission from Frontiers: Frontiers in Genetics. Role of miRNAs
in CD4 T cell plasticity during inflammation and tolerance. Volume 4, article 8,

Jan 2013.

http://journal.frontiersin.org/Journal/10.3389/fgene.2013.00008/abstract]
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Figure 4: miRNA-mediated Regulation of Treg Cell Homeostasis and Function.
Multiple miRNA-mediated pathways that contribute to the regulation of Treg cell
homeostasis and function are shown. MiR-146a expression in Treg cells prevents IFNy-
mediated Thl cell pathology. MiR-155 promotes Treg cell maintenance. Retinoic acid-
induced miR-10a expression suppresses the conversion of Treg cells into T follicular
helper (Tfh) cells under certain conditions by the inhibition of Tfh cell-associated
transcriptional repressor B cell lymphoma-6 (Bcl6) and the nuclear co-repressor 2
(Ncor2). MiR-17~92 cluster restrains different aspects of Treg cell biology with miR-19b
and miR-17 (which are part of that cluster) being responsible for promoting a Thl
response. MiR-142-3p regulates the production of cCAMP by targeting AC9 thus may be
involved in regulating Treg cell suppressive function. Likewise miR-126 could impair the
suppressive activity of Treg cells through targeting p858. Other miRNAs may be involved
in regulating FoxP3 directly by targeting its 3'UTR or indirectly via unknown targets. The
miRNAs shown in red boxes are downregulated whereas those in green boxes are
overexpressed in Treg cells. There are many other differentially expressed miRNAs that
have been described in Treg cells but their function and role in Treg cell homeostasis

and plasticity currently unknown.

[Modified from: microRNA networks in regulatory T cells. Tang et al. J Physiol Biochem,
70:869-875; 2014]
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Several investigations reported on differentially expressed miRNA
between Treg and effector non-Treg CD4+ cells with some focus on the
interrelationship between the identified miRNAs and FoxP3. Cobb et al. showed
in transgenic mice that Treg cells have a miRNA profile distinct from non-Treg
CD4+ cells and a partial Treg cell-like miRNA profile is conferred by the enforced
expression of FoxP3, suggesting that FoxP3 directly or indirectly contributes to
MIiRNA expression in Treg cells(110). Rouas et al. studied human Treg cells
obtained from umbilical cord blood and found 5 specific miRNAs that were
differentially expressed in Treg cells; three were upregulated (miR-181c, miR-21,
miR-374) and two were downregulated (miR-31 and miR-125a)(112). Two of the
five miRNAs were shown to regulate FoxP3 expression, miR-31 and miR-21,
however, miR-31 had a functional target sequence in the 3'UTR of FoxP3 to
repress its expression whereas miR-21 indirectly upregulated it(112). The same
group went on to investigate the Treg signature in healthy adults peripheral blood
Treg cells and found 15 statistically differentially expressed miRNAs: miR-9, -
18a, -24, -27b, -95, -126, -133a, -134, -145, -181b, -181d, -210, -224, -335, and -
509(113). Of note, the Treg miIRNA signature was characterized by mostly
down-regulated miRNAs (13 of the 15 miRNAs) and only two miRNAs, miR-95
and miR-509, were overexpressed. They then investigated the functional role of
4 of the identified 15 miRNAs because FoxP3 and CTLA-4 were amongst their
predicted targets. They found that miR-24 and miR-210 are negative regulators

of FoxP3 through direct target sites in its 3'UTR. They demonstrated also that
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miR-95 positively, but indirectly, regulated FOXP3 expression whereas miR-145

negatively regulated CTLA-4 expression by binding to its 3'UTR target site(113).

To elucidate the functional role of specific miIRNA in Treg cells
investigators resort to gain/loss of function of individual miRNA genes in murine
models. Amongst these miRNAs, miR-155 has been studied most. MiR-155
expression is induced by TLR-mediated sensing and inflammatory cytokines

such as antiviral cytokines IFN- 3 and IFN-y suggesting that miR155 is a

component of the innate immune response to a broad range of inflammatory
mediators(114). MiR-155 is also essential for proper T cell response, B cell
response, and for the interaction between dendritic cells and T cells. MiR-155-
deficient Treg cells, however, attenuates IL-2 signaling through suppressor of
cytokine signaling 1 (SOCS1)(115), which is a negative regulator of STAT5 (IL-
2/signal transduction activation of transcription 5) signaling pathway. miR-155
promotes Treg cell maintenance by upregulating IL-2 expression via SOCS1
inhibition(115), thus miR-155 knockout mice have reduced number of Treg cells
in both thymus and peripheral lymphoid but without any reduction in their
suppression activity(105;115;116). These findings suggest that miR-155 is
critical for Treg cell development and homeostasis but not for their suppressive
function. Like miR-155, miR-146a is highly expressed in Treg cells, however,
loss of miR-146a in these cells results in fatal Thl-mediated pathology(117) with
increased production of IFN-y by both miR-146a-deficient and miR-146a-
sufficient conventional T cells, whereas IL-17 production was unaffected(117).

Therefore, miR-146a prevents acquisition of Thl-like properties by Treg cells by
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restraining the production of IFN-y through targeting STAT1(117), a key
transcription factor required for Thl effector cell differentiation. Likewise,
heightened STAT1 activation in Treg cells subjected to a selective ablation
SOCS1, a negative regulator of STAT1 phosphorylation downstream of the IFN-

v receptor, was associated with analogous Thl-mediated pathology(115). Mir-

17 and miR-19b are also known to control the Th1l responses through promoting
proliferation, suppressing inducible Treg cell differentiation, and reducing cell
death(119) by targeting CREB1 and PTEN respectively. Both aforementioned
MiRNAs are members of the miR-17-92 cluster known to be required for the
accumulation of activated antigen-specific Treg cells and for differentiation into
IL-10- producing effector Treg cells. Mice with a Treg-specific loss of miR-17-92
expression develop more severe experimental autoimmune encephalitis and fail
to establish clinical remission compared to control mice(120). The precise
targets of these miRNAs are still unknown. Other Treg-enriched miRNAs (miR-
17-3p, miR-19a-5p, and miR-19b-5p) are predicted to target numerous signaling
molecules, transcription factors, and cell cycle regulators. It is likely that each
mMIiRNA in this cluster may recognize different targets and that the interplay of
many interactions will ultimately control particular aspects of the differentiation

and function of Treg cells(121).

Several other miRNAs expressed by Treg cells have been investigated as
well. Huang et al. demonstrated that miR-142-3p regulates the production of

CAMP by targeting AC9 (adenyl cyclase 9) in both non-Treg CD4+ and Treg

cells. Moreover, they showed that miR-142-3p limits the level of cCAMP in non-
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Treg cells by inhibiting AC9 production, whereas FoxP3 represses miR-142-3p to
keep the AC9/cAMP pathway active in Treg cells(122). Interestingly, Treg cells
contain a high level of a high level of cAMP for their suppressor function
suggesting that miRNA-142-3p controlling AC9 expression may restrict the final
level of cAMP thus regulating to some extent their suppressive function. It has
been previously demonstrated that the suppressive activity of Treg cells is

abolished by a cCAMP antagonist as well as by a gap junction inhibitor(123).

MiR-126 and miR-10a have been reported to be highly expressed in Treg
cells and have a significant impact on Treg cell function(124). Silencing of miR-
126 could reduce the induction and impair the suppressive activity of Treg cells
through targeting p85B, and subsequently altering PI3K/Akt pathway
activity(125;126) and that of DNMT1(127;128). As for miR-10a, it may regulate
the stability of Treg cells rather than their function. Takahashi et al.
demonstrated that miR-10a limited the ability of Treg cells to acquire the features
of follicular helper T cells by targeting Bcl-6 and the corepressor Ncor2(129).
TGF-B and all-transretinoic acid that promote the Treg phenotype are both
required for maximal induction ofmiR-10a in induced Treg cells(124;129).
Therefore, the expression of miR-10a in retinoic acid-treated induced Treg cells

retains FoxP3 expression and enhances their stability.

It is increasingly recognized that miRNAs are essential in the
differentiation, homeostasis, and function of different Treg cell subsets. Recent
studies have clearly demonstrated that deregulation of individual miRNAs have a
pivotal role in the development of significant immunopathology and autoimmune
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diseases. The current state of our knowledge in this area (Figure 4) is far from
being complete and continued investigations will be needed to reveal a better
understanding of the miRNA network that is involved in gene regulation in Treg
cells. Herein, | report that miR-199a-5p is differentially expressed in peripheral
blood FoxP3+ Treg cells as compared to non-Treg CD4+ cells and that it is
downregulated in COPD patients versus healthy smokers(130). | also
demonstrate that miR-199a-5p could potentially modulate the Treg cell response
through interference with the TGF- pathway. In peripheral blood leukocytes
and leukocytic cell lines miR-199a-5a is downregulated and its locus is
hypermethylated(131) but to my knowledge it has never been investigated in the

context of Treg cell biology.
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MicroRNAs in COPD

The role of miRNAs in the altered immune responses and homeostatic
mechanisms of COPD is beginning to emerge. MicroRNAs were found to be
differentially expressed in induced sputum and lung tissue from subjects with and
without COPD(132;133). Sputum levels of let-7c significantly and inversely
correlated with protein levels of TNF receptor type Il (TNFR-II) and were only
reduced in current smokers with COPD but not ex-smokers with COPD(132).
The tissue miRNA profiling was, however, different from that of sputum. MiR-223
and miR-1274a were most upregulated whereas miR-923 and miR-937 were
most downregulated in COPD patients’ lung tissue compared with smokers
without COPD(133). Interestingly, miR-15b was found to be upregulated in
COPD and localized to both areas of emphysema and fibrosis with its expression
correlating with severity of COPD, based on degree of airflow obstruction(133).
MiR-15b was also found to regulate components of the TGF-B pathway,
specifically SMAD7 which was reported to be decreased in bronchial epithelial
cells in COPD suggesting that miR-15b may be involved in airway remodeling in
COPD(133). When comparing studies that profiled miRNAs only miR-18a and
miR-365 were common in datasets(134); however, the first study analyzed whole
lung tissue whereas the second study examined bronchial airway epithelial cells
of smokers and didn’'t include COPD patients. The lung tissue study also
revealed increased expression ofmiR-146a in COPD patients versus those
without COPD which is surprisingly opposite to another study that showed a

reduced expression of miR-146a in cultured fibroblasts obtained from COPD
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patients(135). It the latter study, downregulation of miR-146a led to disinhibition
of cyclooxygenase (COX)-2 and subsequently increased production of
prostaglandin E2 (PGE2)(135). PGEZ2 is an inflammatory mediator that is known
to be increased in the lungs of patients with COPD and is also a potent inhibitor

of lung fibroblast repair functions(30;136).

Differences between studies are likely related to COPD heterogeneity and
site/cell-specific versus whole lung expression changes. Other investigators
focused on identifying functional cell-specific miRNAs rather than whole lung
MiRNA profiling. Mizuno et al. studied miR-199-5p and miR-34a as potential
biomarkers in COPD lung tissue(137) because these miRNAs have been
previously shown to be involved in the control of HIF-1a and VEGF protein
expression(138)and are controlled by p53(139). Both miRNAs were found to be
increased in COPD lung tissue and correlated with severity of airflow obstruction
while inversely correlating with lung HIF-1a protein expression. In addition, it
was demonstrated in the pulmonary microvascular endothelial cells that
transcriptional interactions exist between HIF-1a and miR-34a and miR-199a-5p
through AKT and p53. AKT is known to be involved in the regulation of HIF-1a
which suggests that these miRNAs play a role in the HIF-1a -dependent lung
structure maintenance program and COPD pathogenesis. Christensen et al., on
the other hand, profiled global miRNA and mRNA expression within different
regions of the lung of COPD and control subjects and reported that 63 miRNAs
were altered with regional emphysema(140). However, only five miRNAs (miR-

638, miR-18a-3p, MiR-483-3p, miR-181d, and miR-30c) had greater than 50
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positively or negatively correlated predicted targets. Importantly, the significantly
associated pathways were almost all inversely correlated with upregulated
MIiRNAsS, suggesting that these miRNAs have an inhibitory role with increasing
emphysema severity. The pathways that were mostly involved by the miRNA-
gene interaction were involved in extracellular matrix (ECM) maintenance,
oxidative stress response, and lung aging consistent with the concept that
dysregulation of multiple miRNAs may contribute to disease severity. The
function of miRNA-638 was then studied because it was amongst the most
upregulated in the study and it is expressed in lung fibroblast and known to be
associated with cellular senescence and DNA damage(141). miR-638 knock-
down experiments in COPD lung fibroblasts led to upregulation of target genes
involved in cell proliferation, autophagy, protein degradation, mitochondrial
functioning, DNA damage response, oxidative stress response, and ECM
remodeling, thus recapitulating the same emphysema-related patterns of gene
expression. A somewhat similar study profiling both miRNAs and mRNAs was
performed on resected lungs from patients with mild to moderate COPD by
Savarimuthu Francis et al. but focused more on whole lung tissue differential
expression of mMiRNAs between mild versus moderate COPD(based on diffusion
capacity and not CT criteria)(142). Five miRNAs (miR-34c, miR-34b, miR-149,
miR-133a and miR-133b) were significantly down-regulated in lungs of patients
with moderate compared to mild emphysema, and three of these miRNAs (miR-
149, miR-133a and miR-133b) correlated with emphysema severity. MiR-34c

expression exhibited the greatest difference between groups with 0.3 fold lower
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expression in the moderate severity group so it was over-expressed in BEAS-2B
and HFL1cell lines. Five genes (MAP4K4, SERPINE1, ALDOA, HNF4A and
ZNF3) that were obtained from the miR-34c responsive genes were expressed at
higher levels in lungs of patients with moderate or severe emphysema compared
to normal subjects and mild emphysema. Of the five genes only SERPINE1 and
HNF4A had higher expression in association with lower miR-34c expression;
however, SERPINE1 was significantly more expressed in moderate than in mild

emphysema(142).

In COPD, Kelsen et al. have shown that exposure to cigarette smoke
adversely affects protein metabolism in the lung with activation of the unfolded
protein response (UPR)(143). In chronic cigarette smokers, activated UPR is
reflected by the up-regulation at the protein level of UPR chaperones including
GRP78 in small airway epithelial cells and type Il pneumocytes. Recent work by
Hassan et al. identified miR-199a-5p as a key regulator of the UPR ina-1
antitrypsin (ATT) deficient monocytes of COPD patients(144). In this study, the
authors found that miR-199a-5p expression is lower in MM and ZZ monocytes
isolated from individuals with COPD compared with asymptomatic MM or ZZ
individuals. The authors also demonstrated that miR-199-5p repressed many
components of the UPR and that miR-199a-2 promoter hypermethylation was
responsible for miR-199a-5p inhibition in symptomatic ZZ COPD patients (Figure

5) hence leading to an exaggerated UPR and inflammatory response(144).
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Figure 5: Role of miR-199a-5p in Regulating the UPR. Model showing the
potential role of miR-199a-5p the unfolded protein response (UPR) in
asymptomatic and symptomatic ZZ monocytes. The accumulation of the aberrant
ZAAT protein activates the UPR, which in turn induces miR-199a-5p expression.
In asymptomatic ZZ, elevated miR-199a-5p could negatively regulate
endoplasmic reticulum (ER) stress by targeting the 3' untranslated region (UTR)
of the mRNAs encoding GRP78, activating transcription factor 6 (ATF6), nuclear
factor-kB1 (p50), and RELA (p65). In symptomatic ZZ monocytes,
hypermethylated CpG sites in the miR-199a-5p promoter attenuate the
expression of miR-199a-5p, which in turn leads to intensification of the UPR.
ERK = protein kinase RNA-like endoplasmic reticulum kinase; IRE-1 = inositol-
requiring kinase 1.

[Reprinted with permission of the American Thoracic Society. Copyright © 2015
American Thoracic Society. Hassan T, et al. 2014. miR-199a-5p Silencing Regulates

the Unfolded Protein Response in Chronic Obstructive Pulmonary Disease and a1-
Antitrypsin Deficiency. Am J Respir Crit Care Med; Vol 189: 263-273]
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Significance

The current paradigm of COPD pathobiology highlights the interplay of
dysregulated oxidative stress, protease/antiprotease imbalance, and
aging/senescence(37). In this paradigm epigenetic modulation of the oxidative
stress response is thought to have a significant impact on the innate immune
response(5;145;146). However, much remain to be determined regarding the
role of the adaptive immune response in COPD and little is known about the
contribution of Treg cells to the pathogenesis of COPD. Both descriptive and
functional investigations in this area have yielded conflicting
results(49;80;81;82;83) and didn't fully explain the mechanism for the observed
Th17/Treg cell imbalance(85). It is now well recognized that COPD is associated
with deregulated mIRNA expression(132;133;134;135;137;142;147) and that
MiRNAs are also critical to both adaptive and innate immunity, with regulatory
effects on T cell function, plasticity, and homeostasis. Therefore, the potential to
therapeutically regulate miRNA levels may offer new avenues for possibly
regulating the immune system and prevent or attenuate disease progression
(103). Currently, there is limited knowledge about the specific miRNAs that are
involved in the regulation of these processes (118;148) and to what extent their
deregulation contributes to COPD immunopathogenesis. Information regarding
the miRNA profile of peripheral blood Treg cells has been limited to analysis of
partially-purified Treg cells in a small cohort of adult subjects(113). There is yet
much to be learnt about their functional targets and biological relevance in the T

cell response and their complex roles in the development of (or protection from)
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inflammatory diseases, including COPD. Identifying specific miRNAs with their
key nodes and networks that are involved in regulating Treg cells and delineating
their function are of great interest for not only COPD but also various

inflammatory diseases that are associated with smoking.

Aims

In view of the exaggerated T cell inflammatory response in COPD it is
likely that Treg cells are impaired allowing for an unbalanced Thl, Thl7, and
CDS8 response. However, available studies in this field have reported discrepant
results most likely due to limitations in the techniques of performing functional
assays in Treg cell populations and the complexities of isolating their subsets.
Importantly, there is limited knowledge about the specific miRNAs that are
involved in the regulation of the Treg cell population in disease states and to
what extent their deregulation contributes to COPD immunopathogenesis.
Therefore, we pursued an approach to investigate Treg cell function first then we
analyzed their miRNA profile in the setting of COPD. Our main objective was to
identify deregulated miRNAs in COPD that are involved in Treg cell function,
differentiation, or homeostasis. MicroRNAs are small noncoding RNAs that
interfere with gene expression and discoveries pertaining to their role may help in
understanding pathogenic pathways that lead to the deregulated immunity found
in COPD. Specifically, miRNAs were profiled in Treg and Teff cells in healthy

subjects and COPD patients in an attempt to address the following aims:
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. To determine CD4+CD25+FoxP+3 Treg cell functional activity ex vivo from
subjects with COPD and controls

. To determine the effect of cigarette smoke extract ex vivo on function of
peripheral blood CD4+CD25+FoxP+3 Treg cells of subjects with COPD
versus controls

. To identify particular Treg cell miRNAs that are altered by smoking and in
COPD patients.

. To explore the function of Treg-specific COPD miRNAs.

. To identify potential targets of miR-199a-5p in Treg cells.
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CHAPTER 2

MATERIALS AND METHODS
Reagents and Drugs

Xylene (Fisher Scientific, Cat # X3P-1GAL, Waltham, MA, USA), citrate
buffer (Fisher Scientific, Cat # TAO50CBX), 30% hydrogen peroxide stabilized
with sodium stannate (Fisher Scientific, Cat # H323-500), hematoxylin counter-
stain (Fisher Scientific, Cat # H345-25), Cytoseal-Xyl (Fisher Scientific, Cat 22-
050-262), molecular biology grade tris base (Fisher Scientific, Cat # BP152-1,
Waltham, MA, USA), ethylenediaminetetraacetid acid (EDTA) (Fisher Scientific,
Cat # BP120-1), MACS buffer (DPBS 991ml, 5 ml FBS, 2 nM EDTA), CFSE
buffer (DPBS 90ml and 5ml FBS), fetal bovine serum (FBS) (Fisher Scientific,
Cat # 502300142), 50x tris acetic acid EDTA (TAE) buffer (2429 tris base, 57 ml
glacial acetic acid, 50 ml 0.5M EDTA pH 8.0 in 1L final volume pH 7.6), Ficoll-
Paque Plus blood separation reagent (GE Healthcare, ThermoFisher Scientific,
Cat # 45-001-749, Waltham, MA, USA), 1 x phosphate buffered saline (PBS)
without Ca®*/Mg?* (Mediatech Inc, Cat # 21-040-CV, Manassas, VA, USA),
Rosewell Park Memorial Institute (RPMI) 1640 medium (Mediatech Inc., Cat #
10-040-CV), trypan blue viability dye (Life Technologies, Cat # 15250-061),
carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Life Technologies, Cat
# C34554), Human Treg Suppression Inspector beads (Miltenyi, Cat # 130-092-
909), fixation/permeabilization concentrate (eBioscience, Cat #. 00-5521), the
permeabilization buffer (10x Permeabilization buffer eBioscience, Cat # 00-
8333-56), 2% normal rat serum (eBioscience, Cat # 24-5555-94), anti-human
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FoxP3-PE antibody or PE rat IgG2a isotype control (eBioscience, Cat # 12-4776-

42),

Lipofectamine 2000 (Invitrogen, Life Technologies, Cat # 11668-027),
RNase-free molecular biology-grade water (Life Technologies, Cat # AM9937),
Iscove’s DMEM x1 medium (Fisher Scientific, Cat # 10-016-CV, Waltham, MA,
USA), Opti-MeM Reduced serum Medium (Gibco, Thermo Fisher Scientific, Cat
# 31985-062), TGF-B1 (Peprotech, Cat # 100-21, Rocky Hill, NJ, USA),
Dharmacon 5X siRNA Buffer (GE, Dharmacon, # B-002000-ub-100, Lafayette,
CO, USA), epigallocatechin gallate (EGCG) (Sigma- Aldrich, Cat # E4143, St.
Louis, MO, USA), RIPA cell lysis buffer (Thermo Fisher Scientific, Cat #
1856210), halt protease and phosphatase 100x (Thermo Fisher Scientific, Cat #
78440), Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Cat #
32106), 4x protein gel loading dye (Invitrogen, Life Technologies, Cat # NP0008),
1x 3-[N-morpholino]-propanesulfonic acid sodium dodecyl sulfate (MOPS SDS),
gel running buffer (Invitrogen, Life Technologies, Cat # NP0001), nitrocellulose
membrane (Thermo Fisher Scientific, Cat # PI-77010), positively charged nylon
membrane (Thermo Fisher Scientific, Cat # PI-77015), 1 x Western blot transfer
buffer (Invitrogen, Life Technologies, Cat # NP0006-1), Ponceau S solution
(Sigma-Aldrich, Cat # P7170-1L, St. Louis, MO, USA), versene solution (Lonza,

Cat # 17-711E, Basel, Switzerland).
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Kits

IMMPRESS Anti-Mouse Ig Polymer Detection Kit (Vector Laboratories,
Cat # MP-7402, Burlingame, CA, USA) CD4CD25 Reg T Cell Isolation Kit
(Miltenyi, Cat # 130-091-30, Cologne, Bergisch Gladbach, Germany), CD25+,
CD49- T Cell Isolation Kit (Miltenyi, Cat # 130-094-551) and
CD4+CD25+CD127dim/- Reg TC Kit Il (Miltenyi, Cat # 130-094-775),
eBioscience FoxP3 Staining Buffer Set (eBioscience, Cat # 00-5523, San Diego,
CA, USA), mirVana miRNA Detection kit (Applied Biosystems, Life Technologies,
Cat # AM1560, Carlsbad, CA, USA), TagMan® MicroRNA Reverse Transcription
Kit (Life Technologies, Cat # 4366596), SE cell line 4D-Nucleofactor X Kit L
(Lonza, Cat # V4XC-1024, Basel, Switzerland), High-Capacity cDNA Reverse
Transcription  Kit  with RNase inhibitor (Life Technologies, Cat #
4374966),Superscript 11l kit (Invitrogen, Thermo Fisher Scientific, Cat # 18080-

400).

Subject Selection

We included healthy non-smoking subjects, healthy current smokers, and
COPD current smokers in our studies. We started by performing
immunohistochemical staining on lung sections obtained from lung reduction
surgery, transplantations, and resection surgeries (of COPD patients and
smokers), and unused donor lungs (smokers and non-smokers). Functional

assays of Treg cells and miRNA microarrays were performed on Treg and Teff
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cells obtained from a different subset of subjects and patients who met our
selection criteria for the 3 groups. Inclusion criteria for COPD patients were: age
>40 and < 80 years old, currently smoking and with a history of cigarette smoking
> 10 pack-years, and presence of airway obstruction (FEV/FVC < 70%)
according the GOLD criteria(149). The same criteria were applied to healthy
current smokers except they didn't have evidence of airway obstruction.
Inclusion criteria for nonsmokers were: age >40 and < 80 years old, never
smoked tobacco products or they smoked approximately < 100 cigarettes during
their lifetime (having had their last cigarette more than 10 years ago), and they
didn’t have a history of exposure to second-hand smoking (living with someone
who smoked or work-related smoking exposure). We excluded patients and
subjects with the following known morbidities: cardiac disease, cerebrovascular
disease, connective tissue disease, malignancy, immune deficiency, active
infectious conditions, and anyone on medications that may have an impact on
the inflammatory/immune response including systemic steroids, aspirin,
nonsteroidal anti-inflammatory medications, statins, narcotics, or using illicit
drugs. Both COPD patients and the healthy smokers underwent spirometry
according to the American Thoracic Society guidelines. All subjects who agreed
to participate in the study signed informed consent according to a protocol that
was approved by the IRB. As for the miRNA microarray analysis, we enrolled
different subjects (12 subjects,4/group) with the same aforementioned criteria.
The 3 groups were matched for age, sex, and race. We then increased the

number of subjects to include 12 subjects/group for the RT-PCR validation. After
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we increased the sample size per group, differences were noted between the

groups in age and race.

Tissue Immunohistochemical Staining

We used paraffin-embedded blocks from donor lungs and COPD patients
to obtain several 5um sections. Immunohistochemical staining was done as
follows: sections were incubated at 57-60°C for 40 min, then placed in Xylene 3
times for 10 minutes each, followed by hydration in ethanol (100%, 90%, 70%,
then water twice for 3 minutes each). For CD4, antigen retrieval was performed
in heated Citrate Buffer for 20 minutes (HIER 20min @100°C in EDTA buffer, pH
8.0; LabVision — Ab-8; dilution 1:50) and for and FoxP3 (HIER 10min @100°C in
citrate buffer, pH 6.0; Serotec — MCA2376; dilution 1:100). Remaining steps
were similar for the 2 antibodies. We allowed cooling down for 30 minutes
followed by washing 3 times in PBS, washing in 30% hydrogen peroxide for 20
minutes (diluted in methanol), washing 3 times in PBS, and blocking with 2.5%
normal horse serum in PBS-BSA 0.1% for 1.5-2 hours. We used CD4 mouse
mAb clone 4B12 (Thermo Fisher, LabVision, Cat # MS1528-S1) and FoxP3

rabbit pAB (BioLegend, Cat # 623802, San Diego, CA, USA).

Subsequently, we incubated with primary antibody diluted in 0.1% PBS-
BSA for 60 minutes at room temperature, rinsed and washed 3 times in 1x PBS,
then added secondary antibody (anti-Mouse 1gG ImmPRESS kit ((Vector Labs,

Cat # MP-7402, Burlingame, CA, USA) - adding 2 drops per slide at room
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temperature for 30 min). Slides were washed 3 times in PBS and reincubated in
DAB for 3-5 minutes. After incubation, we washed in tap water for 5 minutes,
performed light Hematoxylin counter-staining (4-5 minutes), washed under
running tap water for 30 seconds, dipped slides for seconds in Acid Alcohol, then
washed under running tap water for 30 seconds. We re-blued slides in Ammonia
Water or Bluing reagent (5-6 dips), washed under running water, dehydrate
(70%, 90%, and 100% ethanol 2 times for 3 minutes each), cleared in Xylene 2
times for 10 minutes each, and finally mounted with Cytoseal-XYL ((Fisher

Scientific, Cat 22-050-262, Waltham, MA, USA).

Quantitative Analysis of Lung Tissue CD4+ and FoxP3+ Cells

Positively stained cells were counted with a laboratory counter in vivo in
small airways and BALT (live microscopic imaging). This mechanism proved to
be more effective and reliable in assessing strength and accuracy of stain
positivity (important in distinguishing background staining and artifact). FoxP3 is
a nuclear stains, hence cells were highlighted easily. Furthermore, the images
were taken and studied through an NIH public domain imaging program, Image J
1.23p (Scion Corporation, Frederick, MD). We photographed full circumference
airways and BALTs (Diagnostic Instruments, Inc., Spot Basic Image Capture
Software, Sterling Heights, MI, USA). Each airway, including epithelial layer to
adventitia, was divided into quadrants and digital photographs were taken at a

magnification of 400X. The program was set to measure area and perimeter
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(including 4 decimal points of both BALTs and airways). Parameters were set for
pixel and distance value according to magnification used for each picture. Next
step included using the freehand drawing tool to draw a line between two points
to delineate the perimeters of BALTs whereas the drawing process for the
airways involved two-steps consisting of an outer and inner perimeter. The outer
line surrounded the smooth muscle layer, and the second one followed the inner
aspect (lumen) of the respiratory epithelium. The program for tabulation
automatically gave calculations for area and perimeter. We asked 2 pathologists
to perform the morphometric airways assessments in order to quantify the
number of cells per square millimeter in each quadrant. The pathologists were
blinded to all demographic and clinical data of each patient as well as to the

specific identification of any airway.

Isolation and Purification of Peripheral Blood Mononuclear
Cells (PBMCs) and CD4+ Cells

We obtained PBMCs by Ficoll-Paque centrifugation of 40-50 ml of blood
from our consenting volunteers. Whole blood was collected in 4-5 10ml EDTA
tubes then transferred into two 50ml centrifuge tubes containing 20ml PBS
without Ca®*/Mg** (Mediatech Inc., Cat # 21-040-CV, Manassas, VA, USA).
Following blood transfer, 30ml of PBS and anticoagulated blood was gently
layered onto 15 ml of Ficoll-Paque Plus (GE Healthcare, ThermoFisher Scientific,

Cat # 45-001-749, Waltham, MA, USA) and centrifuged for 35 min at 1,300 rpm
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at room temperature. The plasma was collected and banked and the PMBC cell
layer was harvested via 5 ml serological pipette and transferred into two 50ml
sterile centrifuge tubes. The collected PMBCs were washed twice in 30ml PBS
without Ca**/Mg?*, centrifuged at 1,250 rpm at 4°C for 10 min, then resuspended
in 10ml MACS buffer (DPBS 991ml, 5 ml FBS, 2 nM EDTA). PBMCs were
counted in order to proceed with CD4+ negative selection. Cells were counted
using the Trypan blue (Invitrogen, ThermoFisher Scientific, Cat # 15250-061)
staining with a hemocytometer. The CD4 cells were isolated using a CD4CD25
Reg T Cell Isolation Kit (Miltenyi, Cat # 130-091-30, Cologne, Bergisch
Gladbach, Germany). The isolated CD4+ cells were then used for further
isolation of CD4+CD25- and CD4+CD25+ cells, as Teff and Treg cells
respectively, to perform the suppression assays. Two other Treg kits were used
as well (Miltenyi, CD25+, CD49- T Cell Isolation Kit and CD4+CD25+CD127dim/-
Reg TC Kit Il, Cat # 130-094-551 and 130-094-775) in order to get a higher purity
Treg cell population (CD4+CD49-CD127-CD25+ cells) for the microarray

analysis.

Isolation of Peripheral CD4+ Cells

The isolated PBMCs that were suspended in MACs buffer were labeled
according to the CD4CD25 Reg T Cell Isolation Kit manufacturer’'s protocol.
Specifically, the cell pellet was resuspended in 90ul of MACS buffer pre 107 cells,

a Biotin-antibody cocktail added to the PBMCs (10ul per 10’ cells, containing anti
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CD8, CD14, CD16, CD19, CD36, CD56, CD123, TCRy/6 and glycophorin A),
incubated for 10 min at 4°C, then Anti-Biotin Microbeads were added (20 pl per
10 cells) and re-incubated for 15min at 4°C. During the last few minutes of
incubation, the LD column (Miltenyi, Cat # 130-042-901) in the magnetic field
was prepared by rinsing it with 2x 1ml of MACS buffer. The Biotin/Anti-Biotin cell
suspension was washed with 10ml of MACS buffer, centrifuged, and cell pellet
resuspended in MACS 500ul per 108 cells. The cell suspension was applied to
the LD column which was washed twice with 2ml of MACS buffer, to collect alll

the effluent containing the unlabeled pre-enriched CD4+ T cell fraction.

Isolation of Peripheral CD4+CD25- Teff and CD4+CD25+ Treg Cells

The isolated CD4+ cells where centrifuged at 1250 rpm at 4°C for 10 min
then were resuspended in 90ul per 107cells. 10ul per 10” of CD25 Microbeads
were added to the cell pellet and incubated for 15 min at 4°C. Cells were then
washed with 10ml MACs buffer and centrifuged at 1250 rpm for 10 min at 4°C.
During the last 2 minutes of the cell centrifugation, the LS column (Miltenyi, Cat #
130-042-401) was rinsed with 2ml of MACS buffer. The cell pellet was
resuspended in 500ul per 108 in MACS buffer then applied to the LS column that
was placed in the magnetic field for positive selection. The CD4+CD25- Teff
unlabeled cells that passed through the LS column while in the magnetic field
were collected. The LS column was rinsed 3x 1ml MACS buffer to collect all the

Teff cells. The LS column was then removed from the magnetic field and rinsed
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with 2x 5ml MACS buffer to collect the labeled CD4+CD25+ Treg cells. These 2
cell populations were counted after each isolation, using the Trypan blue stain,
then were used for flow cytometry analysis to assess their purity and for Treg cell

suppression assays (Figure 6 and see next section).
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Figure 6: Protocol for Isolating CD4+ Cells and Treg Cells for the Suppression
Assay. The negative selection of CD4+ cells yielded > 95% CD4+ population
(right panel) that was used to isolate CD4+CD25- Teff cells and CD4+CD25+

Treg cells for the suppression assay.
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Treg Suppression Assay

Freshly isolated Teff cells were centrifuged for 8 min at 4°C then
suspended in 5% CFSE (Invitrogen, Life Technologies, Cat # C34554) buffer,
1ml per 10’ cells, at room temperature to be labeled with CFSE. The CFSE was
prepared in the 5% CFSE buffer to yield a 1% CFSE dilution, using 110ul per 10’
Teff cell, which were incubated for 3 min and washed x 3 with 15 ml of 5% CFSE
buffer. After last wash, CFSE-labeled Teff cells were suspended in RPMI
(Mediatech Inc., Cat # 10-040-CV, Manassas, VA, USA) at a concentration of
10%ml. The freshly isolated Treg cells from previous separation procedures were
re-suspended in RPMI at the same 10° cells/ml concentration and added to 96-
well rounded-bottom plates in serial dilutions in order to give Treg/Teff ratios of
1/1, 1/2, 1/4, 1/8 and 1/16 (Figure 7). Each well contained 50 x 10° Teff cells and
Treg cells (starting with 50 x 10° then serially diluting them as described). Wells
without Treg cells, wells without Teff cells, and wells without CD3CD28 beads
served as negative controls. After 4 days of incubation, Teff cell divisions were
determined by CFSE dilution. All steps were performed while with cells
suspensions maintained on ice. Human Treg Suppression Inspector beads
(Miltenyi, Cat # 130-092-909) were prepared by washing in 1 ml of RPMI and
centrifuged at 1500 rpm for 5 min. The Treg Suppression Inspector is made of
5x10" AntiBiotin MACSiBead™ Particles preloaded with biotinylated CD2, CD3,
and CD28 antibodies. The beads were then collected and added to the Teff cells

at a ratio of 1:1 (5x10* beads/well), leaving one well without beads. Each

49



condition was set in duplicate (Figure 7) and after 4 days of incubation, we

determined the Teff cell divisions by CFSE dilution (Figure 8).

To determine the effects of cigarette smoke extract (CSE) on Treg cells
function we treated the isolated Treg cells with CSE (10ug/ml) for 2 hours or
DMSO control then washed them with RPMI prior to the 4 days suppression
assay. A commercially available CSE was used (Murty Pharmaceuticals,
Lexington, KY, USA) prepared by smoking University of Kentucky 1R3F research

cigarettes and extracting the condensate with DMSO to a final 40mg/ml solution.
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Figure 7: Plate Set Up for Treg Cell Suppression Assay Using CSFE Dilution.

For cell and bead concentrations refer to text.
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Figure 8: Histograms of Treg Cell Suppression Assay. Proliferation of CFSE-
labeled Teff cells is shown with each graph representing reduced concentration
of Treg cells co-cultured with Teff cells. With serial dilution of the Treg cells in
each well there is higher Teff cell proliferation (or less Treg cell suppression) as
reflected by increasing numbers of Teff cell generations. Each peak under the
horizontal bar represents a generation of proliferating CFSE-labeled Teff cells so
the bar reflects the total percentage of proliferating Teff cells, with each

generation of Teff cells being represented by a discrete peak.
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Flow Cytometry for Treg Suppression Assay

After 4 days incubation, cell suspensions from each row were collected in
1 FACS tube and washed with 2% flow cytometry buffer (FCB) then centrifuged
for 5 min at 1300 rpm. The FCB was prepared by adding 20 ml of FBS to 980
ml of DPBS without Ca2*/Mg2* (Mediatech Inc, Cat # 21-040-CV, Manassas, VA,
USA). We diluted the anti-human CD4+ PerCP-Cy-5.5 antibody (BD Biosciences,
Cat # 341654) in FCB then added 25ul of the stain to each tube, except for 1
tube to serve as negative unstained control. Cell-anti-CD4+ suspension were
incubated for 25 min on ice in the dark then washed with 1 ml FCB, centrifuged
for 5 min at 1300 rpm and resuspended in 0.4 ml of FCB for flow cytometry
analysis. Background fluorescence was assessed using isotype and
fluorochrome matched control monoclonal antibody to determine the percent of
positive cells. Flow cytometry was done on FACSCalibur using the CellQuest
Pro software and data were analyzed using Flowjo software (TreeStar, Inc.,

Ashland, OR, USA).

Isolating and Analyzing the CD4+CD25+CD127-CD49- Treg Cells

We collected blood in EDTA tubes from more volunteers and processed
the blood in a similar aforementioned manner to isolate PBMCs. We then use 2
different kits CD4+CD25+CD127dim/- Reg TC Kit Il and CD25+, CD49- T Cell
Isolation Kit (Miltenyi, Cat # 130-094-775 and 130-094-551 respectively) to obtain

highly purified fraction of FoxP3+ cells (Figure 9).
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Figure 9: Double Staining of PBMCs and CD4+ Cells. A- Representative PBMC
staining with isotype control and Foxp3 PE staining. B- Double staining with CD4
PerCP-Cy5.5 and Foxp3 PE following multiple magnetic bead separations using

both negative and positive selections of CD4+CD127-CD49-CD25+ cells yielded

>90% pure Foxp3 Treg cells. C- A representative Bioanalyzer gel to assess and

control for RNA quality from Treg and Teff cells of 4 COPD patients and a

smoker.
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We proceeded first with magnetic labeling of non-CD4+ and CD127"9"
cells from the isolated PBMCs that were suspended in 40ul of MACS buffer per
10’ cells and mixed well with 10ul of the CD4+CD25+CD127%™" T cell Biotin-
Antibody cocktail (made of anti-human antibodies against CD8, CD19, CD123,
and CD127) and incubated for 5 minutes at 4°C. 30 pl of MACS buffer was
added afterward and 20 pl of Anti-Biotin MicroBeads per 107 total cells, mixed
well and incubated for 15 minutes at 4°C. Cells were washed with 2 ml MACS
buffer per 10’ and centrifuged at 1250 rpm for 10 min then cell pellet
resuspended in 500ul of MACS buffer. The LD column was prepared during the
last few minutes of centrifugation with 2 ml of MACS buffer. The resuspended
cells in 500ul were passed through the LD column in the magnetic field. The
column was washed 2x 1ml with MACS buffer while in the magnetic field and the
total effluent was collected containing the unlabeled CD4+CD127%™" cells. This
cell population was resuspended in 80pl of MACS buffer per 107 cells and added
to 20ul of the CD8+CD49d+ T cell depletion MicroBeads cocktail (made of
monoclonal CD8 and CD49d antibodies) per total 10’ cells. The cell/cocktail
suspension was mixed well and incubated for 15 minutes at 4°C. Cells were
washed with 2 ml MACS buffer per 107 and centrifuged at 1250 rpm for 10 min
then cell pellet resuspended in 500ul of MACS buffer. The LD column was
prepared during the last few minutes of centrifugation with 2 ml of MACS bulffer.
The resuspended cells in 500ul were passed through the LD column in the
magnetic field. The column was washed 2x 1ml with MACS buffer while in the

magnetic field and the total effluent was collected containing the pre-enriched
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unlabeled CD4+CD127%™"CD49d- cells. The isolated CD4+CD127"™ CD49d-
cell population were resuspended in 90l per 10cells, after centrifuging at 1250
rpm at 4°C for 10 min. 10l per 107 of CD25 MicroBeads were added to the cell
pellet and incubated for 15 min at 4°C. Cells were then washed with 10ml MACs
buffer and centrifuged at 1250 rpm for 10 min at 4°C. During the last 2 minutes
of the cell centrifugation, the LS column were rinsed with 2ml of MACS buffer.
The cell pellet was resuspended in 500ul per 10% in MACS buffer then applied to
the LS column that was placed in the magnetic field for positive selection. The
CD4+CD127%™"CD49d-CD25- unlabeled cells that passed through the LS
column while in the magnetic field were disregarded after rinsing the column with
3x 1ml MACS buffer. The LS column was then removed from the magnetic field
and rinsed with 2x 5ml MACS buffer to collect the labeled CD4+CD127%™ CD49d
CD25+ Treg cells. Of note, we used the CD4+CD25- unlabeled Teff cells from
the CD4CD25 Reg T Cell Isolation Kit as described above for further analysis of
their function and RNA extraction. The final Teff and Treg cell population were
then subjected to flow cytometry analysis) and to the suppression assays
(Figures 7 and 9) to assess their purity and function before proceeding to lysis for

RNA isolation.

The suppression assay was performed in the manner described above
using the same culture medium and conditions. As for the purity of the isolated
cells we repeated the staining protocol with the surface anti-human CD4+ PerCP-
Cy-5.5 antibody as described above but after the 25 min incubation at 4°C in the

dark, cells were washed in cold FCB, centrifuged for 8 min at 1250 RPM, then
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the cell pellet suspended in 1ml of freshly prepared fixation/permeabilization
buffer and reincubated for 45 minutes in the dark at 4°C. We used the
eBioscience FoxP3 Staining Buffer Set (eBioscience, Cat # 00-5523, San Diego,
CA, USA). Prior to staining the fixation/permeabilization buffer was prepared by
diluting the fixation/permeabilization concentrate into its diluent at a ratio of 1/3
(eBioscience, Cat #. 00-5521). The cell suspension was then washed with 2 ml
of the permeabilization buffer (made from 10x Permeabilization buffer
eBioscience, Cat # 00-8333-56), centrifuged for 8 min at 1250 rpm. Cells were
blocked with 2% normal rat serum (eBioscience, Cat # 24-5555-94) in 1x
permeabilization buffer for 15 minutes then incubated for 30 minutes with anti-
human FoxP3-PE antibody or PE rat IgG2a isotype control (eBioscience, Cat #
12-4776-42). Prior to the current experiments the antibody concentration for both
CD4+ and FoxP3 and their respective isotype controls were optimized, using
10ul for anti-CD4+ and its isotype control and 5pl for anti-FoxP3 and its isotype
control. Cells were subsequently washed x2 with permeabilization buffer and
after the last wash the pellets were resuspended in FCB. Flow cytometry and

data analyses were done as described above.

RNA Purification

We used mirVana miRNA Detection kit (Applied Biosystems, Life
Technologies, Cat # AM1560, Carlsbad, CA, USA) to extract total and low

molecular weight (LMW) RNA from the purified Treg and Teff cells. Isolated T
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cells were washed with PBS without Ca2*/Mg2* and centrifuged. The PBS wash
was then removed and 600yl of Lysis/Binding Solution from the kit was added.
After lysing the cells, 60ul of miRNA Homogenate Additive was added and the
mixture was left on ice of 10 min. After the 10 min, 600upl Acid-
Phenol:Chloroform was added to the lysate and that was vortex for 60 seconds
to mix. The mixed lysate was centrifuged for 5 min at 10,000 rpm at room
temperature to separate the aqueous and organic phases. We pipetted carefully
the upper (aqueous) phase without disturbing the lower phase. We added 1.25
volumes of 100% ethanol (ambient temperature) to the aqueous phase which
was then removed to pass it (i.e. the lysate/ethanol mixture) through a filter
cartridge. We centrifuged the cartridges for 15 sec at 10,000 rpm to pass the
mixture through the filter and we disregarded the flow-through. We then applied
700p!I miRNA Wash Solution 1 (working solution mixed with ethanol) to the filter
cartridge and centrifuged for 10 sec. We disregarded the flow through and
repeated the wash twice with 500ul Wash Solution 2/3. After disregarding the
last flow through the filter cartridge was centrifuged again then transferred into a
fresh collection tube. We applied 70-100ul of pre-heated (95°C) nuclease free
water (Life Technologies, Cat # AM9937) to the center of the filter, closed the
cap, and spun for 30 sec at 10,000 rpm to recover the RNA. We quantified the
concentration of total RNA using the Nanodrop Spectrophotometer for all
samples and used the Agilent Bioanalyzer to assess for quality of the microarray
samples only. All 12 samples were confirmed to have good quality RNA based

on their RNA Integrity Number (RIN) and electropherograms (Figure 9). All RNA
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work was performed using extra-long barrier tips (SHARP® Precision Barrier
Tips, Extra Long, Denville Scientific, Inc. Cat # P1096-FR and P1122, South

Plainfield, NJ, USA) and RNase free tubing (Life Technologies, Cat #AM12450).

miRNA Microarray Analysis and TagMan® miRNA Gene Expression

We labeled 12 samples and hybridized 400ng to 500ng of the extracted
RNA on the Human v2 MicroRNA Expression BeadChips (lllumina, San Diego,
CA), a platform that contained 743 human miRNAs. The array design can be
found on https://lwww.ebi.ac.uk/arrayexpress/files/A-GEOD-8179/A-GEOD-
8179.adf.txt (last accessed 2/5/2015). BeadChips were scanned with the
lllumina iScan Reader and the experimental data was analyzed using the R,

Bioconductor, and GeneSpring software by a consultant bioinformatics expert.

For the miRNA gene expression, we used quantitative real-time RT-PCR
to confirm the differential expression of a select number of miRNAs using the
Tagman® MicroRNA Assays (Life Technologies, ThermoFisher Scientific,
Waltham, MA, USA). The TagMan® MicroRNA Assays employ a target-specific
stem-loop reverse transcription primer that extends the 3' end of the target to
produce a template that can be used in standard TagMan® Assay—based real-
time PCR. Also, the stem-loop structure in the tail of the primer confers a key
advantage to these assays: specific detection of the mature, biologically active
MiRNA. The assay consists of a two-step protocol requiring reverse transcription

with a miRNA-specific primer, followed by real-time PCR with TagMan® probes.
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We used the TagMan® MicroRNA Reverse Transcription Kit (Life Technologies,
Cat # 4366596) to reverse transcribe the RNA into cDNA. We diluted 10ng of the
isolated RNA in 5yl nuclease free water (per reaction) and prepared the reverse
transcriptase (RT) mix from the kit, adding 0.15ul ANTP, 1.5pl 10x buffer, 0.19ul
RNase inhibitor, 1yl RT, and 4.16pl nuclease free water to make a total of 7ul of
the mix per reaction. 5ul of the diluted RNA was then added to the mix along
with 3ul of the primer of interest to make a total of 15ul per reaction. Samples
were run in a thermal cycler (Mastercycler, Eppendorf, Hamburg, Germany)
programmed at 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, then
maintained at 4°C or on ice. The second step involved setting up and running
the real-time PCR amplification reactions. For this step, we first prepared the
real-time PCR mix by adding 10upl of the Master Mix (Life Technologies,
TagMan® Universal PCR Master Mix, no AmpErase® UNG, Cat # 4324018) to 5pl
of nuclease free water and 1pl of the 20x Tagman probes. After preparing the
real time RT-PCR buffer mix, 5l of the RT reaction product (cDNA from first
step) was added to the mix then we transferred 20ul to a PCR plate (Life
Technologies, MicroAmp® Optical 96-Well Reaction Plate, Cat # N801-
0560). We ran all real-time RT-PCR in triplicate, 20ul/reaction and we used 40
cycles of amplification (10 min at 950 for enzyme activation followed by 40 cycles
of 950C and 60°C for 15 sec and 60 sec respectively). Data acquisition was
carried out with StepOnePlus™ Real-Time PCR systems (Life Technologies).
Table 1 shows the primer sequences for the selected miRNAs and the RNU

control obtained from Life Technologies.
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Table 1: Tagman® miRNA Primers

mMiRNA Mature miRNA Sequence Cat #
RNU48 GATGACCCCAGGTAACTCTGAGTGTGTCGCTGATGCCATCA
CCGCAGCGCTCTGACC 001006
miR-19b UGUGCAAAUCCAUGCAAAACUGA 000396
miR-31* UGCUAUGCCAACAUAUUGCCAU 002113
miR-95 UUCAACGGGUAUUUAUUGAGCA 00433
miR-99b* CAAGCUCGUGUCUGUGGGUCCG 002196
miR-193b* CGGGGUUUUGAGGGCGAGAUGA 002366
miR-199a-5p  CCCAGUGUUCAGACUACCUGUUC 000498
miR-382 GAAGUUGUUCGUGGUGGAUUCG 000572
miR-485-3p GUCAUACACGGCUCUCCcUCUCU 001277

miR-520e AAAGUGCUUCCUUUUUGAGGG 001119
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In Silico Analysis: Identifying miRNA Targets in the Treg cell Transcriptome

and Analyzing their Potential Function

Three online databases (Targetscan, miRWalk, and miRanda) on
miRWalk were used to predict potential miRNAs targets of interest(150). We
cross-referenced the list of the predicted miRNA targets to the published gene
expression profiles of human Treg cells(151). We then performed pathway and
functional analysis of the intersected predicted targets using Ingenuity Pathway
Analysis platform (Qiagen, Redwood City, CA, USA) to map the genes into

networks, canonical pathways, and molecular function.

Validating the Results of the In Silico Functional Analysis in Cell Lines

We employed the human fibroblast CCD-986Sk cells (ATCC, Cat # CRL-
1947, Manassas, VA, USA) and the T lymphoblast MOLT-4 cells (ATCC, Cat #
CRL-1582) to assess miRNA functional activity. The CCD-986Sk cells express
endogenously miR-199a-5p so we used this cell line to perform loss-of-function
experiments; whereas the MOLT-4 cells don’t express miR-199a-5p so we used
them for gain-of-function experiments. The CCD-986Sk cells were transfected
with a Locked Nucleic Acid (LNA™) miRNA inhibitor then treated with TGF-B1
and the MOLT-4 cells were transfected with a miRNA mimic. After optimizing
culture and transfection conditions, both cell lines showed high transfection
efficiency (>80%). We attempted to transfect Jurkat cells but we were not able to

obtain adequate transfection efficiency.
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CCD-986Sk Cell Culture, LNA transfection, and Treatment with TGF-1

Human fibroblast CCD-986Sk cells were plated in T-75 flasks and cultured
in Iscove’s DMEM x1 medium (Fisher Scientific, Cat # 10-016-CV, Waltham, MA,
USA) with 10% FBS, incubated at 37°C and 5% CO,. Cells were passed every
5-7 days when 80-90% confluent. We confirmed that the CCD-986Sk cells
expressed miR-199a-5p by Tagman RT-PCR. For the transfection experiments,
cells were passed into 6-well plates (30x10°-35x10°ell/plate) and after
approximately 24 hours incubation at 37°C they were transfected with miR-199a-
5p MmiIRCURY LNA™ microRNA inhibitor and LNA negative control 3 -fluorescein
labeled (Exigon, Cat # 410116-00 and Cat # 199004-08, Denmark) using
Lipofectamine™ 2000 transfection reagent (Invitrogen, Life Technologies, Cat #
11668-027). The LNA microRNA inhibitors are antisense oligonucleotides with
perfect sequence complementary to their target, in this case
AACAGGTAGTCTGAACACTGG. When introduced into cells, LNAs sequester
their target miRNA in highly stable heteroduplexes preventing the miRNA from
hybridizing with its normal target. A second control with only the transfection

reagent, Lipofectamine 2000, and without LNA was done as well.

We first prepared the LNA stock solution by adding 250ul of nuclease-free,
sterile water, to 5nmole of the miRNA inhibitor to make a 20uM solution (we let
the tube stand for few minutes at ambient temperature, gently pipetted 5 times to

resuspend, then repeated the prior steps twice before aliquot the LNA to store it
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at -20°C having a concentration of 20pmole/ul). We performed dose response
experiments to determine the threshold concentrations to minimize toxicity and
maximize transfection efficiency. Both LNA and Lipofectamine were diluted in
50ul Opti-MeM Reduced serum Medium (Gibco, Thermo Fisher Scientific, Cat #
31985-062), per 1ul of Lipofectamine and 1ul (20pmole) of LNA, then mixed the
2 solutions to add the final LNA/Lipofectamine mix to each well, 24 hours after
seeding of the cells. We assessed transfection efficiency 48 hours after
transfection using fluorescent microscopy. The final optimal concentrations for
LNA and Lipofectamine that yielded > 90% transfection efficiency were: 100
pmole LNA and 3.5 pl of Lipofectamine. Forty eight hours after transfection (i.e.
3 days from seeding the cells), the medium was changed to Iscove’s DMEM x1
medium without the 10% FBS then incubated for another 24 hours in serum-
starved conditions to be treated with mammalian derived recombinant human
TGF-B1 (Peprotech, Cat # 100-21, Rocky Hill, NJ, USA). On the day of harvest,
cells were treated with 10ng/ml of TGF-B1, or medium as control, for 1 hour then
lysed for RNA or protein isolation. These experiments were done in triplicates.
We isolated the total protein fraction and RNA from these samples in order to test
the activation of the TGB- pathway and changes in gene expression. Of note,
RNA from the 3 experiments were pooled then run on the TGF-B pathway

TagMan® Array plates Life Technologies, Cat # 4418742).
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MOLT-4 Cell Culture, miR-Mimic Transfection, and Treatment with EGCG

We seeded MOLT-4 2x10° cells in antibiotic-free RPMI with 10% FBS
overnight in 6 well-plates at 37°C and 5%CO,. The cells were transfected with
MIRIDIAN microRNA Human Hsa-miR-199a-5p and mIRIDIAN microRNA
transfection control with Dy547, diluted in Dharmacon 5X siRNA Buffer (GE
Dharmacon, Cat # C-300533-03-0005, # CP004500-01-05, and # B-002000-ub-
100, Lafayette, CO, USA). Similar to the CCD-986Sk cells, we titrated the
transfection reagents using the SE cell line 4D-Nucleofactor X Kit L (Lonza, Cat #
V4XC-1024, Basel, Switzerland) to minimize toxicity and optimize transfection
efficiency. The transfection was carried as such: First, suspend 1x10° Molt-4
cells (1000rpm, 10mins) in 100pl SF buffer (82ul SF buffer +18ul Sup each)/2ug
GFP or 200nM miRNA mixture for each group (miRNA stock:20uM, 1:100 dilute).
Second, transfect the cells (CA-137 program), add 500uL antibiotic-free RPMI,
and transfer to 6-well plate immediately. Last, add another 1mL antibiotic-free
RPMI each well and culture overnight. Transfected cells were then treated with
DMSO control, 10uM, 50uM, and 100uM of epigallocatechin gallate (EGCG)
(Sigma- Aldrich, Cat # E4143, St. Louis, MO, USA), diluted in DMSO 1:5 (1:1000
dilute), for 48 hours to test for toxicity. Cells were checked for viability and
transfection efficiency then collected for total RNA for real time RT-PCR analysis.
We noted that with increasing doses of EGCG there was a reduction in cell
viability but the 50uM concentration yielded a greater increase in BMP4 so we

performed the analysis on cells that were treated with 50uM EGCG.
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Western Blot Analysis

MOLT-4 cells from the transfection experiments were first washed with PBS
then lysed in 100-150ul RIPA 10x lysis buffer (Cell Signaling, Cat # CST9806S,
Danvers, MA, USA), halt protease and phosphatase 100x (Thermo Fisher
Scientific, Cat # 78440)for 30 minutes on ice. After centrifugation for 5 minutes at
12000rpm(4°C), the protein content of the samples was determined. 30ug and
45ug protein samples per lane were loaded onto NUPAGE®Novex® 4-12% Bis-
Tris Protein Gels, 1.5 mm for electrophoresis (Invitrogen, Thermo Fisher
Scientific, Cat # NP0335box) then blotted onto the nitrocellulose membrane by
semi-dry method (Novex gel transfer stacks for iBlot®, Life Technology). We
used the Ponceau S stain (Sigma-Aldrich, Cat # P7170-1L) to check the
membrane, scan, label, and cut them in proper size. We washed nitrocellulose
membrane with 5-10ml TBST for 5 min, 3x at room temperature. Non-specific
blocking was performed by immersing the membrane in 5% albumin (Sigma-
Aldrich, Cat # A1653) in Tris-buffered saline-Tween (TBS/T) for one hour at room
temperature then washed it 3x for 5 min each with 5-10 ml of TBS/T. The
membrane was incubated with primary antibody in 5-10 ml primary
antibody, overnight at 4°C, then washed 3x for 5 min each with 15 ml of TBS/T.
The membrane was incubated again with 5-10 ml of secondary antibody for 1 hr,
on the rocker, at room temperature then washed3xfor 5 minutes each with 15 ml

of TBS/T.
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We used Smad2 (L16D3) mouse mAb (Cell Signaling, Cat # 3103) and
phospho-Smad2 (ser465/467) antibody (Cell Signaling, Cat # 3101). We used
the following working dilution for the primary antibodies: Smad2 1:1000, pSmad2
1:150, and GAPDH 1:500 (Santa Cruz, Cat # sc-47724, Dallas, TX, USA) and
we used anti-mouse and anti-rabbit 1:10000 secondary antibody (Santa Cruz,
Cat # sc-2031 and # sc-2030), incubated at room temperature forl hour or
overnight as condition needed. We washed the membrane with TBS/T 3 times
(10min/time), and HRP labeled secondary antibody for ECL marker. The
membrane was incubated at room temperature for 1 hour and washed with TBS-
T 3 times (10 min/time) for removal of excess antibody. The Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific, Cat # 32106) was added to the
membrane and incubated for 1 min without agitation. The membrane was
wrapped and placed in film cassette with film (Thermo Fisher Scientific, Cat #
34090) in the dark room for optimal exposure condition before final film
development. Experiments were done in triplicate but unlike RNA samples, these
were not pooled. The resulting western blots were digitized for densitometry
analysis. The films were scanned on an Epson V700 scanner, saved at 300 dpi
TIFF file. Densitometry of the Western blots was then performed using the

Adobe Photoshop CS6 Extended software.

Preparation of Solutions and Reagents

The lysis Buffer (per ml) was prepared by adding the following: 100x
Protease inhibitor: 10ul (Halt protease inhibitor cocktails), 100x EDTA: 10pl
(Thermal: Halt protease inhibitor cocktails), 100x phosphatase inhibitor cocktail
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set I: 10ul (EMD Millipore, Cat # 524624, Bellrica, MA, USA), 100x phosphatase
inhibitor cocktail set II: 10ul (EMD Millipore, Cat # 524625), 10x RIPA buffer:
100ul (Cell Signaling, Cat #9806) and diluted in 860ul DDW. The 10X TBS was
prepared with 10 ml of 2 M Tris-HCI pH7.4, 100 ml of 5 MNaCl, 0.5 ml of 100%
Tween 20, distilled water 890 ml. The 10X SDS Running Buffer (Invitrogen,
Thermo Fisher Scientific, Cat # NP0001) was diluted in 1L DDW, and the 10X
Transfer Buffer (Invitrogen, Thermo Fisher Scientific, Cat # NP0006-1) diluted in
DDW -with 20% methanol. The wash buffer consisted of 1X TBS, 0.1% Tween-
20 (TBS/T). We used Globulin-free Bovine Serum Albumin (BSA) 5% (weight to
volume [w/v]), protein marker (Bio-Rad Precision plus protein standards), skim
milk 5% (weight to volume [w/v]), and strip buffer (15g glycine/1gSDS/10ml

Tween 20/pH2.2 in 1L DDW).

Tagman® Single Gene RT-PCR and Tagman® Array Analysis

We transcribed the total RNA into cDNA for real-time analysis using the
Superscript 1l kit (Invitrogen, Thermo Fisher Scientific, Cat # 18080-400). We
prepared the RNA mix in a 0.2ml RNase-free PCR tubes by adding the following:
1ul annealing buffer, 1pul random hexamers (50ng/pl), 100ng of total RNA with
molecular grade RNase-free water (Life Technologies, Cat # AM9937) to bring
the total volume to 8ul. The PCR tubes were then placed in the Eppendorf
Mastercycler at 65°C for 5 min then immediately placed on ice for at least 1 min.

We collected the content of the tube and centrifuged for 1 min to add 10ul of 2x
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First-Strand Reaction Mix and 2yl of Superscript®lll/RNaseOUT™ Enzyme mix to
bring the total volume to 20ul. We vortexed the sample for 10-15 sec and
collected the mix by centrifugation then placed the PCR tubes back in the
Mastercycler for 10 min at 25°C, 60 min at 50°C, 5 min at 85°C, then placed the
tubes on ice or stored at -20°C until analysis by real-time PCR. We obtained the
following probes for our Tagman real-time PCR: GAPDH, HIF-1a, and BMP4
(Life Technologies, Thermo Fisher Scientific, Cat # 4333764F, Hs00153153 m1,
and Hs00370078 _ml). We performed the real-time PCR assays similar to
mMiRNA PCR assays except we mixed 10ul of the Master Mix (Life Technologies,
TagMan® Universal PCR Master Mix, no AmpErase® UNG, Cat # 4324018), 6yl
of nuclease free water, 1ul of the Tagman probes, and 3ul of the cDNA - making
a total of 20ul volume per reaction. We also ran all these real-time PCR assays
in triplicate and set up the StepOnePlus™ in a similar way to the miRNA
analysis. Data from all real-time RT-PCR experiments were analyzed using the

comparative ACt method.

To measure the differential TGF-B gene expression in our miRNA
knock-down (LNA-transfected) CCD-986Sk cells we used the TagMan® Array
Human TGF 3 Pathway, Fast 96-well Plate (Life Technologies, Cat # 4418742).
This particular Tagman Array plate contains 92 probes for TGF-f associated
genes and 4 probes for candidate endogenous control genes; it targets genes
encoding members of the TGF- superfamily of ligands including TGF- (81, B2,
and B3), bone morphogenetic proteins (BMPs), growth and differentiation factors

(GDFs), Activin A and B, Inihibin A and B, Nodal, and others (Figure 10). We
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followed the recommended procedures to perform these experiments: First, we
used the High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor
(Life Technologies, Cat # 4374966) to generate the cDNA. We prepared the 2x
RT Master Mix by adding the following reagents supplied in the kit: 2.0ul 10x RT
buffer, 0.8ul 25x dANTP mix (100mM), 2.0ul 10x RT random primers, 1.0l
MultiScribe™ reverse transcriptase, 1.0yl RNase inhibitor and 3.2l nuclease
free water to make a total volume of 10ul/reaction. We placed the 2x RT Master
Mix on ice and mixed gently. We then added 1.1ug of RNA, diluted in 10pl of
nuclease free water, to the 2x RT Master Mix and gently vortexed and
centrifuged the sample for few seconds to run in the Mastercycler as follows:
25°C for 10 min, 37°C for 120 min, 85°C for 5 min, then placed on ice or stored at
4°C. Second, we downloaded the appropriate text file [.txt] from the provided
information CD to the StepOnePlus™ system computer in order to set up the
plate document and experiment according to the design of the plate. Last, we
combined the cDNA with Tagman Fast Universal PCR Master Mix (Life
Technologies, Cat # 4444557) then ran the plate in the StepOnePlus™ thermal
cycler. For the 96 plate, we mixed our cDNA and DNase free water to make
540ul and that was added to 540ul of the Tagman Fast PCR Master Mix (for a
total volume of 1080pl) that was gently vortexed and centrifuged for few seconds.
We prepared the plate by centrifuging it at 2000 rpm for 1 min. We then removed
the cover and dispensed 10ul of the cDNA/Fast Master Mix solution in each well
of the plate. We covered the plate with a MicroAmp® Optical adhesive film (Life

Technologies, Cat # 4360954), centrifuged it at 1000 rpm for 1 min and ran it at
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50°C for 2 min, 95°C for 20 sec, and 40 cycles of 95°C for 3 sec /60°C for 30 sec.
When setting up the StepOnePlus™ cycler we selected the Fast mode and
specified 10pl for the sample volume. Data acquisition and analysis using the
relative standard curve quantitation method was carried out with the

StepOnePlus™ ExpressionSuite Software (Life Technologies, v 1.0.2).
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Figure 10.The TagMan® TGF-B pathway Array Plate. The arrangement of the 96
genes and controls in the plate as provided by Life Technologies (Cat #
4418742).
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Bioinformatics and Statistical Analysis

For quantitative data, including demographics, cellular density, real time
RT-PCR data, and Western blot analysis we performed one-way ANOVA
followed by Student-Newman-Keuls method for pairwise multiple comparisons on
SigmaPlot® (Systat Software Inc. v 12.5, San Jose, Ca, USA). As for the Treg
cell functional assays, the data were normalized (min-max) then transformed into
suppression curves to calculate and compare the area under the curve (AUC)
using ANOVA for repeated measures. Data are expressed as mean + SD unless
otherwise specified. The miRNA microarray data were analyzed using the R,
Bioconductor, and GeneSpring software. After cleaning and checking for data
quality by standard methods for microarrays and Principal Component Analysis
(PCA) we used a cutoff of > 1.5-fold differential expression as a threshold.
Statistical t-test was then run on biological replicate samples to identify those
MiRNAs meeting a statistical threshold of p<0.05. A Benjamini-Hochberg
correction was used for minimizing type 1 errors associated with multiple testing.
We performed on the first 12 microarray samples (representing 4 subjects/group)
two sets of comparisons. First, to define the specific Treg miRNA signature for
each cohort of subjects, we identified differentially expressed miRNA between
Treg and Teff cells for that cohort (e.g. healthy Treg vs. healthy Teff cells, and
COPD Treg cells vs. COPD Teff cells,...). Second, we did group comparisons of
the miRNA expression within the same cell populations (healthy Treg vs.
smokers Treg vs. COPD Treg cells) to identify miRNAs associated with each

cohort of subjects but for that particular T cell phenotype.
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CHAPTER 3

RESULTS

FoxP3+ T Cells are Increased in the Lungs of Patients with COPD

and Correlate with Disease Severity

We have previously demonstrated, like other investigators(34;61;90), the
presence of increased T cell infiltration into small airways in COPD, with a
predominance of CD8+ cells(90;152). In order to examine the association
between COPD and Treg cells we performed immunohistochemical staining and
guantitated the presence of FoxP3+CD4+ in lung tissue of COPD patients and
controls. We examined 49 lung specimens to include 8 non-smokers, 14
smokers, 3 patients with mild COPD (GOLD stage 1), 8 patients with moderate
COPD (stage 2), 5 patients with severe COPD (stage 3), and 11 with very severe
COPD (stage 4) (Table 2). Healthy smokers (n=14) showed no evidence of
airflow obstruction. Lung tissue was obtained from lung reduction surgery,
transplantations, and resection surgeries (of COPD patients and smokers), and
unused donor lung (smokers and non-smokers). Despite screening first the lung
tissue section with H&E staining, there were lower numbers of identifiable BALTs
per case in non-smoker subjects compared to smokers and COPD patients.
There was no difference in age and gender between the three groups. CDA4+
cells were significantly lower in small airways of non-smokers and tended to be

lower in BALTs as well. Our results show that FoxP3+ cells exist both in small
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airways and BALTs (Figure 11) and that these cells are increased in COPD
(expressed as /mm? and as % of CD4+ cells) compared to smokers in both
BALTs and small airways (Table 2). Interestingly, the Foxp3/CD4+ percent
within each group was no different between BALT and small airways suggesting
that the same process is driving BALT and small airways Treg cell homing and

recruitment.
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Table 2: Characteristics of Subjects Having Immunohistochemical Analysis of

FoxP3+ Cells

Smokers
(n=14)
Age, years 61+7 55+ 17 48 + 17 ns
Gender, males 52% 50% 50% ns
FEV,, % predicted 46 + 24 93 +12 <0.001
FEV,4/FVC % 46 +17° 82 +12 <0.001

Number of patients with

BALT 26 10 5

Small airways 24 12 8
Number of BALT t
analyzed 133 40 9 <0.05
Number of airway 100 45 o8 ns
analyzed
CD4+, cells/mm?

BALT 1051 +536 = 1261 + 1123 757 £532 ns

Small airways 98 + 97 104 +105 29+ 36 * <0.05
Foxp3, cells/mm?

+
BALT 319+273 1 100 £ 128 143 + 150 <0.05
+

Small airways 21+28 9+14 4+6 <0.05
Foxp3/CD4+, %

BALT 37+39° 11+18 29 + 48 <0.05

Small airways 39 + 108" 12 +19 27 + 60 <0.05

* Non-smokers versus smokers and COPD

+
T COPD versus smokers and non-smokers
T COPD versus smokers
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Figure 11: FoxP3 Immunohistochemical Staining of Lung Tissue. Panels A and
B show a small airway and panels C and D show a BALT from a patient with
COPD. Brown cells are positive for the intracellular staining of Foxp3+. Panels
B and D are negative controls.
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We then performed further statistical analyses on the same patients
(Table 2) correlating FoxP3+ cells with both spirometry data and GOLD stages,
classifying them into a control group (non-smokers and smokers), GOLD stages
1-2, and GOLD stages 3-4. Non-smokers were grouped with smokers because
of their small numbers, lack of differences between them (except CD4+ in small
airways), and presence of ex-smokers in the smokers group. Our results showed
more FoxP3+ cells in small airways of patients GOLD stages 3-4 compared to
control group, with similar trend that did not reach statistical significance in
BALTs (Figure 12). The same association was observed when we analyzed the
correlations between FoxP3+ cells (in both small airways and BALTs) with
severity of disease based on degree of airflow obstruction and GOLD stages

(Table 3).
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Figure 12: FoxP3+ Cells Density in Small Airways and BALTs. Data are

expressed /mm? and as % of CD4+ cells in our COPD patients and controls.

* p< 0.05. (NS= nonsmokers, Smk = smokers)
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Table 3: Correlations of Foxp3+ and CD4+ Cells with Disease Severity

Small Airways

BALT

CD4/mm? | FoxP3/mm? | FoxP3/CD4 CD4/mm?  FoxP3/mm? FoxP3/CD4
Age - - - - - -0.18
(p = 0.05)
FEV,, % - -0.26 - 0.19 -0.30 -0.20
predicted
(p=0.01) (p=0.04) | (p=0.0004) (p =0.04)
FEV,/FVC, - -0.30 - - -0.34 -0.25
% predicted
(p = 0.005) (p <0.0001) | (p=0.01)
GOLD stage 0.22 0.34 - - 0.38 -
(p =0.001) | (p <0.0001) (p <0.0001)
BALT area, - - - - - -
mm?
CD4/mm? 0.55 -0.15 - -0.42
(p <0.0001) | (p=0.04) (p < 0.0001)
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Non-Specific Suppressive Function of Peripheral CD4+CD25+

Treg Cells is not Impaired in COPD

We tested the Treg cell suppressive activity by culturing these cells along
with autologous Teff cells while serially diluting the Treg cell population in round-
bottom 96-well plates, as described in Material and Methods (Figures 6 and 7).
Effector T cells and Treg cells were isolated from peripheral blood mononuclear
cells (PBMC) using the CD4+CD25+ Treg kit (Miltenyi Biotech). We confirmed
the phenotype of the cells by flow cytometry (CD4-PerCP5.5, Foxp3-PE,
eBioscience) demonstrating that our isolated CD4+CD25+ cells were 62-80%
FoxP3+. Each well was stimulated with Treg Suppression Inspector beads
(Miltenyi, Cat # 130-092-909) at a Teff cell to bead ratio of 1:1. After 4 days of

incubation, we determined Teff cell divisions by CFSE dilution (Figure 8).

The Treg cell suppression assays were done in peripheral blood T cells
obtained from healthy nonsmokers, smokers without COPD, and COPD patients
(Table 4). We found significant variability of Teff cell proliferation curves within
each group of subjects which may be attributed to either the purity of the isolated
Treg cells or to the variability of Treg cell suppression and Teff cell responses, or
to both factors. Consequently we observed no difference in Teff cell proliferation,
hence no difference in Treg suppression, between COPD and both control

groups (Figure 13).
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Table 4. Demographics of Subjects Having Functional Treg Cell Assays

Healthy Smokers
Non-smokers without COPD

(n =6) (n =10)
Age, years 53+10 54+9 58 +8
Gender (M) 33% 62% 45%
Race (AA) 33% 75% 78%
FEV1, % 95+ 22 68 + 12*
predicted
FEV./FVC, % 74+ 3 54 +13*
*p<0.01
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Figure 13: Teff Cell Proliferation Graphs in Our Three Groups of Subjects. Each
line in every panel represents one individual in that group. Panel D shows no

differences in the Teff proliferation (or Treg suppressive function) in the 3 groups
(each line in panel D represents the mean Teff proliferation curve for each group

of subjects).
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Cigarette Smoke Alters the Treg Cell Function in COPD

but not in Healthy Controls

Before we determined the effects of cigarette smoke extract (CSE) on
Treg cells function we performed toxicity assays in these cells. After identifying
the optimal CSE concentration we repeated the Treg cell suppression
experiments after exposing Treg cells to CSE. These experiments were done in a
subset of subjects that were included in the previous functional Treg cell assays
(Table 4). Our results show that after CSE exposure COPD isolated Treg cells
increased suppression by 16% whereas there was no change in suppression in

healthy Treg cells (Figure 14).
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Figure 14: Treg Cell Suppression with Exposure to CSE. There is increased
Treg suppression in CSE-treated Treg cells in COPD patients but not in healthy
subjects (p = 0.9 for healthy, p = 0.01 for COPD)
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Improving Treg Cell Purity

To study gene expression and miRNA profile of Treg cells we changed the
protocol for Treg cell separation. This was done because there were significant
Foxp3- cells (20-38%) in the CD4+CD25+ cell population. In addition, activated
non-Treg CD4+ cells may transiently express FoxP3 so we had to improve on the
purity Treg cell population before performing the miRNA profiling to avoid a
substantial miRNome overlap between Treg and Teff cells. We collected blood
in EDTA tubes, obtained the PBMCs by Ficoll-Paque gradient centrifugation,
isolated CD4+ CD127- cells using magnetic cell separation (Miltenyi, Cat # 130-
094-775), then used these purified cells in another Treg kit (CD25+CD49- T Cell
Isolation Kit, Miltenyi, Cat # 130-094-551) to isolate our final CD4+CD25+CD127-
CD49- Treg cells. T effector (Teff) cells were purified from a different
CD4+CD25+ Treg kit (Miltenyi, Cat # 130-091-30) isolating the CD4+CD25- cells
as our Teff cells of interest. We confirmed the phenotype of the cells by flow
cytometry (CD4-PerCP5.5, Foxp3-PE, eBioscience) and tested their suppressive
activity as done in previous section by suspending 50x10° cells along with
50x10° Teff cells in culture medium in 96-well plates, while serially diluting the
Treg cell population. The resulting Treg cell population was > 90% FoxP3+
(Figure 9) and showed the typical suppression activity as demonstrated in prior

assays.
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Extracting RNA for miRNA Analysis

We used mirVana miRNA Detection kit (Applied Biosystems, Life
Technologies, Carlsbad CA) to extract total and low molecular weight (LMW)
RNA from the purified Treg and Teff cells. We quantified the concentration of
total RNA using the Nanodrop Spectrophotometer then used the Agilent
Bioanalyzer to assess for quality of the microarray samples (Figure 9). We were
able to obtain adequate samples from 4 COPD active smokers (FEV; 52+20%,
FEV1/FVC 47+11%), 4 active smokers without COPD (FEV; 8422, FEV,/FVC
82+2%), and healthy never smokers. Subjects and patients were matched by age
and gender for these experiments (p > 0.05). All 12 samples were confirmed to
have good quality RNA based on their RNA Integrity Number (RIN) and
electropherograms. We labeled and hybridized 400ng to 500ng of the extracted
RNA on the Human v2MicroRNA Expression BeadChips (Illumina, San Diego,

CA).

COPD Affects Expression of miRNA in Peripheral

Treg Cells but not Teff Cells

After baseline transformation and quantile normalization of the array
scans, data were then exported in tab-delimited format and checked for quality.
The miRNA profile in COPD Treg cells was more heterogeneous compared to

healthy subjects. All of healthy samples in each of the two cell categories
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exhibited strong correlation in principal component analysis (PCA) (Figure 15).
For COPD we observed some degree of clustering in Teff cells but not in Treg
cells suggesting that COPD, rather than smoking, may be in part responsible for
miRNA differences. In total, 38 mMiRNAs could be considered Treg-specific
since they were differentially expressed between Treg and Teff cells, 7 were
found in COPD current smokers. Figure 16 shows the 38 miRNAs that were
differentially expressed between Treg and Teff cells in the three subject groups
with few miRNA overlapping between them. Of note miR-31, the one common to
all samples, has been reported to be downregulated in Treg cells and has been
validated to target FoxP3(112). This finding further confirms that we were
successful in isolating the FoxP3+ Treg cell population. We also approached the
MiRNA analysis from a different perspective by performing group comparisons of
their respective Treg cells independently of Teff cells, i.e. we compared the
MIiRNA expression of COPD Treg cells versus smokers Treg cells versus
nonsmokers Treg cells, in an attempt to identify disease-specific miRNAs. There
were 6 and 96 miRNAs that were specific to COPD versus healthy nonsmokers
and smokers respectively (Table 5). Remarkably, of the 743 miRNAs tested on
the lllumina platform, we found no difference in miRNA expression between the
Treg cells of healthy nonsmokers and healthy smokers. Moreover, the data
show that the steady-state levels of miRNAs in Teff are not different in smokers,
healthy and COPD, whereas the miRNAs changes were mostly observed in their
Treg cells suggesting that miRNA alteration in Treg cells may play a role in the

immune dysfunction in COPD.
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mmmm COPD current smokers, n=4
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B Hecalthy non-smokers, h=4

Figure 15: Clustering Based on Principal Component Analysis of the miRNome.
3-Dgraph demonstrating strong clustering of both cell phenotypes in healthy
individuals (non-smokers and current smokers) but not in COPD patients. A Treg

cells; m Teff cells.
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Treg vs. Teff cells

miR-105, miR-107, miR-1226,
. miR-125a-5p, miR-127-3p,
miR-125b MiR-130b, MiR-134, miR-16-1
miR-193b miR-340 miR-139-3p,miR-192, miR-194,
miR-296-5p miR-21, miR-30a, miR-338-3p,
miR-503 mlR—§:2‘{5rg|§—409é3:>é ;n;I),R_M 0,
. miR-455-3p,miR-485-3p,
mfR 14 MiR-487b, MiR-509-3p,
miR-708 miR-495 miR-744
miR-99a

miR-193b*

miR-199a-5p
miR-222
miR-615-5p B COPD current smokers, n=4
miR-95 B Healthy current smokers, n=4

B icalthy non-smokers, n=4
Solexa-8000-104

Figure 16: Differential Expression of Treg-Teff Cell miRNAs. Venn diagram
showing the Treg-Teff cell miRNA differential expression in the three groups (n =

12 subjects, 4/group) based on our miRNA microarray analysis.
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Table 5: Differential Expression of miRNAs in Treg Cells in the 3 Subject Groups

Healthy Smokers vs. COPD (n=4/group)

miRNA

HS 89

HS 45.1
hsa-miR-455-5p
hsa-miR-588
HS 239
hsa-miR-485-3p
hsa-miR-1226
HS 279 a
hsa-miR-24-2*
hsa-miR-766
hsa-miR-1255a
HS 265.1

HS 54
hsa-miR-129-5p
HS 261.1
hsa-miR-1254
hsa-miR-518b
HS 7

HS 231
hsa-miR-488*
HS 9
hsa-miR-382
hsa-miR-1288
HS 140
hsa-miR-130a*
hsa-miR-512-5p

hsa-miR-517a,hsa-miR-517b

hsa-miR-1293
HS 69
hsa-miR-557
hsa-miR-220b
hsa-miR-589
hsa-miR-7-2*

Regulation
up
up
up
up
up
down
down
down
up
down
down
up
down
up
up
up
up
up
up
up
up
down
up
up
up
up

up
up
up
up
up
up

91

Fold
Change

27.38317
23.08529
16.383944
13.59832
6.163242
5.93402
5.129203
3.141802
2.887127
2.8561344
2.3575296
9.219544
6.1080256
3.9794931
23.864618
4.4488416
15.467727
13.783942
20.770237
19.46952
8.412415
5.043064
3.1544547
32.486202
16.472689
13.189547
12.700941
10.3773775
10.135265
9.471078
9.369737
9.189124
8.774289

Corrected
p-value

0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.01125464
0.013895049
0.013895049
0.013895049
0.01403595
0.015032484
0.015255101
0.015255101
0.016770795
0.016770795
0.016770795
0.016770795
0.016770795
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271
0.01796271



Table 5, continued

HS 86
hsa-miR-585
hsa-miR-219-1-3p
hsa-miR-642
hsa-miR-1289
HS_ 3

HS 97
hsa-miR-495
hsa-miR-744
hsa-miR-92a-1*
hsa-miR-646
HS 131
hsa-miR-1282
HS 280 b
hsa-miR-133b
hsa-miR-493
hsa-miR-9*
hsa-miR-148b
hsa-miR-520e
HS 104

HS 188
hsa-miR-671-3p
hsa-miR-645
hsa-miR-1247
hsa-miR-15a*
hsa-miR-595
hsa-miR-1231
hsa-miR-34a*
hsa-miR-940
hsa-miR-664*
hsa-miR-532-5p
hsa-miR-193a-3p
hsa-miR-25*
hsa-miR-614
hsa-miR-1228*
hsa-miR-99b
hsa-miR-1181

up
up
up
down
up
up
up
down
down
down
up
down
up
up
up
up
up
down
up
up
down
down
up
up
up
up
up
up
up
down
up
up
down
up
down
down

up

92

8.203338

5.713425

5.547852

4.8320518
3.9599297
3.6332407
3.4529877
3.0257738
2.8843436
4.3537264
7.6273828
3.0816085
14.016881
4.933263

3.2376683
20.183887
6.0745497
3.7227008
3.7197418
2.3564506
3.0010757
5.5437617
2.9136062
2.315489

24.498096
18.01384

8.167572

6.3349833
3.138609

2.9273129
2.8860922
2.2486937
2.0282176
5.6294622
2.4538271
7.825595

11.279975

0.01796271

0.01796271

0.01796271

0.01796271

0.01796271

0.01796271

0.01796271

0.01796271

0.01796271

0.018288007
0.020417802
0.020624436
0.020950753
0.020950753
0.020950753
0.021170437
0.021170437
0.021170437
0.021170437
0.021170437
0.024830526
0.027729966
0.027729966
0.027729966
0.027765214
0.027765214
0.027765214
0.027765214
0.027765214
0.027765214
0.027765214
0.027765214
0.027765214
0.032409694
0.03297551

0.033210814
0.034011308



Table 5, continued

hsa-miR-302b*
hsa-miR-622
hsa-miR-512-3p
hsa-miR-654-3p
hsa-miR-196a
hsa-miR-1468
hsa-miR-1301
hsa-miR-521
HS 33
hsa-miR-130b*
HS 87
solexa-3793-229
hsa-miR-302d
HS 176
hsa-miR-644
solexa-7297-115
hsa-miR-509-3p
hsa-miR-216a
hsa-miR-1295
HS 202.1
hsa-miR-185
HS 189.1
hsa-miR-98
hsa-miR-152
HS 52
hsa-miR-1200

up
up
up
up
down
up
up
up
up
down
up
down
up
up
up
up
up
up
up
up
down
down
down
down
up
up

Healthy non-smokers vs. COPD (n=4/group)

miRNA

HS 104

HS 131

HS 231

HS 89
hsa-miR-28-3p
hsa-miR-520e

Regulation
up

down

up

up

down

up

93

6.207734
8.545404
8.479208
5.275083
3.790756
11.807145
2.6259694
2.5828485
9.56027
3.1034508
8.089956
4.7279954
4.82556
12.213609
11.627363
7.621438
4.8446107
4.044855
2.062371
13.652235
2.336318
2.29202
2.444851
5.3975444
3.2116907
2.770809

Fold
Change

2.5134962
3.1777682
36.687412
22.116358
2.4953096
4.571128

0.034011874
0.03428022
0.03428022
0.03428022
0.03428022
0.036633596
0.036633596
0.036633596
0.039744373
0.039744373
0.04282038
0.04282038
0.043252748
0.04353352
0.04363611
0.04363611
0.04363611
0.04363611
0.04363611
0.045086987
0.045086987
0.045086987
0.047097936
0.048580367
0.048580367
0.048580367

Corrected
p-value
0.04564798
0.02006529
0.036239892
0.036239892
0.005443225
0.036239892



miR-199a-5p and HIF-1a Are Downregulated in COPD Treg Cells

We used quantitative real-time RT-PCR to confirm the differential
expression of a select number of miRNAs. We analyzed the differential
expression of miR-19b, miR-31, miR-95, miR-99a, miR-193*, miR-199a-5p, miR-
382, miR-485, and miR-520e, normalized to expression of endogenous control
RNU48. All PCR were run in triplicate. Data from all gRT-PCR experiments
were analyzed using the comparative AACt method. We chose a select subset
of miRNAs based on their level of significance and potential function and we
included miR-19b as control, which is known to have similar expression between
Treg and Teff cells(151). We performed our validation on miR-31, miR-95, miR-
99b, miR-193b*, miR-199a-5p, MiR-382, miR-485, and miR-520e in the same
microarray samples, except for one sample because we ran out of his RNA, and
enrolled additional subjects in each group (n=18) (Figure 17). As expected from
our control, there was no difference in miR-19b expression between the Treg and
Teff cells within and between the groups. We were unable to detect miR-99a
and miR-520e in Treg cells based on the RNA concentrations we used. The
expression of miR-31 and miR-193b* was too low or undetectable in many of
Treg cell samples to perform meaningful comparisons between the groups. As
for miR-95, miR-199a-5p, miR-382, and miR-485-3p we only found significant
differences in expression in two miRNAs between COPD and smokers’ Treg
cells, miR-95 and miR-199a-5p (Figure 17A). We decided to pursue and report
on miR-199a-5p after we expanded our sample size (Table 6) because we were
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able to maintain a statistical significant difference in the previous analysis and
because this miRNA, in comparison to the rest of our selected miRNAs, had the
most hits when we performed the In Silico analysis. We found miR-199a-5p to
be significantly overexpressed in Treg cells compared to Teff cells (p<0.001) and
that it was consistently upregulated by almost 4-fold in healthy smokers Treg
cells than COPD and healthy nonsmokers Treg cells (p = 0.04) (Figure 17B). We
found a weak but significant correlation between miR-199a-5p expression and
age (r* = 0.13, p = 0.03) but no significant associations/differences with %

predicted FEV,, FEV1/FVC, race, gender, or being on inhaled corticosteroids.
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Figure 17: Differential miRNA Expression in Treg Cells by Real Time RT-PCR. A. Log2
RQ plots showing fold change for some of the RT-PCR validated miRNAs referenced to
healthy nonsmokers in Treg cells. COPD patients and healthy smokers are referenced
to healthy nonsmokers (n = 6, 7, and 5 respectively). * p < 0.05 between COPD and both
healthy subjects, mean + SEM). B. Plot comparing miR-199a-5p expression between
COPD and controls. This panel shows RQ plot, based on AACT obtained from real time
RT-PCR, fold change in expression of miR-199a-5p Treg cells in the 3 groups
referenced to healthy non-smokers (n=35; 12 healthy non-smokers, 12 healthy smokers,
and 11 COPD patients). miR-199a-5p were normalized to expression of endogenous
control RNU48. The COPD group had 1 less subject because his RNA sample ran out

after running the microarray (mean + SEM).
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Table 6: Demographics of Subjects Having miRNA Validation (n=12/group)

Healthy Current Smokers  Current Smokers
Non-smokers without COPD with COPD

Age, years 535 49 + 6* 565
Gender (male) 6 5 10
Race*

Caucasian 8 4 11

African American 2 8 1
Other 2 0 0
FEV., % predicted 88 + 15* 59+19
FEV./FVC, % 80 £ 5* 53+12

* p< 0.05, COPD vs. smokers without COPD. (postbronchodilator values)
¥ The proportion of racial composition in groups is different, p = 0.048

Data presented as mean =+ SD.
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HIF-1a is a validated target of miR-199a-5p and modulates the Th17/Treg
response(153) so we measured its expression in Treg and Teff cells. We found
HIF-1a to be downregulated by 41+27% in Treg cells compared to Teff cells (p <
0.001) and that its expression although lower in COPD versus healthy smoker
Treg cells but it didn’t reach statistical significance in this sample size (Figure
18). Surprisingly, HIF-1a expression in Treg cells was weakly but positively
correlated with miR-199a-5p expression (r* = 0.27, p < 0.002). There was no

correlation between HIF-1a and severity of disease, race, gender, and age.
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Figure 18: HIF-1a Expression. RQ plot, based on AACT obtained from real time
RT-PCR, showing fold change in expression of HIF-1a in all Treg and Teff cells
(A) and in Treg cells in the 3 groups (B). HIF-1a was normalized to expression of
endogenous GAPDH. (A) There is a significant downregulation of HIF-1a in Treg
cells compared to Teff cells. (B) HIF-1a expression in Treg cells in smokers was
higher than in non-smokers Treg cells. (n=35; 12 healthy non-smokers, 12
healthy smokers, and 11 COPD patients, mean £ SEM).
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In Silico Analysis ldentifies the TGF-B Pathway

and Putative Target Genes of miR-199a-5p

Predicted mRNA targets under the regulatory control of the identified
mMiRNAs were obtained from three databases (Targetscan, miRWalk, and
miRanda) on miRWalk(150) and cross-referenced with published gene
expression profiles of Treg cells(151). We then performed analysis of the
intersected potential targets using the Ingenuity Pathway Analysis (IPA) platform
to map them into networks, canonical pathways, and molecular function. We
found a significant number of putative downregulated targets of miR-199a-5p in
the mRNA 3 UTR region (Table 7)(151). These predicted genes were
overrepresented in the cell movement, amino acid metabolism, and post-
translational modification networks (scores = 2-13, Table 8). Ingenuity Pathway
Analysis assigns network scores and p values for pathways that reflect the
probability that each network or pathway can be achieved by chance alone. A
score of 3 is considered to be significant (1 in 1000 chance that genes are
integrated in that network by pure chance). The classification of these genes
according to top pathways showed the strongest association with the TGF-$
signaling pathway (Table 9, Figures 19-20). We were also able to grow the TGF-
B signaling network by 7 additional molecules at 14 relationships when we
included any gene that is associated with the interaction network and was

identified as relevant within the miR-199a target list (Figure 21).

100



Table 7: Treg cell Genes that Are Predicted miR-199a-5p Targets

Gene Name Treg v. Thelp Treg v. Thelp Treg v. Thelp  Treg v. Thelp

(Stimulated) (Resting) (Stimulated) (Resting)
ANK3 -2.232 -1.773 0.001 0.012
ARHGEF12 -1.950 -1.534 0.010 0.096
ACVR2A -1.538 -1.456 0.005 0.007
GLIPR1 -0.754 -1.093 0.053 0.078
ZNF215 -1.094 -0.766 0.017 0.069
SRGAP3 -0.626 -0.764 0.049 0.067
KLF12 -0.669 -0.724 0.021 0.079
C1GALT1 -1.036 -0.683 0.013 0.096
SOS2 -0.568 -0.546 0.015 0.034
ZNF117 -0.804 -0.506 0.062 0.094
GALC* -0.682 -0.443 0.010 0.070

Differentially expressed Treg cell genes that are downregulated and are
predicted targets of miR-199a-5p. The first 2 columns are log2 fold change, and
the last 2 columns represent the respective FDR adjusted p value. *GALC was
predicted by miRanda only; all other genes were found in the three databases
(Targetscan , MiRanda, and MirWalk).
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Table 8: Top Networks of miR-199a-5p Targets

Associated Network Functions Score*

Cellular Movement, Amino Acid Metabolism, Post-Translational 13

Modification

Cardiovascular System Development and Function, Cell-To-Cell

Signaling and Interaction, Connective Tissue Development and 3
Function

Carbohydrate Metabolism, Cell-To-Cell Signaling and Interaction, 3
Hematological System Development and Function

Gene Expression, Cell Cycle, Cell Morphology 3
Cell Death, Cell Cycle, Cancer 5

* In Ingenuity Pathway Analysis a score of 3 is considered to be significant (1 in

1000 chance that genes are integrated in that network by pure chance)
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Table 9: Top Canonical Pathways Associated with Predicted Targets of miR-

199a-5p
Name p-value
TGF- Signaling 1.4E-03
Axonal Guidance Signaling 2.3E-03
PPARo/RXRa Activation 6.6E-03
Breast Cancer Regulation by Stathmin1 8.4E-03
Actin Cytoskeleton Signaling 1.1E-02
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Figure 19: TGF-f signaling Network. Ingenuity
Pathway Analysis of the TGF-B signaling
network based on interacting set of genes that
are miR-199a-5p predicted and found in the Treg
cell transcriptome (p = 0.001). The green
colored genes are part of the Treg cell signature.
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Figure 20: TGF- and PPARa Signaling Pathways. Ingenuity Pathway Analysis
of the TGF-B and PPARa signaling pathways overlapping with same
components. (PPARa activation pathway, p = 0.006).
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Figure 21: Growing the Signaling Network. We included any gene that appear
from the miR-199a target list adds 7 additional molecules at 14 relationships to

the TGF-B signaling pathway.
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Knockdown of miR-199a-5p Upregulates the Expression

Of Some of Its Predicted Target Genes

To analyze the TGF-B pathway we used TGF-B treated CCD-986Sk
human fibroblast cells (ATCC) and ran their mRNA on TagMan® Array Human
TGF-B Pathway 96-well plates (Life Technologies, Cat # 4418742) (Figure 10).
We used these patrticular cells because they are known to endogenously express

miR-199a-5p(131).

To assess the potential functional activity of miR-199a-5p miRNA we
transfected the CCD-986Sk cells with LNA™ microRNA inhibitor and negative
control then treated them with TGF-B. The final optimal concentrations for LNA
and Lipofectamine that yielded > 90% transfection efficiency were: 100 pmole
LNA and 3.5 pl of Lipofectamine. We assessed the transfection efficiency under
direct visualization using fluorescently labeled mMIRCURY LNA™, Our
transfection efficiency was achieved without causing significant cell death or
changing the phenotype of the cells (Figure 22). We also performed Western
Blot analysis of phosphoSmad2 (pSmad2) to confirm activation of the TGF-f
pathway (Figure 23A). Our results show that miR-199a-5p may serve to repress
expression of some of the gene in the panel in vitro, most pronounced being

genes within the bone morphogenic protein (BMP) pathway (Figure 23B).
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LNA Transfected Lipofectamine Control

Figure 22: Transfection of CCD-986Sk Cells With LNA. Photomicrographs of
CCD-986Sk cells obtained 48 hours after the transfection reaction with 3’-
fluorescein labeled miR-199a-5p mIRCURY LNA™ microRNA inhibitor versus
Lipofectamine™ 2000. The negative control miRCURY LNA™ showed the same
transfection efficiency (>90%) as the miR-199a-5p miRCURY LNA™ inhibitor.
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FIGURE 23: Effects of miR-199a-5p Inhibition on TGF-  Pathway in CCD-986Sk
Cells. A- Western blot analysis of miR-199a-5p LNA transfected CCD-986Sk

cells treated with TGF-3 compared to Lipofectamine control and negative control

shows no difference in pSmad2 expression when normalized to Smad2 (p =

0.92). The same was noted when pSmad2 was normalized to GAPDH. Data are
presented as mean = SD, n = 3. B- RQ plot obtained from the Tagman TGF-f3
array plate analysis of the pooled RNA of LNA transfected CCD-986Sk cells

showing fold change of genes that were overexpressed by > 20% versus

negative control (n = 3).
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The disinhibition of BMP3 and BMP4 was most pronounced in the CCD-
986Sk cells without any increase in Smad expression which suggests that miR-
199a-5p may be playing its role by regulating the Smad-independent pathways.
We were also interested in analyzing the expression of HIF-1a in our knockdown
model because HIF-1a is a validated target of miR-199a-5p and a modulator of
the T cell response(150;153). As expected, we observed an increase HIF-1a
expression with miR-199a-5p inhibition and TGF- treatment but it didn’t reach
statistical significance possibly because of small sample size (relative expression
of HIF-1a in negative control and LNA 1.39 + 0.27 and 1.52 + 0.26 compared to

Lipofectamine control, n=3, p = 0.2).

Overexpressing miR-199a-5p Downregulates BMP4 Gene

Expression in MOLT-4 cells

We used MOLT-4 cells, a lymphoblastic leukemia cell line, to study the
effects of overexpressing miR-199a-5p on BMP4 regulation. We found that this
cell line does not express miR-199a-5p, had better survival and transfection
efficiency, and had higher expression of BMP4 with EGCG stimulation by real-
time RT-PCR. EGCG is a polyphenol and is the most abundant catechin in tea; it
is found mainly in white tea, green tea and, in smaller quantities, black tea.
EGCG is a strong topoisomerase inhibitor similar to certain chemotherapeutic
antineoplastic agents but may reduce the bioavailability of other drugs(154).
MOLT-4 cells were transfected with a miRNA mimic and labeled control,
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(miRIDIAN microRNA Human Hsa-miR-199a-5p and miRIDIAN microRNA
transfection control with Dy547) diluted in Dharmacon 5X siRNA Buffer. We
treated transfected MOLT-4 cells with 10 and 50nM of EGCG diluted in 1:1000
DMSO for 48 hours but the 50nM gave a more pronounced increase in BMP4.

The same aforementioned kit was used to extract RNA followed by Taqman® real

time RT-PCR to quantitate BMP4 gene expression. We noted that
overexpression of miR-199a-5p in MOLT-4 cells resulted in significant
downregulation of BMP4 expression which also supports the observation that
some BMP members may be directly or indirectly regulated by miR-199a-5p

(Figure 24).
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Figure 24: Effect of miR-199a-5p Overexpression on BMP4 in MOLT-4 Cells.
miR-199a-5p resulted in > 80% suppression of BMP4 expression after treatment
with epigallocatechin gallate (EGCG) (n = 3, mean + SEM, light blue color
columns + EGCG treatment diluted in DMSO vs. dark blue columns DMSO only).
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CHAPTER 4

DISCUSSION

There is an exaggerated T cell inflammatory response in COPD with
evidence of a disturbed balance between the various CD4+ populations including
Thl, Th1l7, and Treg cells(68;69;71) but current knowledge about mechanisms
contributing to such observations remains fairly limited. In addition, earlier and
even more recent investigations regarding Treg cells in COPD have
demonstrated conflicting results(49;82;83). The main goal of this project was to
characterize the Treg cell response in COPD with the initial focus revolving
around the Treg cell function. We then moved on to investigate the Treg cell
MIiRNA expression in order to identify particular pathways that are involved in
modulating their function and/or regulation. First, we found a correlation between
lung FoxP3+ cells and disease severity but we didn’t observe any difference in
the function of blood-isolated Treg cells between COPD and control subjects.
Second, we observed a significant change in the Treg cells suppressive activity
with exposure to cigarette smoke extract in COPD but there was a great
variability in response. With the limitations of the ex vivo functional assays in
mind, we proceeded to isolate a highly purified peripheral Treg cell population so
to compare their miRnome to that of Teff cells. We found that COPD, rather than
smoking, has a significant impact on miRNA expression profile in Treg cells

based on the miRNA microarray analysis. We confirmed specific miRNAs that
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were identified in the microarray miRNA signature of smokers with and without
COPD and found that the miR-199a-5p response is significantly blunted in COPD
Treg cells compared to Treg cells in healthy unaffected smokers. We also
showed that miR-199a-5p was specific to Treg cells, versus Teff cells, and that a
significant overrepresentation of its target genes was found in the Treg cell
transcriptome. Importantly, many of the identified miR-199a-5p target genes
were associated with the TGF-B signaling pathway. Interrogating the TGF-
pathway in select cell lines also suggested that BMP signaling may be regulated
by miR-199a-5p and implicating a non-Smad2 component within the TGF-3

signaling pathway.

Studies that addressed the active immune suppressive mechanisms
involving Treg cells in COPD are inconclusive(49;77;80;152;155). However,
more recent data suggest that a Treg cell pro-inflammatory response prevails in
COPD, rather than having an exaggerated suppressive activity(12;68;69;71). We
observed a correlation between the lung Treg cell density and severity of airflow
obstruction which may suggest that the Treg cell response is disturbed and
contributes to development of COPD. However, as with most descriptive data, it
is not possible to conclude whether the Treg cell increase in lung tissue is
pathogenic or not. Unfortunately the design of the initial experiments was of
major limitation in trying to reach a conclusion regarding the Treg cells
suppressive activity in our patient population. In retrospect, it was not surprising
to see no difference in Treg cell function with just anti-CD3/CD28 mAb Teff cell

stimulation as there are probably many other factors that are involved in shaping
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the Treg cell differentiation and function (e.g. oxidative stress and presence of
other activators of the adaptive and innate immunity); in addition, identical results
were obtained when almost the same protocol was used by other investigators
(using soluble anti-CD3 and CD28 mAb along with irradiated T cell-depleted
PBMC cells as antigen presenting cells [APCs])(49). Likewise, in cigarette
smoke exposed mouse model, and performing a slight variation of our Treg
suppression assay to stimulate the responder T cells (using Dynabeads M-450
Epoxy coated with anti-mouse CD3e Ab) there was no evidence of any change in
Treg cell suppression(156). On the other hand, the two studies that had a
different approach to study Treg cell function reported conflicting results with one
study showing impaired Treg cell suppression(83) while the other study showing
excessive suppression in COPD compared to controls(82). In the first study, the
investigators co-cultured Treg-depleted and non-depleted PBMCs stimulated with
staphylococcal enterotoxin-B (SEB) then analyzed T-cell activation by HLA-DR
expression; they reported that 15/15 healthy controls and 9/14 COPD patients
demonstrated adequate Treg-mediated suppression. The remaining 5 COPD
patients had evidence of a failure of Treg-mediated suppression. Of note,
patients with impaired Treg suppression had a higher body mass index (BMI)
(33-38 kg/m?)(83). In the second study, Teff cells (CD4+CD25-CD127+) were
stimulated with endotoxin-free P6 lipoprotein in the presence or absence of
autologous Treg cells (CD4+CD25+CD127-) at a 2:1 ratio of Teff to Treg cells.
Importantly and relevant to this study, the same investigators had shown that

lymphocytes from patients with COPD who had frequent nontypeable

115



Haemophilus influenzae (NTHI) exacerbations responded poorly to P6
lipoprotein, which is an outer membrane protein of NTHI(82). Therefore, the sum
of all these functional studies do not appear to be sufficient to conclude, or to
generalize, that Treg cell function in COPD is overly or inadequately suppressive
causing recurrent infection versus uncontrolled lung inflammation; hence, this
experimental approach does not seem to be ideal to answer this question. In
view of the limited results with the functional Treg suppression assays, |
proceeded to study the miRNA profiles of the Treg cells in order to identify
potential pathways that can explain the shift in the Treg/Thl and Thl1l7 cell

balance.

More convincing data showing a predominance of a pro-inflammatory
Treg, as well as a Thl and Th17, cell responses were obtained from studies that
analyzed T cell phenotypic changes under various conditions. Shan et al.
examined chemokine receptors expression induced by lung APCs and found that
only lung APCs isolated from subjects with emphysema induced expression of
Thl and Th17 cell-specific chemokine receptors in PBMC-derived CD4+ cells
(CXCR3 and CCRS5 for Thl and CCR4 and CCR6 for Th17)(68). They showed
that the expression of FoxP3 was upregulated in CD4+ cells cultured with lung
myeloid dendritic cells from controls but not emphysema under similar conditions.
Furthermore, and to support of their findings, the investigators found significantly
larger numbers of CD4+ cells that express CCR4/CCR6 and CXCR3/CCR5 in

the lungs of individuals with emphysema when compared to controls. They also
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demonstrated that with increasing concentrations of IL-17A and IFN-y lung
macrophages expressed CCL20 thus sustaining recruitment of the pro-
inflammatory DCs to the lung and inducing MMP12 expression. Chen et al.
studied the effects of cigarette smoking on CD4 cell differentiation in mouse
model and reported that smoking is a selective adjuvant that augments mucosal
Th17 but not Thl cell differentiation(71). They substantiated the role of Th17
cells in the development of emphysema by observing that IL-17RA-/- mice had
reduced macrophage recruitment with lower CCL2 and CXCL10 in BAL and
failure to develop emphysema after 6 months of cigarette smoking compared to
wild type (WT) mice. In another mouse model of COPD induced by chronic
cigarette smoking, Wang et al. found a significant increase in lung Th1l7 cells,
along with their corresponding cytokines (IL-17A, IL-6 and IL-23), in smoking
mice(85). They reported that lung tissue Treg cells were decreased with
cigarette smoke exposure and noted a similar tendency for the Th17/Treg ratio in
peripheral blood. These findings were duplicated by Eppert et al in their cigarette
smoke mouse model(156) and are likely to be of relevance in humans because
Di Stefano et al also found increased expression of some of the Thl7-related
cytokines (IL-17A, IL-22 and IL-23) in bronchial airways of COPD patients(69).
Hou et al, on the other hand, separated the FoxP3+ Treg cell population in
peripheral blood into a suppressive versus pro-inflammatory phenotypes (resting
Treg cells [CD25++CD45RA+], activated Treg cells [CD25+++CD45RA-], and IL-
17 and IFN-y secreting Treg subset [CD25++CD45RA-])(78). They found a

decrease in both resting and activated blood Treg cells (the suppressive
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phenotypes) and an increase in the cytokine-secreting Treg cells (the pro-
inflammatory phenotype). They showed also that the imbalance in Treg cell
populations was found in local Treg cells (from BAL) and that it was significantly
associated with severity of airflow obstruction along with enhanced CDS8 cell
activation(78). Taken together, these studies support the concept of a modulated
CD4+ cell reaction in COPD characterized by a dominant Thl and Thl7

responses and a weakened Treg cell suppressive response.

While mechanisms for the observed Th17/Treg cell imbalance and Treg
cell dysfunction have not been explored in most of the aforementioned studies a
number of transcription factors(153;157) and miRNAs(158) have been reported
to modulate the Treg cell response, some of which could be involved in COPD
and explain such shift. Smoking components could activate aryl hydrocarbon
receptors (AHR) which are ligand-activated transcription factors involved in
reactivation of xenotoxic metabolism(14). In animal models activation of the
AHR on both CD4+ and CD8+ cells leads to suppression of the cytotoxic T cell
response(15). Lin et al compared wild type Treg cells to ones with mutant FoxP3
expression and showed that the AHR is expressed at 5 folds higher levels in the
normal Treg cells (in supplement)(159). The investigators have done also
comparisons between the normal Treg cells and normal conventional cells, and
found a 3 fold enrichment of these receptors in the normal Treg cells as
compared to normal conventional T cells. Importantly, Quintana et al

demonstrated that AHR activation by its ligand 2,3,7,8-tetrachlorodibenzo-p-
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dioxin (TCDD) induced functional Treg cells that suppressed experimental
autoimmune encephalomyelitis. They also found that AHR activation by 6-
formylindolo[3,2-b]carbazole (FICZ) interfered with Treg cell development,
boosted Th17 cell differentiation and increased the severity of experimental
autoimmune encephalomyelitis in mice(157). Thus, AHR regulates both Treg
and Th17 cell differentiation in a ligand-specific fashion in a way that resembles
TGF-B1, which is also known to be critical differentiation factor for both.
Similarly, Chen et al showed that CSE augmented IL-17 and IL-22 expression in
Th17 cells postulating that one mechanism by which cigarette smoke acts as a
Th17 adjuvant is via AHR. In support of their conclusion, they found that T cells
form Ahr-/- mice did not show increased Th17 differentiation with CSE or with
FICZ(71). Other metabolic factors such as retinoic acid and hypoxia have been
reported to be involved in reciprocal regulation of Treg and Thil7 cell
differentiation(153;160). Mucida et al reported that retinoic acid is capable of
inhibiting the IL-6—driven induction of the Th17 cells and promoting Treg cell
differentiation(160) whereas Dang et al found that HIF-la promotes Thl7
differentiation (by directly inducing RORyt transcription) and inhibits Treg
differentiation(153). Dang et al also found that the highest HIF-1a expression in
CD4 cells was found in Th17 cells(153). When we compared the expression of
HIF-1a between Treg and T responder cells we found that Treg cells have a
significantly lower expression that Teff cells (Figure 18). This finding is to a
certain extent expected based on the fact that HIF-1a binds to FoxP3 and as a

result recruits the von Hippel-Lindau (VHL) protein ubiquitination machinery to
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mark FoxP3 for degradation(153). It is unclear how HIF-1a is regulated in Treg
cells and whether there is an ongoing HIF-1a repression in these cells under
hypoxic conditions. Having found overexpression of miR-199a-5p in Treg cells,
we postulate that miR-199a-5p may be involved in regulation of HIF-1a in this
context. Of note, however, we found no correlation between HIF-1a and miR-
199a-5p but this is possibly due to the fact that cells were studied under

normoxic basal/unstimulated state and without measuring protein expression.

MiRNAs play an important role in down regulating protein expression from
a gene at either the transcriptional or translational level. Computational analysis
estimates that miRNAs regulate >60% of the protein-coding genes in the human
genome(161). One miRNA may regulate a vast number of mRNAs forming
regulatory networks; conversely, a single mRNA may be affected by numerous
MiRNAs based on their seed regions. Of interest, miRNAs are stable molecules
that have been assayed in whole lung tissue, sputum, serum, BAL fluid, in
specific lung cells including fibroblasts, airway epithelium, endothelial cells, andin
peripheral blood cells. Importantly, cigarette smoke is an important factor that
correlates with dysregulation of several miRNAs. The expression of miRNAs is
generally downregulated in smokers compared to non-smokers in airway
epithelium(134), alveolar macrophages(162), and Ilung tissue(133). This
downregulation of miRNA expression in smokers was found to be in part related
to dysregulation of enzymes that are involved in miRNA generation (Figure 2).

Gross et al demonstrated that smoker alveolar macrophages have a defect in
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mMiRNA maturation and that was related to sumoylation of Dicer thus reducing its
activity(163). Several studies reported similar downregulation of miRNAs in
COPD including Let-7c in sputum and miR-146a in lung fibroblasts(132).
However, other investigators who also profiled differentially expressed miRNAs in
COPD tissue or cell samples reported an upregulation in certain miRNAs
(Tablel0). miR-223, miR-1274a, miR-15b, miR-146a were all found to be
upregulated in COPD lung tissue. Likewise, miR-638 was amongst the most
upregulated miRNAs in regional emphysema(140) and was inversely correlated
with extracellular matrix maintenance, oxidative stress response, and lung aging

pathways.
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Table 10: Select miRNAs That Are Involved in COPD

miRNA Source Change Reference

Let-7, miR-125b Sputum (vs. HNS) N Van Pottelberge(132) 2011
miR-20a/100/34c-5p/283 Serum (vs. HS) N Akbas(197) 2012
miR-7 0

miR-1 Skeletal muscle (U) l Lewis(198) 2012
miR-1/499/206/133 Plasma (U) 0 Donaldson(199) 2013
miR-15b/1274a/223 Lung tissue (vs. HS) ) Ezzie(133) 2012
miR-26b/29b/101/106hb/133b Plasma (vs. HS) J Soeda(200) 2013
miR-483-5p/152/629/532-5p N

miR-132-212 clusters BAL (vs. HS) ) Molina-Pinelo(201) 2014
miR-520e/302/92a/638/211/150 | Regional lung tissue 0 Christenson(140) 2014
miR-Let7- 181-30 clusters (vs. donor lungs) N

miR-34/199a-5p Lung tissue (U) ) Mizuno(137) 2012
miR-199a-5p Monocytes (U) J Hassan(144) 2014
miR-95/199a-5p Treg and Teff (vs. HS) N Chatila(130) 2014

Comparisons were made between COPD and different control subjects (HNS =

healthy non-smoker, HS= healthy smokers, U=unspecified).
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Our interest was to identify miRNAs that polarize the adaptive immune
response because they have the potential to contribute to the development of
COPD and may explain, to a certain extent, its inflammatory cellular and humoral
component. We analyzed the miRNA expression in Treg and Teff cells and
observed a strong clustering of samples in healthy subjects (nonsmokers and
smokers) for both CD4 cell phenotypes, but the difference between COPD
patients and healthy subjects was most striking in Treg cells (Figurel5, Table 5).
The miRNA profiles of the two T cell phenotypes were almost identical in healthy
subjects but not when compared with COPD Treg cells. In contrast, there was
no difference in the miRnome of Teff cells of COPD and healthy smokers. Since
we matched our subjects for smoking, these findings provide somewhat
compelling evidence that the miRNA expression is mostly altered in COPD Treg
cells and suggest that these changes are likely to be more relevant to COPD
immunopathogenesis than in Teff cells. In order to identify potential pathways
that are affected by the miRNA changes we overlapped the predicted targets of
miRNAs found in the COPD profile with published mRNA data of Treg cells. We
found that most hits were for miR-199a-5p (11 genes for miR-199a-5p versus <5
genes for the other miRNASs) and these hits were significantly associated with the

TGF-B pathway (Figures 19-21, Table 9).

miR-199a-5p is expressed in synovial and skin fibroblasts(131) and has
been shown to have a divergent functions in different models of carcinogenesis,

embryonic development, and cell differentiation(164). Its expression is finely
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regulated by promoter methylation and direct binding of transcription factors
(TWIST1 and EGR1)(131). There are two mature forms of miR-199a that are
derived from the same miR-199 precursor that was cloned from human
osteoblast sarcoma cells and mouse skin (from the 5’ half and the 3’ half)(165).
Both mature forms were eventually named miR-199a-5p and miR-199a-3p and
were shown to be expressed in humans. There are two loci that encode the
precursor of both mature forms in the human genome, one is on chromosome 1
(miR-199a-2) and the second on chromosome 19 (miR-199a-1). Studies showed
that both promoter regions on Chr 1 and Chr 19 are hypermethylated (>90%) in
cancer cells (testicular, breast, non-small lung, and colorectal cancers) but
hypomethylated in normal fibroblasts(131). In peripheral monocytes and
leukocytic cell lines miR-199a-5a is downregulated and its locus is
hypermethylated(131) except under normal ER stress response(144). miR-199a,
however, can be upregulated in many other cancers thus having important roles
in tumorigenesis (biliary, esophageal, ovarian, melanoma, cervical, bronchial
squamous cell cancers and acute myeloid leukemia)(164). It has been shown to
promote tumor progression in a few cancers(166) whereas in others it
suppresses growth and invasiveness(167). In non-malignant conditions, studies
revealed that miR-199a-5p is related to cardiomyocyte function and stress
response including hypoxia whereas miR-199a-3p is more involved in

hepatitis(164).

We found that miR-199a-5p is specifically upregulated in Treg cells but its

expression is repressed in COPD. These are novel findings and have not been
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reported before. Our findings raise questions about the function of miR-199a-5p
in these cells and the mechanism of its deregulation in COPD. Bioinformatics
analysis in the context of T cells was significantly positive in identifying the TGF-
B1 pathway as a main target of miR-199a-5p. Consistent with its putative
function in TGF-B signaling, Zhang et al demonstrated that miR-199a-5p is
upregulated by TGF-B in pulmonary artery smooth muscle cells and suggested
that they may form a negative feedback loop to ensure a contained TGF-
response(168). In addition, they reported that miR-199a-5p regulates the TGF-[3
signaling by targeting Smad4 in a cancer cell line(168). We interrogated the
TGF-B pathway in fibroblasts to explore other potential targets of miR-199a-5p to
TGF-B. Interestingly we found that the BMP pathway could be involved as well
and we were able to demonstrate the association between miR-199a and BMP4
in transfected MOLT-4 cells (Figures 23-24). Although we did not provide
functional data of miR-199a-5p on BMP pathway in primary T cells, two groups
reported strong and convincing evidence on the role of BMP signaling in T cell
biology. In the first study, Lu et al neutralized the BMP pathway using Noggin
and showed that BMP2/4 have a synergistic effect with TGF-$ on the induction of
Treg cells (169). Noggin is a BMP antagonist that inhibits the binding of BMP to
their cognate receptor. Interestingly, both BMP2/4 were upregulated with miR-
199a-5p inhibition in our cell model. In the second study, Yoshioka et al
analyzed the functional consequences of inhibiting BMP in Jurkat cells and
mouse CD4+ cells(170). They found that BMPR inhibition didn't affect

phosphorylation of Smad2 but rather decreased the phosphorylation of
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Smad1/5/8 and inhibited the differentiation of Thl7 and iTreg cells with marked

suppression of Tbx21 and Rorc(170).

BMPs are the largest members of the TGF-B superfamily of secreted
polypeptide growth factors. The TGF- superfamily is comprised of three sub-
groups: the TGF-Bs, the activins, and the BMPs. This protein superfamily shares
a similar signal transduction cascade. For signaling, each ligand requires a set
of type | and type Il serine/threonine kinase receptors. Originally, 3 type Il
receptors (BMPR2, ActR2A and ActR2B) and 3 type | receptors (ALK2, ALK3
and ALKG6) were described for the BMPs. However, ligand-receptor promiscuity
can occur in the TGF-B superfamily indicating that ligands can bind to several
receptors of either subtype and vice versa(171). The activated receptor complex
propagates the signal into the canonical pathway through phosphorylation of the
receptor-regulated Smads (R-Smads), passing the signal on through R-Smadl,
R-Smad5 and R-Smad8, translocating to the nucleus and forming a complex with
co-Smad4 to regulate gene expression. Other pathways can also be activated
by the TGF-B family, such as mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K), and are referred to as ‘non-canonical’
signaling(172). BMPs can be classified into at least 4 subgroups based on their
amino acid sequence similarity: BMP-2/4, BMP-5/6/7/8, BMP-9/10, BMP-
12/13/14(173). Most BMP ligands and their receptors are present in the lung,
more specifically in pulmonary artery smooth muscle cells, airway epithelium,

lung fibroblasts, and pulmonary endothelium(174).
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BMPs mediate a diverse range of biological processes involved in
regulating growth, differentiation, and apoptosis through complex regulation of
the signal transduction and cross-talk between other critical signaling pathways.
Among them, BMP4 is critical for lung development, homeostasis, and repair.
Early in life, BMP4 coordinates with other growth factors in the lung to correctly
mediate branching morphogenesis. In adult airway-injury repair models, the
canonical BMP4 pathway gets re-activated in bronchial and alveolar epithelial
cells in a manner reminiscent to early lung development and in tissue areas
where reparatory progenitor cells reside(175;176). In a similar model, increased
BMP4 signaling coincided with inflammation and induced changes consistent
with epithelial-mesenchymal transition (EMT)(177;178). In the immune system,
BMP6 inhibits the proliferation of human B cell progenitors as well as mature B
cells through the Smad-dependent pathway(179). Likewise, different members
of BMP family were reported to have anti-proliferative and pro-apoptotic effects in
multiple myeloma cells(180). Other investigators reported that BMP2, BMP4
andBMP7 are the main ligands expressed in the human and murine
thymus(181;182) and that BMP4 enhances the survival of thymocyte precursors
and inhibits their proliferation(182). Also, BMP4 arrests early T cell
development(181;183) and may function as a maintenance factor for intrathymic
precursor cells(184). Peripheral T cells also express BMP receptors and BMP
stimulation activates the canonical and non-canonical BMP pathways(185). BMP
signaling was found to regulate CD4+ T cell proliferation by regulating IL-2

transcription(170). BMP4 and BMP6 have been reported to increase T cell
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proliferation, while BMP2 decreased their proliferation(185). Other investigators
showed the BMP signaling enhances the antigen-induced IFN-y production by
effector/memory CD8+ T cells and synergizes with TGF-B to induce FoxP3+ Treg
cells(169;186).Crosstalk exists also between BMP and Toll-like receptor
signaling suggesting that BMP signaling may be involved in the production of
pro-inflammatory stimuli. Treatment of macrophages with BMP stimulates the
production of pro-inflammatory factors, such as TNF-a and inducible nitric oxide
synthase(187;188). Different BMPs stimulate chemotactic responses and induce
TGF-B expression in monocytes(189;190). The expression of BMP receptors are
found as well in murine bone marrow dendritic cells(191). In humans, however,
BMP signaling activation was found to promote the phenotypic maturation of
dendritic cells by increasing the expression of co-stimulatory molecules, thus
enhancing their allostimulatory capacity, and stimulating IL-8 and TNF-a

secretion(192).

Whether miR-199a-5p is directly involved in regulating the BMP signaling
pathway in T cell will need to be confirmed but both Lu et al. and Yoshioka et al.
studies(169;170), put together with our results, suggest that miR-199a-5p is
potentially an important regulator of the adaptive T cell response. In this context,
the observed overexpression of miR-199a-5p in the Treg cells of unaffected
smokers versus their blunted response in COPD (Figure 17) could be explained
by 2 different mechanisms. Recently He et al demonstrated that reactive oxygen
species (ROS) inhibit miR-199a expression through increasing its promoter

methylation(193) and it is now well recognized that the antioxidant capacity in

128



COPD is substantially reduced even after smoking cessation due to the
continued production of ROS(28). Therefore, it is possible that in susceptible
individuals the excessive ROS from smoking contributes to dampening the miR-
199a-5p response in COPD which would hypothetically explain the shift in the
Treg/Th1-Th1l7 balance (Figure 25). On the other hand, in unaffected smokers
one can hypothesize that miR-199a-5p is upregulated by Egr-1. Egr-1 is a
transcription factor that can occupy the miR-199a gene promoter inducing its
expression in certain cancer cells(194). Of interest, however, the Egr-1 protein
expression is increased in multiple lung cells after exposure to cigarette smoke in
a dose and time-dependent manner(195) thus potentially explaining the miR-

199a-5p de-repression in our T cell population.
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FIGURE 25: A Schematic of the Proposed Function of miR-199a-5p in Treg
Cells. Deregulation of miR-199a-5p possibly due to the increased production of
reactive oxygen species (ROS) eventually leads to an overexpression of the
TGF-B/BMP signaling pathway thus skewing the T cell response to Thl and Th17
cells. Since we found a positive correlation between miR-199a-5p expression
and age it is also possible that any of the aberrant aging mechanisms in COPD

may be involved in the deregulation of miR-199a-5p.
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Our miRNAs analysis has the limitations of a small number of subjects,
with some patients being on inhaled corticosteroids, not being perfectly matched
for age, and may not fully reflect Treg cell changes in the lungs. With that in
mind, the isolation of highly purified Treg and Teff cells helped in reproducing the
same trends for the observed differences with validation in the final cohort of
patients. Second, although the groups were not perfectly matched | observed
only a correlation between age and miR-199a-5p expression and that association
was very weak and is unlikely to have such a dramatic impact on miRNA
expression. Third, the fact that | found significant differences in the peripheral
blood Treg cells suggest that the response of the peripheral Treg cell pool has
been altered either directly, by antigenic stimulation, or indirectly due to the
systemic effects of COPD. This conclusion is in-line with a recent study by
Rahman et al who reported significant changes in the peripheral blood Treg cell
kinetics among patients with inactive Crohn’s disease when compared to non-
Treg cells and Treg cells from healthy control subjects(196), again suggesting
that the effect of persistent tissue antigenic stimulation in chronic inflammatory
conditions may spill into the periphery. Moreover, Hou et al demonstrated in
patients with COPD changes of peripheral blood Treg cells that mirrored tissue
Treg cell changes and correlated the changes with loss of lung function and
immune activation(78). Last, inhaled corticosteroids are unlikely to have a major
effect miR-199a-5p expression since we didn’t see any correlation between this
MIiRNA and their use and they obviously do not explain the upregulation of miR-

199a-5p in unaffected smokers.
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In conclusion, we have found no changes in Treg cell function in COPD
but found substantial differences in their miRNome, and not that of Teff cells. We
also demonstrated that miR-199a-5p is upregulated in Treg cells compared to
Teff cells. Both findings are novel and support future functional studies to
determine if miR-199a-5p repression, as observed in our COPD patients, has a
significant impact on modulating the adaptive immune balance in favor of Thl

and Th17 cell responses in COPD and other inflammatory conditions.
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