UCSF

UC San Francisco Electronic Theses and Dissertations

Title
MicroRNA regulation of Th2 cell function and asthma pathogenesis

Permalink
https://escholarship.org/uc/item/3w4245m3

Author
Simpson, Laura Jane

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3w4245m3
https://escholarship.org
http://www.cdlib.org/

MicroRNA regulation of Th2 cell function and asthma pathogenesis

by

Laura J. Simpson

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Biomedical Sciences (v}
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO




Copyright (2015)
by

Laura Simpson

i1



Acknowledgements

I first want to thank my thesis advisor, Mark Ansel, for teaching me everything I know
about how to be a good scientist. Thanks for teaching me to argue thoughtfully, self-criticize
constructively, and experiment skillfully. Thanks for creating a supportive, fun, and challenging
environment in the lab. I would like to thank the rest of the Ansel lab, especially Robin
Kageyama, Yelena Bronevetsky, and Sana Patel, for helping me through the inevitable
challenges we face in lab. I feel very lucky to have been able to call the Ansel lab my home.

Thank you also to my thesis committee, Dean Sheppard, Michelle Hermiston, and Robert
Blelloch, for sharing your expertise to make my project so much better. Thanks to our many
collaborators, especially Prescott Woodruff, John Fahy, and Laura Koth, who have connected us
to the clinical side of UCSF, and help us to bridge the gap between science and medicine.
Thanks to the BMS program, especially Jason Cyster, Lisa Magargal, Monique Piazza, and
Demian Sainz, for giving me the opportunity to learn.

Rob Judson, Rob Bell, Sean Bakker Kellogg, Sarah Bakker Kellogg, Julia Margulis, and
Alina Bogdanov: thank you for keeping me sane, making me feel at home, and for challenging
me to always be the best I can be. Thank you to my family, Mary Ann Simpson, Andrew
Simpson, Diane Flood, Jason Flood, Drew and James, for always supporting me, and for making
the distance seem much smaller. I love you all.

Finally, I want to thank Robin Kageyama for being my lab partner, my best friend, and
my family. Thanks for helping me through the rough times in lab and in life, and for going on

adventures with me. I love you and I like you.

i1



Contributions of Co-authors to Presented Work

Chapter 2 of this thesis was published in Nature Immunology in 2014 as “A miRNA
upregulated in asthma airway T cells promotes Th2 cytokine production.” The authors on this
publication were Laura J. Simpson, Sana Patel, Nirav R. Bhakta, David F. Choy, Hans D.
Brightbill, Xin Ren, Yanli Wang, Heather H. Pua, Dirk Baumjohann, Misty M. Montoya,
Marisella Panduro, Kelly A. Remedios, Xiaozhu Huang, John V. Fahy, Joseph R. Arron, Prescott
G. Woodruff, and Karl M. Ansel. L.J.S. designed, performed, and analyzed most experiments.
S.Pp, D.F.C.H.D.B,, X.R., Y.W,, HH.P, D.B.,, MM.M., M.P., and K.A.R. helped design and
perform some experiments. N.R.B. analyzed expression data. X.H., J.V.F., J.R.A., P.G.W. and
K.M.A. helped design the clinical study and some experiments. L..J.S. wrote the manuscript. All
authors reviewed and approved the manuscript.

Chapter 3 of this thesis is as yet unpublished. Nonetheless, the work would not have been
possible without Laura Christian, who sorted most of the clinical samples, Suresh Garudadri,
who processed BAL samples, Hannah MacLeod and Liam Barry, who processed sputum
samples, and Jeanmarie Gonzalez and Sara Sun, who helped perform miRNA qPCR for our
interim analysis for RITA. Erin Gordon, John Fahy, Prescott Woodruff, and Mark Ansel helped
design the clinical studies and some experiments. All of these co-authors helped analyze and

interpret most experiments.

iv



MicroRNA regulation of T2 cell function and asthma pathogenesis

Laura J. Simpson

Abstract

MicroRNAs (miRNAs) exert powerful effects on immune function by tuning networks of
target genes that orchestrate cell behavior. We sought to uncover miRNAs and miRNA-regulated
pathways that control the T2 responses that drive pathogenic inflammation in asthma. Profiling
miRNA expression in human airway-infiltrating T cells revealed miR-19a elevation in asthma.
Modulating miR-19 activity altered T,;2 cytokine production in both human and mouse T cells,
and T2 cell responses were markedly impaired in cells lacking the entire miR-17~92 cluster.
miR-19 promotes T2 cytokine production and amplifies PI(3)K, JAK-STAT, and NF-kB
signaling by direct targeting of PTEN, SOCS1, and A20. Thus, miR-19a upregulation in asthma
may be an indicator and a cause of increased T2 cytokine production in the airways.

Ty2 cells are not the only lymphocyte involved in asthma pathogenesis. Other T-helper
subsets, such as Ty 1 and T,;17 cells, are present in asthmatic airways, and may be responsible for
non- Tj2-driven asthma. Through collaborative clinical studies, we aim to profile miRNA
expression in various T-helper cells in asthmatic and healthy airways to uncover pathways
involved in T};2-driven and non- Tj2-driven asthma pathogenesis. This study also allows us to
immunophenotype healthy and asthmatic individuals by flow cytometry of bronchoalveolar

lavage fluid and peripheral blood.



Although we have focused on lymphocyte functions in asthma pathogenesis, the role of
innate immune cells cannot be overlooked. Type 2 innate lymphoid cells (ILC2s) and basophils
are capable of producing T2 cytokines, and can respond to environmental cues of lung damage.
Through a collaborative clinical study, we investigated the prevalence and function of ILC2s and
basophils in asthma by flow cytometric immunophenotyping and gene expression of sputum cell
pellets. Interestingly, ILC2s are equally rare in the sputum of healthy and asthmatic individuals,
while basophils are more abundant in asthmatic individuals. The number of basophils positively
correlates with sputum cell pellet expression of Ty2 cytokines, and correlates with asthma
severity. These findings suggest a role for basophils in polarizing the lung environment towards

Ty2, and increasing asthma symptoms.
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Chapter 1

Introduction



Asthma pathogenesis and treatment

Asthma is a chronic pulmonary disorder defined by excessive inflammation in the
airways leading to variable airway hyperresponsiveness and bronchospasm '*. The diagnosis of
asthma in the United States and the developed world has increased over the last 20 years °.
Asthma is attributed to many genetic and environmental factors, without one clear cause
initiating the disease. Most patients manage their asthma symptoms by long-term use of inhaled
corticosteroids (ICS), leukotriene modifiers, or long-acting 32 agonists. Use of acute rescue
bronchodilators is limited to asthma attacks; these medicines include short-acting 32 agonists, or
oral or intravenous corticosteroids '. However, responsiveness to therapy is highly variable
between patients and within a patient over time. Disease severity is determined based on a
patient’s impairment and risk. ‘Impairment’ refers to the concurrent degree of control of asthma
symptoms, and ‘risk’ refers to future events that should be prevented or reduced by the current
treatment plan. Asthma can be further divided into atopic asthma and non-atopic asthma. Atopic
asthma is allergen-driven, while non-atopic asthma has a less clear etiology.

The defining feature of asthma in all subtypes is underlying inflammation of the airways.
Typical inflammatory cells involved are T lymphocytes, eosinophils, mast cells, and neutrophils.
Inflammation contributes to variable airway obstruction and airway hyperresponsiveness (AHR),
and promotes epithelial cell injury, which in turn induces more inflammation. Airway
inflammatory cells contribute to the asthma phenotype by releasing inflammatory mediators such
as cytokines, chemokines, and histamines 4

Atopic asthma is associated with increased numbers of activated T cells in the lung,
which are skewed towards a T-helper type 2 (Th2) phenotype *°. Th2 cells are CD4-expressing T

cells that differentiate from naive CD4 T cells upon antigenic stimulation and in the presence of



the polarizing cytokine interleukin-4 (IL-4). When Th2 cells are fully differentiated and
activated, they produce and secrete IL-4, IL-5, and IL-13. IL-13 acts directly on airway
epithelium to promote AHR, mucus hypersecretion, and epithelial cell damage . IL-4 and IL-5
function primarily to promote infiltration of inflammatory cells. These key cytokines drive an
immune response that is characterized by increased eosinophil infiltration in the airways and
augmented production of immunoglobulin E (IgE) by B cells. IgE further drives the Th2
phenotype by activating mast cells and basophils that express the high affinity IgE receptor
(FCERI) to release granules and produce Th2 cytokines *. Type 2 innate lymphoid cells (ILC2s)
also produce Th2 cytokines and are present in human airways *°. The presence and function of
ILC2s in asthma is the focus of part of our collaborative work in asthma clinical studies with
John Fahy, M.D, covered in chapter 3.

Th2 cells are central in orchestrating and perpetuating the immune response in the
airways by coordinating the infiltration and activation of other immune cells '*"'. New
therapeutic approaches to asthma should aim to modify the inflammatory pathogenesis, not just
treat the symptoms, in an attempt to clear the inflammation from the airways. Th2 cells should be
the focus for future therapeutic development; a therapy that targets Th2 cells in the asthmatic
airway would likely alter many of the immune cells in the airway.

The balance between Th1 and Th2 cells has long been an area of research interest '>. Both
cell types differentiate from the same precursor CD4 T cells, and the microenvironment
determines the cell fate. Th2 cells differentiate when IL-4 is present, while Th1 cells differentiate
in response to IL-12 and IFN-y. Each cell type has transcription factors that promote the cell fate

decision; GATA3 promotes Th2 cell differentiation 3 while T-bet promotes Th1 differentiation.



Another layer of genetic regulation of cell fate decisions is post-transcriptional regulation of

gene products by miRNAs, which we will focus on in this work.

miRNA regulation of lymphocyte development and function

The immune system imposes extensive regulation on lymphocyte development to prevent
the survival and activation of autoreactive lymphocytes. Dysregulation of cell fate checkpoints in
developing and mature lymphocytes can result in autoimmunity. Developing thymocytes go
through several checkpoints that depend on the strength of signaling received through the T cell
receptor (TCR) . Similarly, the strength of B cell receptor (BCR) signaling determines whether
developing B cells will survive and mature °. In the periphery, prevention of autoreactive B and
T cell responses continues to depend on properly tuned signaling pathways, cell death and
survival factors, and transcriptional and epigenetic regulation of effector cell differentiation. In
addition, regulatory T cell (Treg) homeostasis and function is critical to restrain the activity of
mature effector T cells, such as T-helper 1 (Thl), Th2, or Th17 cells 16 All of these tolerance
mechanisms depend on tunable responses that are sensitive to minor perturbations in the
expression of cascades of proteins. In particular, antigen receptor signaling can be quantitatively
manipulated by minor changes in the expression of limiting regulators of downstream signaling
pathways, such as the PI3K and NFkB pathways. This type of manipulation is commonly carried
out by microRNAs (miRNAs).

miRNAs are short noncoding RNA molecules that are transcribed alone or in
polycistronic clusters in the genome, and sometimes appear within the introns or exons of coding
genes '’. Their primary transcripts are sequentially processed by DROSHA/DGCRS and Dicer to

produce mature miRNAs that are loaded into the miRNA-induced silencing complex (miRISC)



'®, The miRNA guides the miRISC to target mRNAs by complementary base pairing, usually in
3’ untranslated regions (UTRs), resulting in translational repression and/or mRNA degradation
. miRNAs that share a similar seed sequence (nucleotides 2-8 of the mature miRNA) are
defined as a family, and have significant overlap in their mRNA targets. miRNAs regulate
networks of target genes. Each miRNA can target hundreds of distinct mRNAs, and most mRNA
transcripts are predicted targets of multiple miRNAs.

Although miRNA regulation of each target results in small changes in gene expression,
the network activity of miRNAs targeting hundreds of genes simultaneously can effect dramatic
changes in cell behavior. These changes can be easily observed in the immune system, where

miRNAs modulate many cell fate decisions made by developing and mature lymphocytes ***.

miRNA regulation of early lymphocyte development

MicroRNAs are important nodes in the gene expression networks that govern lymphocyte
development and the establishment of central tolerance. These processes operate through cell
fate checkpoints that promote the maturation of cells that correctly recombine antigen receptor
genes, while eliminating those that form strongly self-reactive receptors by apoptosis. Because
these checkpoints rely on proper cellular interpretation of antigen signal strength, dysregulated
TCR or BCR signaling can increase the survival of autoreactive lymphocytes and contribute to
the development of autoimmune disease. miRNAs that regulate cell survival, antigen receptor
signaling, and the availability of self antigens during lymphocyte development all play important
roles in the development and selection of a repertoire of B and T lymphocytes bearing useful and

safe antigen receptors.



Early research shows that the miRNA biogenesis pathway is critical for early B cell
development, as ablation of Dicer leads to an almost complete block at the pro- to pre-B cell
transition >. A key function of pro-B cells is V(D)J recombination of BCR genes to generate a
functional antigen receptor. Dicer deficiency does not alter the basic mechanism of V(D)J
recombination, but it does alter the resulting BCR repertoire, suggesting that miRNAs play an
important role in regulating the survival of potentially self-reactive B cells. Further analysis
identified BIM (encoded by Bcl2/11) as a key miRNA target involved in the regulation of pro-B
cell survival *.

This work demonstrating the importance of the miRNA biogenesis pathway to B cell
development was accompanied by further research that detailed the major role of miR-17~92 **,
The miR-17~92 cluster is composed of six miRNAs belonging to four families: miR-17, miR-18,
miR-19, and miR-92. Additional members of these miRNA families are expressed from two
related genomic clusters. The miR-17~92 cluster promotes the survival of developing B
lymphocytes at least in part through its ability to regulate PI3K signaling and genes expressed
downstream of this pathway (Figure 1A). BIM is induced by PI3K signaling and is directly
targeted by several miR-17~92 cluster miRNAs ***. The tumor suppressor PTEN, a potent
negative regulator of the PI3K pathways, is also targeted by miR-17~92 miRNAs (Figure 2).
When miR-17~92 is deleted from developing B cells, PTEN and BIM expression are elevated
and cells undergo apoptosis, resulting in B cell deficiency. Conversely, miR-17~92
overexpression during B or T cell development leads to increased survival and promotes
lymphoproliferative disease and autoimmunity .

In early stages of T cell development in the thymus, signaling through the newly formed

TCR provides important survival signals. However, strong TCR signals in the thymus indicate



autoreactivity and induce apoptosis. Therefore, miRNAs that alter the strength of TCR signaling
can increase the survival of cells that normally would have been deleted from the repertoire.
miR-181 acts as a “rheostat” of TCR signal strength by targeting several phosphatases (Figure
1B), including PTPN22, SHP-2, DUSP5, and DUSP6 *°, as well as PTEN *’. Early in
development, double-negative (DN) thymocytes express high levels of miR-181, conferring high
sensitivity to pre-TCR and TCR signals. miR-181 expression declines as thymocytes mature to
the double-positive (DP) and single-positive (SP) stages, decreasing sensitivity to TCR ligation
during positive and negative selection. Altering miR-181 expression dysregulates TCR signaling,
and thymocytes that would normally be deleted from the repertoire survive instead **. These
finding suggested that miR-181 might be capable of regulating the onset and/or progression of T
cell-mediated autoimmune disease. Indeed, thymic miR-181 expression is important for the
elimination of self-reactive thymocytes responding to an endogenous positively-selecting self
ligand **.

miRNAs also affect central tolerance through their activity in thymic antigen presenting
cells. Medullary thymic epithelial cells (mTECs) promiscuously express tissue-specific self
antigens and present them to developing thymocytes, eliminating cells bearing TCRs reactive
against self antigens. miRNA biogenesis in TECs is critical to the proper function of the thymus.

Dicer *°*°

or Dgcr8 ! deletion specifically in TECs dramatically disrupts thymic architecture
with increased TEC apoptosis and severely reduced thymic cellularity, particularly in the mature
mTEC population ***'. Dicer deletion in mTECs also leads to changes in promiscuous gene

expression . In an inflammatory setting, miRNA-deficient mTECs do not prevent the

maturation of self-reactive autoimmune uveitis-inducing IRBP-specific T cells *'.



In addition, thymi with miRNA-deficient TECs undergo premature involution in response
to IFN-a . Deletion of the miR-29a cluster, consisting of miR-29a and miR-29b-1, partially
replicates the defects seen in Dicer-deficiency. miR-29a is highly expressed in mTECs and
targets Ifnarl, the mRNA that encodes the IFN-a receptor. Deletion of miR-29a increases
IFNARI1 expression and downstream STAT1 phosphorylation, indicating that miR-29a regulates
the strength of signaling through the IFN-. response pathway in mTECs .

These seminal studies demonstrate that miRNAs are essential regulators of lymphocyte
development and selection. They regulate cell survival and critical signaling pathways in
multiple key cell types, tuning response thresholds and developmental checkpoints. Further
research will undoubtedly uncover additional miRNAs and target networks that contribute to the

robust imposition of central tolerance.

miRNA regulation of lymphocyte effector functions

Mature autoreactive lymphocytes that have escaped central tolerance can become effector
cells that drive autoimmune disease. Peripheral tolerance mechanisms restrict autoantibody
production by B cells and tissue inflammation and destruction caused by T cells. These
mechanisms are subject to miRNA regulation, and altering miRNAs that regulate peripheral
lymphocyte fate decisions can lead to autoimmunity. Understanding how miRNAs regulate B
and T cell activation, survival, proliferation, differentiation and effector functions can help to
identify pathways that are dysregulated in autoimmune disease, or that could be targeted to
prevent or dampen autoimmune pathology.

Immature B cells leave the bone marrow to complete their development and selection in

the periphery. As in the bone marrow, the fate of immature B cells depends on BCR signals, and



dysregulation of BCR signal strength can skew the B cell repertoire and allow maturation of
autoreactive cells . Deletional tolerance and receptor editing eliminate BCRs that react strongly
to peripheral self-antigens. Moderate BCR signals promote the generation of marginal zone
(MZ) or transitional B cells, while weaker BCR signals promote the generation of follicular (FO)
B cells . Ablation of Dicer late in B cell development leads to a significant decrease in the
number of FO B cells, but relatively normal numbers of MZ and transitional B cells **. miR-185
and several other miRNAs are more abundant in FO B cells compared to MZ or transitional B
cells. Overexpression of miR-185 in FO B cells decreases expression of its target BTK, a kinase
that transduces signals downstream of the BCR *. Dicer ablation in peripheral B cells also
increases class switch recombination and usage of certain J;; elements and positively-charged
amino acids in the CDR3 implicated in autoreactivity. Female mice lacking Dicer in mature B
cells spontaneously develop serum autoantibodies and deposition of immune complexes in the
kidneys **. Thus, miRNA regulation of BCR signal strength is necessary to prevent maturation of
a self-reactive B cell repertoire and the onset of autoimmunity.

Recent work in leukemia revealed miRNA regulation of PI3K signaling downstream of
BCR stimulation relevant to autoimmune disease. miR-150 expression is anti-correlated with
severity of chronic lymphocytic leukemia (CLL) **. miR-150 targets Gab1, which recruits PI3K
to the plasma membrane upon BCR stimulation, and Foxp/, a negative feedback regulator of
PI3K signaling. miR-34a also targets Foxpl, suppresses B cell development, and is a candidate
gene in the 1dd9.3 locus that protects mice from type 1 diabetes (T1D) **’.
PTEN has proven to be a multipotent miRNA target, having effects in many different

immune cell types *7**'. A subset of mature B cells implicated in CLL progression express

increased miR-22, which targets PTEN, leading to increased PI3K activity and proliferation *.



PTEN"" mice develop splenomegaly and lymphadenopathy, have increased serum IgG and anti-
ssDNA antibodies, and develop lung and kidney inflammation *. Interestingly, PTEN expression
is decreased in SLE patient B cells, and this correlates with increased expression of miR-22 and
two other miRNAs, miR-7 and miR-21, that also target PTEN .

While B cells mature in the spleen and lymph node into antibody-secreting cells, T cells
differentiate into several lineages of effector cells, such as CD4* T-helper cells (Th1, Th2, Th17)
and cytotoxic CD8" T lymphocytes. miRNAs are involved in the differentiation of these
lineages, and recent work has focused particularly on the Th17 lineage, thought to be involved in
the pathogenesis of MS and other autoimmune diseases **. Mice lacking miR-155 in T cells do
not develop severe EAE, and have a significant decrease in the production of IL-17A, a critical
cytokine for EAE pathogenesis . miR-155-deficient mice are also resistant to collagen-induced
arthritis, and have impaired Th17 differentiation *'. More recently, the mechanism behind miR-
155 induction of Th17 differentiation was more clearly defined by its targeting of Jarid2, a
component of the polycomb complex that mediates gene repression **. While miR-155
encourages Th17 differentiation, miR-210 restrains the production of IL-17 by Th17 cells, and
contributes to autoimmune pathogenesis in a mouse model of inflammatory bowel disease *.
miR-210 also restricts autoantibody development in aged mice, and overexpression of miR-210
decreases class switch recombination, suggesting that miR-210 limits autoimmune responses in
both B and T cells *.

The miR-17~92 cluster is also involved in Th17 differentiation and function by targeting
PTEN and IKZF4. Deletion of the miR-17~92 cluster decreases Th17 differentiation and reduces
EAE pathogenesis *'. However, the miR-17 family member miR-20b suppresses IL-17

production in Th17-polarizing cultures by targeting RORgt and STAT3 **. Overexpression of

10



miR-17~92 in T cells induces anti-dsDNA autoantibodies, multiorgan inflammation,
splenomegaly and lymphadenopathy *’. This may be related to miR-17~92 promotion of Tth cell

differentiation mediated in part by targeting of PTEN and the PKB phosphatase PHLPP2 **,

miRNA regulation of Treg function

miRNAs are necessary to maintain peripheral tolerance through their essential roles in
regulatory T cell (Treg) homeostasis and function. Genetic ablation of mouse Dicer or Drosha in
Foxp3-expressing cells leads to fatal systemic autoimmune disease. Despite normal thymic Treg
development in these mice, miRNA-deficient Tregs exhibit diminished homeostatic potential and
are unable to adequately perform their suppressive functions >**°. Some of these defects can now
be at least partly attributed to specific miRNAs expressed in Tregs.

miR-155 is highly expressed in Tregs in a FoxP3-dependent manner, and miR-155
deficiency impairs Treg development and homeostasis **". Tregs lacking miR-155 have
increased expression of the miR-155 target Suppressor of Cytokine Signaling 1 (SOCS1) and
reduced responses to IL-2, a critical regulator of Treg homeostasis. However, miR-155 may be
dispensable for Treg suppressive functions, since miR-155-deficient Tregs are capable of
preventing autoimmune disease in mice **’.

The miR-17~92 cluster limits induced Treg (iTreg) differentiation in vitro through the
combined activity of miR-17 and miR-19 *. Although miR-17~92 is dispensable for thymic Treg
development and homeostasis in vivo, it is required to support IL-10 production by antigen-
specific Tregs in EAE *.

miR-10a is expressed in Tregs but not in conventional effector T cells . This expression

is reinforced by retinoic acid signaling and correlates inversely with autoimmune disease
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susceptibility in mouse strains, with highly susceptible mice having the lowest expression of
miR-10a, and resistant mice having the highest ®'. miR-10a stabilizes the Treg gene expression
program through repression of non-Treg genes such as Bcl6 and Ncor2 “°'. However, genetic
ablation of miR-10a does not induce Treg defects or autoimmunity ®', suggesting redundancy
with other miRNAs such as miR-10b or perhaps miRNAs of the related miR-99/100 family. Like
miR-10a, miR-99a expression is induced in Tregs by retinoic acid, and its overexpression
promotes iTreg differentiation in vitro [Warth et al, EMBO Journal, in press]. Surprisingly, miR-
99a cooperates with miR-150 through an as yet unknown mechanism to repress mTOR.

These studies have given some insight into the roles of specific miRNAs in Treg
functions, but the question of how miRNAs affect T cell signaling pathways in Tregs remains
unclear. The PI3K pathway in particular is influenced by miRNA regulation (Figure 2), and is a
central node in regulating the differentiation of a CD4 T cell into either an effector T-helper cell
or a Treg. Dicer ablation in CD4 T cells increases mTOR activity and sensitivity to TCR
stimulation *. mTOR is activated by the PI3K pathway, and is a key integrator of signals from
antigen receptors, cytokine receptors, and toll-like receptors *. Increased PI3K signaling in mice
leads to an expansion of non-Treg effector CD4 T cells *. In fact, increased PI3K signaling
blocks FOXP3 expression in Tregs ®, and key negative regulators of the PI3K pathway, such as
Cbl-b * and PTEN ¢, are essential to proper FOXP3 expression ®. Premature termination of
PI3K signaling confers FOXP3 expression and Treg behavior ¢, indicating that manipulation of
the time period of PI3K signaling can lead to alterations in the balance between Tregs and T-
effector cells. Cbl-b-deficient mice develop spontaneous T cell activation and are predisposed to
autoimmune disease '*. Cbl-b is induced by NFKB in response to TCR stimulation, and it

negatively regulates not only the PI3K pathway, but also the NFkB and MAPK pathways ®.
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Since negative regulation of these pathways promotes Treg gene expression programs, future
research will likely uncover additional miRNAs that affect Treg generation and function by
regulating PI3K, NFkB, or MAPK signaling.

While miRNAs generally function in a cell-autonomous manner by post-transcriptional
regulation of gene expression programs, recent work has highlighted a non-cell-autonomous role
of miRNAs. Many cells, including T cells and other immune cells, release miRNAs into the
extracellular space within exosomes. These vesicles can transfer miRNAs into recipient cells,
enabling RNA-mediated intercellular communication. Recent evidence suggests that this process
may operate as a mechanism of immune suppression by Tregs and other immune suppressive
lymphocytes “7°. Exosomes released from Tregs in culture can transfer suppressive miRNAs
into recipient Th1 cells *. Tregs lacking both Rab27a and Rab27b are unable to secrete
exosomes, and also fail to suppress effector T cell responses in in vitro co-culture and in vivo
colitis experiments. Further work is needed to clarify the direct role of transferred miRNAs in
enforcing immune tolerance, and to determine whether other Treg suppressive functions remain
intact in Rab27-deficient Tregs. Extracellular miRNAs released from CD8 T cells also
suppressed T cell responses in a mouse model of high-dose antigen tolerization to contact

sensitivity .

miRNAs as biomarkers and active players in immune-mediated disease pathogenesis

The emergence of miRNAs as useful diagnostic and prognostic biomarkers in cancer has
inspired extensive efforts to profile miRNA expression in human autoimmune disease .
Depending on the how these studies are conducted, they also have the potential to provide insight

into disease pathogenesis and the roles of specific miRNAs (Figure 3). As described in the



previous sections, most of our current understanding of miRNA function in immunity was
established by combining mouse genetics with cell culture methods and disease models. The
conservation of many (but not all) miRNAs and their target networks make these approaches
productive and valuable. However, it is also important to study miRNAs in the context of human
disease, and blended approaches have been successful at connecting disease-associated miRNA
expression patterns with clear disease-associated functions.

Many studies have determined miRNA expression in blood, an abundant and easily
obtained biospecimen that consists of mixed populations of hematopoietic cells. miR-155
expression is decreased in PBMCs of juvenile SLE patients "*. Transfection of miR-155 into
PBMC:s from juvenile SLE patients rescued IL-2 secretion, suggesting a functional role of miR-
155. More work needs to be done to determine which cell type requires miR-155 for IL-2
secretion. miR-146a is also downregulated in PBMCs from SLE patients, and its expression anti-
correlates with disease activity . Overexpression of miR-146a by transfection of an expression
vector in PBMCs from SLE patients reduced the excessive production of IFN-a and IFN-b. A
recent meta-analysis of genome-wide association studies found miRNA polymorphisms that
confer risk for SLE (miR-146a rs57095329) and RA (miR-499 rs3746444) ", The polymorphism
associated with SLE risk at the promoter for miR-146a decreased the binding of ETS1 to the
promoter, thus reducing miR-146a expression .

678 whole blood %, and serum *' revealed

miRNA expression profiling in PBMCs
miRNAs that may be involved in MS. miR-326 is highly expressed in PBMCs from relapsing
MS patients compared to remitting MS patients or healthy subjects **. miR-326 expression

correlates with disease severity and IL-17 production, suggesting a role for miR-326 in Th17 cell

function. In mice, overexpression of miR-326 during EAE leads to increased Th17 cell
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differentiation. Interestingly, miR-326 was also found to be upregulated in PBMCs from
autoantibody-positive T1D patients *, suggesting a more general role for miR-326 in
autoimmunity.

Differential expression of a miRNA in complex specimens such as whole blood may
reflect changes in cellular composition as well as changes in miRNA expression within one or
more cell types. Importantly, the high expression of miR-326 in MS was limited to the CD4 T
cell compartment, and especially in CCR6-expressing Th17 cells **. Identifying the cell type
harboring high miR-326 expression as the Th17 cells that are involved in the autoimmune
process provided stronger evidence for miRNA function in MS pathogenesis. In another study,
circulating CD4 T cells from MS patients expressed more miR-17-5p, and lower levels of miR-
17 targets in the PI3K pathway *.

Several studies have identified miRNA expression changes in specific cell types from
blood. miRNA expression analysis of circulating CD4 T cells from SLE patients revealed
elevated miR-21 and miR-148a expression, which contribute to DNA hypomethylation by
targeting DNMT1 and RASGRP1 *. miR-223 is upregulated in circulating T cells from RA

patients **

. miR-223 expression is highest in naive RA CD4 T cells, but nearly undetectable in
non-naive RA CD4 T cells and in naive CD4 T cells from healthy subjects *. miR-223 targets
IGF-1R, resulting in decreased IL-10 secretion in response to IGF-1 stimulation *’. Another study
found upregulation of miR-143 and miR-223 in CD4 T cells, as well as upregulation of miR-10a
and miR-345 in CD19 B cells in SLE patients *.

Dystfunction of Tregs plays a critical role in autoimmune disease pathogenesis, and a

better understanding of the cellular processes leading to their dysfunction will aid the

development of Treg-based therapies. In MS, miRNA expression profiling of circulating Tregs



revealed differential expression of some members of the miR-106b~25 cluster *. In RA, miRNA
expression profiling of circulating naive and memory Tregs and Teffs defined a miRNA
signature of naive and memory Tregs *°. This paper did a very careful analysis of specific cell
types, and leaves many open questions about the role of these miRNAs in Treg function. In T1D,
miR-510 is upregulated and miR-342 is downregulated in circulating Tregs from T1D patients
compared to their effector T cells *'. miR-146a is upregulated in Tregs in both T1D patients and
healthy subjects, suggesting that miR-146a has a role in Tregs in normal and disease states.

Isolating cells from the inflammatory setting, such as the lungs in asthma or the joint
synovium in RA, provides even more direct evidence connecting miRNA expression changes to
their role in disease pathogenesis. Obtaining specific cell types involved in disease pathogenesis
often involves invasive procedures and complex downstream cell separation protocols. The
ability to profile miRNA expression in very small cell numbers is often essential. For example,
in our own work we profiled miRNA expression in airway-infiltrating T cells sorted by flow
cytometry from research bronchoscopy specimens in observational clinical studies of asthma
miR-19a is significantly upregulated in CD4 T cells from asthmatic airways compared to CD4 T
cells from healthy airways. Mouse miR-17~92 conditional-knockout CD4 T cells produce
significantly less Th2 cytokines compared to wild-type cells, and this defect is rescued when
miR-19a was added back to the cells. In a mouse model of ovalbumin-induced airway
inflammation, CD4 T cells lacking the miR-17~92 cluster do not induce eosinophilia or mucus
secretion in the airway. This suggests that blocking miR-19a might ameliorate the pathogenic
inflammation observed in asthma *'.

Very few studies have looked for functionally relevant miRNA expression differences in

immune cells in sites of autoimmune inflammation. miRNA expression profiling of CD4 T cells

4192
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in the synovial fluid of a small number of RA patients revealed upregulation of miR-146a **. The
upregulation of miR-146a may contribute to the resistance of RA synovial fluid CD4 T cells to
apoptosis, at least in part through targeting Fas Associated Factor 1 (FAF1). Overexpression of
miR-146a in mice induces symptoms similar to human autoimmune lymphoproliferative
syndrome (ALPS) **. miRNA expression changes in structural cells such as synoviocytes in RA
and lung epithelial cells in asthma can also contribute to disease pathogenesis, but these studies
do not contribute to our understanding of lymphocyte involvement in autoimmunity *>’.

Additional studies are needed to understand how miRNAs function in pathogenic
lymphocytes in these sites of inflammation. Such studies would advance our understanding of
gene regulation in the immune system, and may also point the way to novel therapies for
autoimmune diseases. miRNAs are viable drug targets, and sequence-specific miRNA inhibitors
are both easy to design and proven to work in patients **. Although it has so far proven
challenging to deliver these molecules to immune cells, some preclinical studies have indicated
that local or systemic miRNA inhibitor administration may be a viable approach to treating

autoimmune and allergic diseases *'*".
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Overview of thesis work

miRNAs that are differentially expressed in CD4 T cells from asthmatic airways
represent potential targets for new therapeutics aimed at modifying the underlying disease
process in asthma. Chapter 2 discusses our involvement in the MAST study that led to
identification of differentially expressed miRNAs in asthma, and establishment of a role for miR-
17~92 in regulation of Th2 cytokine production. We identified miRNAs that are differentially
expressed in CD4 T cells in human asthma by multiplex microfluidic miRNA qPCR of RNA
from T cells sorted from research bronchoscopies. We found significant upregulation of miR-19a
in CD4 T cells from asthmatic airways compared to CD4 T cells from healthy airways. miR-19a
is a member of the miR-17~92 cluster, which is involved in the development and function of
both B and T lymphocytes, and has roles in lymphomagenesis '”. Surprisingly, the other
members of the miR-17~92 cluster, miR-17, miR-18a, miR-19b, and miR-20a (miR-92a failed to
pass our quality control thresholds for this analysis) were not differentially expressed between
asthma and healthy CD4 T cells.

To understand the functional role of miR-19a in Th2 cell biology, I analyzed the ability
of mouse miR-17~92-deficient CD4 T cells to differentiate into Th2 cells in vitro compared to
miR-17~92-sufficient CD4 T cells. CD4 T cells lacking the miR-17~92 cluster produced
significantly less of the Th2 cytokines IL-4, IL-5, and IL-13 compared to wild-type cells.
Interestingly, CD4 T cells overexpressing the miR-17~92 cluster produced significantly more of
the Th2 cytokine IL-13 compared to wild-type cells, although there was no difference in IL-4 or
IL-5 production by these cells. We also found that the Th2 cytokine defect was cell-intrinsic, and
independent of the slight proliferation defect observed in CD4 T cells lacking the miR-17~92

cluster.
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miR-17~92-deficient T cells lack all 6 mature miRNAs in the cluster. To understand the
specific role of miR-19a in Th2 cytokine production, we transfected mature miRNA mimics
corresponding to each miRNA in the cluster into miR-17~92-deficient T cells. miR-19a and
miR-19b completely rescued both IL-4 and IL-13 production by miR-17~92-deficient T cells,
while other members of the cluster did not fully rescue either cytokine. This implies that miR-19
is the primary component of the miR-17~92 cluster that promotes Th2 cytokine production.

miR-19a proved to have a functional role in Th2 cytokine production in human CD4 T
cells as well. We overexpressed or knocked down miR-19a using transfectable miRNA mimics
or inhibitors in human CD4 T cells from cord blood during the course of Th2 differentiation.
When miR-19a was overexpressed, human T cells made significantly more IL-13. When miR-
19a was inhibited, human T cells made less IL-13. However, alterations in miR-19a activity did
not result in changes in IL-4 production.

We then screened known miR-19 targets that are expressed in CD4 T cells for their
ability to alter Th2 cytokine production by transfecting siRNA against each target into miR-
17~92-deficient T cells. Through this analysis, we identified three functionally relevant targets:
PTEN, SOCS1, and A20. Knockdown of each of these targets individually rescued IL-13 and IL-
4 production.

In vivo, miR-17~92 expression in Th2 cells was essential to promoting eosinophilic
infiltration into the airways in an ovalbumin (OVA)-induced allergic airway inflammation
model. Mice that received miR-17~92-deficient OTII (OV A-specific) Th2 cells prior to OVA
challenge oropharyngeally did not develop airway hyperresponsiveness, eosinophilia, or goblet

cell hyperplasia. Surprisingly, transfecting miR-19a into miR-17~92-deficient OTII Th2 cells
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prior to transfer significantly increased eosinophilia in the airways, and showed a trend toward
increased mucus secretion and airway inflammation.

These experiments confirmed our hypothesis that identifying miRNAs that are
differentially expressed in asthmatic airway T cells could lead to a better understanding of the
regulation of Th2 cell biology, and give insights into possible therapeutic targets for asthma. We
also hoped to gain a better understanding of the immunology of asthma through clinical studies
at UCSF with John Fahy and Prescott Woodruff. Chapter 3 discusses our involvement in two
clinical studies to understand the role of the immune system in asthma pathogenesis. One of
these studies aims to characterize the types of inflammatory cells present in the airways, with a
particular focus on innate immune cells (basophils and ILC2s in particular). The other aims to
characterize T-helper cell subsets in the airways of asthmatic patients by flow cytometry of
bronchoalveolar lavage fluid obtained from research bronchoscopies. Later, we will analyze
sorted specimens from these subjects to identify miRNA and gene expression changes in each T-
helper cell subset.

My work in the Ansel lab began with studying epigenetic regulation of T cell function.
Appendix 1 contains my first publication with the Ansel lab. This paper addresses the Site V
enhancer that alters IL-4 production by Tth cells. My work in this project is in Figure 7. Using
chromatin immunoprecipitation experiments, we showed decreased H3K4 dimethylation
(activated chromatin marker) and increased H3K4 trimethylation (silenced chromatin marker) in
the 714 gene locus in the absence of Site V in Th2 or Tth cells. Appendix 2 contains my second
publication with the Ansel lab. This paper is a technical analysis of the miRNA tagman qPCR
technique that I later used for my first-author publication. My work in this project appears in

Figure 7 and 11 of the paper, and was focused on qPCR confirmation of miRNA expression

20



differences identified by microarray and by microfluidic qPCR. These two projects gave me
invaluable experience in the techniques and cell types I would be analyzing later in my thesis

project.
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Figure 1: miRNAs set thresholds for lymphocyte development

A) miR-17~92 sets a threshold for B cell survival during development. miR-17~92 targets
several genes in the PI3K pathway, including the pro-apoptotic molecule BIM. Mice deficient in
miR-17~92 in the B cell lineage develop B cell lymphopenia. Mice with overexpression of miR-
17~92 in the B cell lineage develop self-reactive B cells. B) miR-181 sets a threshold for TCR
signal strength during T cell development in the thymus. miR-181 expression decreases as
thymocytes differentiate from double negative (DN) to double positive (DP) to single positive
(SP) thymocytes. miR-181 expression confers greater sensitivity to TCR stimulation by

modulating the targets PTPN22, SHP2, DUSPS5, DUSP6 and PTEN.
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Figure 2: miRNA regulation of the PI3K pathway

PI3K inhibitors are currently in clinical trials for leukemia, lymphoma, myeloma, asthma, and
chronic rhinitis [clinicaltrials.gov], and preclinical data support their therapeutic potential in
autoimmune diseases as well '**. The immune system is highly sensitive to manipulation of PI3K
signaling, and this pathway is subject to several layers of regulation that permit fine tuning of
signal output. Just a 2-fold change in PI3K signal activity through Akt is sufficient to alter
lymphocyte homeostasis and induce autoimmunity in mice *’. This degree of fine-tuning falls
well within the range of regulation mediated by miRNAs. The PI3K pathway is strictly regulated
by the phosphatases PTEN and SHIP, which dephosphorylate PI3K products and/or limit
substrate availability. PTEN is a prominent target of many miRNAs (miR-17~92 and miR-181
family members) in many different immune cell types (Th1l, Th2, Th17, Tth, CD8 T cells, B
cells). SHIP is a prominent target of miR-155, and appears to play an important role in its
proinflammatory functions in several cell lineages. MicroRNAs also modulate PI3K signaling by
targeting downstream signaling mediators and inhibitors. Understanding which miRNAs are
expressed in specific cell types, as well as understanding the varying limiting roles played by
their targets will lead to a more comprehensive understanding of miRNA regulation of cell fates

and behaviors.

24



Figure 2

GAB1 I— miR-150

N

m|R-17~92\/ ‘
— miR-17~92

miR-7—|
iR
miR- 22 mlR 181a ‘ . -
l miR-99
MiR-17-92 — ‘ . . |__4 miR-150

Q Positive regulator of PI3K APOPtOSIS

pathway targeted by miRNA Prollferat|on

‘ Negative regulator of PI3K survival
pathway targeted by miRNA

1
@ ®
4

25



Figure 3: miRNAs as biomarkers or indicators of pathogenic processes

miRNA expression analysis can be a useful tool to identify biomarkers of disease, or to generate
mechanistic hypotheses about disease pathogenesis. Useful biomarkers are identified from
abundant biospecimens like blood with little sample processing before miRNA expression
analysis. To generate mechanistic hypotheses, more sample processing is necessary to determine
the cell type specificity of miRNA expression changes. Even stronger support for the role of a
particular miRNA in disease pathogenesis can be obtained using tissue-infiltrating immune cells
at the sites of autoimmune or allergic inflammation. The invasiveness of these procedures limits

their utility for biomarker identification.
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Chapter 2

A miRNA upregulated in asthma airway T cells promotes T2

cytokine production

Simpson LJ, Patel S, Bhakta NR, Choy DF, Brightbill HD, Ren X, Wang Y, Pua HH,
Baumjohann D, Montoya MM, Panduro M, Remedios KA, Huang X, Fahy JV, Arron JR,
Woodruff PG, and Ansel KM. A miRNA upregulated in asthma airway T cells promotes Th2
cytokine production. Nature Immunology.2014;15(12):1162—-1170.
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Abstract

MicroRNAs (miRNAs) exert powerful effects on immune function by tuning networks of target
genes that orchestrate cell behavior. We sought to uncover miRNAs and miRNA-regulated
pathways that control the T2 responses that drive pathogenic inflammation in asthma. Profiling
miRNA expression in human airway-infiltrating T cells revealed miR-19a elevation in asthma.
Modulating miR-19 activity altered T,;2 cytokine production in both human and mouse T cells,
and T2 cell responses were markedly impaired in cells lacking the entire miR-17~92 cluster.
miR-19 promotes T2 cytokine production and amplifies PI(3)K, JAK-STAT, and NF-xkB
signaling by direct targeting of PTEN, SOCS1, and A20. Thus, miR-19a upregulation in asthma

may be an indicator and a cause of increased T2 cytokine production in the airways.
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Introduction

Asthma is a respiratory disorder characterized by reversible airflow limitation, bronchial
hyperresponsiveness, and airway inflammation®”. Although it is clear that asthma is a
heterogeneous syndrome, a prominent subset of asthma is characterized by type 2 inflammation
with infiltration of T helper type 2 (Ty2) cells to the airways and lung parenchyma, and a
molecular signature of airway epithelial cell exposure to T2 cytokines, especially interleukin 13
(IL-13) (ref.'™'**).IL-13 coordinates allergic lung inflammation through receptors on both
structural and inflammatory cells. It induces epithelial cell hyperplasia and mucus production,
airway smooth muscle cell hyperresponsiveness, and the recruitment and survival of eosinophils,
which is enhanced by another T,;2 cytokine, IL-5 (ref. '). IL-13 is a key driver of airway
inflammation in mouse models of asthma ’, and biomarkers of type 2 inflammation predict
enhanced clinical benefit from treatment with antibodies that block IL-13 signaling such as
lebrikizumab ' and dupilumab ',

The external signals and transcription factors that regulate T,;2 cell differentiation are
well understood. The cytokine IL-4 is both the canonical product of T2 cells and a powerful
driver of T};2 cell differentiation. Naive CD4 T cell precursors require concurrent T cell antigen
receptor (TCR) and cytokine signals to induce T2 differentiation. TCR ligation activates T cells
through a broad signaling cascade that includes the PI(3)K and NF-kB pathways. IL-4 receptor
signals activate STAT6, which upregulates GATA-3 in activated T cells. Together these two key
transcription factors promote T2 cell differentiation and cytokine production . Because T;;2
cell differentiation is governed by a cytokine and transcription factor positive feedback loop, it is
very sensitive to minor changes in cytokine production, the strength of TCR stimulation, and

other intrinsic and environmental factors. Our extensive knowledge of the signals that control T
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cell differentiation and our ability to reproducibly manipulate this process in vitro make it an
attractive system for the study of basic principles that govern gene expression networks and cell
identity.

MicroRNAs (miRNAs) regulate gene expression programs by reducing the translation
and stability of target mRNAs ", miRNAs are grouped into families that share a network of
predicted mRNA targets. Although the quantitative effect produced by each miRNA-target
interaction is small, the combined effect of the network of miRNA-target interactions produces
substantial changes in cell behavior. Several studies have attempted to understand miRNA
functions in asthma by analyzing miRNA expression in whole lung, airway epithelial cells, or
mixed peripheral blood lymphocytes from humans with asthma or mice subjected to allergic
airway inflammation models *'%'%'% These studies provide insight into the effect of airway
inflammation on miRNA expression patterns, but they do not define cell-intrinsic effects of
miRNA regulation on disease pathogenesis.

In T cells, miRNAs regulate proliferation, survival, activation, differentiation, and
cytokine production *. The miR-17~92 cluster has emerged as a particularly potent and
pleiotropic regulator of T cell responses. This cluster is transcribed as a single primary miRNA
transcript that is processed to produce six mature miRNAs belonging to four miRNA families:
miR-17, miR-18, miR-19, and miR-92 families '“. Primary miR-17~92 and the corresponding
mature miRNAs are upregulated in activated CD4 T cells and can promote T cell proliferation
and survival »7*"“!"""Although they are expressed without apparent cell-type specificity,
miRNAs in the miR-17~92 cluster regulate the differentiation and function of several distinct T
cell subsets. Both miR-17 and miR-19b promote Ty1 and T,17 cell differentiation *'*. These

two miRNAs also inhibit inducible T, cell differentiation in vitro % but the cluster as a whole is



required for normal T, cell function in vivo % Tgy cell responses are reduced and dysregulated
in the absence of miR-17~92%_ However, miRNA regulation of T};2 cell differentiation and
cytokine production remains poorly understood.

We hypothesized that miRNAs that are differentially expressed in airway-infiltrating T
cells in asthma regulate T,;2 cell function and promote lung inflammation. We used a highly
sensitive nanoscale microfluidic qPCR approach to profile miRNA expression in CD4" T cells

92112 miR-19a, a member of the miR-17~92 cluster, was

isolated from human asthmatic airways
significantly upregulated in asthma. Using genetically engineered mice, we found that miR-
17~92 promotes T2 cytokine production in vitro and type 2 inflammation in vivo. We mapped
miR-17~92 regulation of Ty2 cytokine production to the miR-19 family using transfectable
miRNA mimics and inhibitors in primary human and mouse T cells. A functional screen of the
miR-19 target network in T};2 cells revealed several signaling inhibitors that restrain IL-13 and

IL-4 production. Taken together, our data indicate that the observed increase in T cell miR-19a

expression in humans with asthma augments T,;2 responses in their airways.
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Results

miRNA expression in airway CD4 T cells

To investigate miRNA expression in airway-infiltrating T cells, we profiled the
expression of a panel of 190 miRNAs in CD4" T cells sorted from bronchoalveolar lavage (BAL)
fluid from 8 healthy, 13 steroid-naive asthmatic, and 21 steroid-using asthmatic subjects (Table
1) . RNA was extracted from sorted CD3* CD4" T cells, and miRNA expression was
determined by nanoscale microfluidic gPCR on 100 pg RNA from each subject (Supplementary
Fig. 1a, Supplementary Table 1). Our analysis revealed few differences in miRNA expression
between asthmatic and healthy CD4* T cells from BAL with one notable exception
(Supplementary Fig. 1b, Supplementary Table 2). Of the 89 miRNAs that were detected in at
least 60% of the subjects, miRNA-19a was the most significantly elevated in asthma (Fig. 1a,
Supplementary Table 2 p = 0.0199). miR-19a expression was consistently elevated in all of the
steroid-naive asthmatic subjects with very little variability, and was similarly elevated in the
steroid-using asthmatic subjects that were treated with the inhaled corticosteroid (ICS)
budesonide (Fig. 1¢). This miRNA remained elevated in CD4" T cells from steroid-naive
asthmatics upon 6 weeks of ICS treatment (Fig. 1d), indicating that it is resistant to gene
expression changes induced by steroid treatment. Because miR-19a is a member of the miR-
17~92 cluster, a highly conserved cluster of 6 miRNAs transcribed in one polycistronic pri-
miRNA, we investigated the expression of other members of the cluster. Only miR-19a, and not
miR-19b, miR-17, miR-18a, or miR-20a, was differentially expressed between asthmatic and
healthy CD4" T cells (Fig. 1e). These data demonstrate that miR-19a is specifically elevated in
airway T cells in asthma, and indicate that individual members of the miR-17~92 cluster are

differentially regulated in this setting.
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miR-17~92 promotes Ty2 cytokine production

The miR-17~92 cluster regulates the differentiation and effector functions of several
helper T cell subsets including Ty 1, Ty;17, Tgy and T, cells with varying degrees of potency
233940313911 However, the cluster’s role in T,;2 cell differentiation and cytokine production,
important features of the asthmatic immune response, has not been investigated. To this end, we
cultured miR-17~92-deficient CD4* T cells (called ‘17~92**" here), miR-17~92-sufficient
control CD4* T cells (called 17~92*"* here), and transgenic miR-17~92-overexpressing CD4* T
cells (called 17~92°""* here) in T,;2 polarizing conditions. Intracellular cytokine staining
revealed that 17~92°"" cells produced more of the type 2 cytokine IL-13 compared to 17~92*"*
controls (Fig. 2a). Conversely, fewer 17~92* cells produced the type 2 cytokines IL-13, IL-5,
and IL-4 compared to 17~92*"* controls (Fig. 2a-b). This defect in T,2 differentiation and
cytokine production did not result in increased T1 cytokine production, as measured by IFN-y
production (Fig. 2¢). 17~92 ** cells produced substantially more TNF, which is a known direct
target of miR-19 (Fig. 2¢), suggesting that these cells are capable of efficient cytokine
production in Ty 2-polarizing conditions, and that the defect is limited to type 2 cytokines. 17~92
A% cells produced less Ty2 cytokines even in established GATA-3" T2 cells (Fig. 2d). Thus, the
miR-17~92 cluster positively regulates Ty2 cytokine production.

To determine whether the T};2 cytokine defect was cell-intrinsic, we co-cultured
congenically marked 17~92** and 17~92*"* CD4" T cells in T2 conditions. After 5 days in

culture, the CD45.1* 17~92** T cells produced less IL-13 and IL-4 compared to the CD45.2*

17~92*"* cells (Fig. 3a), demonstrating that the cytokine defect is cell-intrinsic and does not
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entirely depend on feedback from IL-4 or other products produced by the mutant T cells in
culture.

We observed a slight proliferation defect in 17~92~* T,;2 cell cultures compared to
17~92*"* controls, and a slight increase in proliferation in 17~92°""* cells (Fig. 3b). To test
whether the frequency of T2 cytokine-producing cells among 17~92**, 17~92*"*, and
17~92°"* CD4" T cells was an indirect result of their rate of proliferation, we labeled the cells
with CellTrace Violet (CTV) and analyzed cytokine production at each division after 5 days of
culture in T2 polarizing conditions. IL-13 and IL-5 production did increase with each cell
division in 17~92*"* cells. However, 17~92** cells produced significantly less IL-13, IL-5, and
IL-4 at each cell division compared to 17~92"* cells (Fig. 3c,d). In contrast, 17~92°""* cells
produced more IL-13 and IL-5 at each division, but an equal amount of IL.-4 as compared to
17~92*" cells (Fig. 3¢, d). Together these data indicate that the miR-17~92 cluster promotes type

2 cytokine production in a cell-intrinsic and proliferation-independent manner.

miR-19 augments T2 differentiation

To understand the mechanism of miR-17~92 control of T2 cell cytokine production, the
functions of individual miRNA members of the cluster need to be addressed. Therefore, we
transfected mature miRNA mimics corresponding to each of the six miRNAs in the miR-17~92
cluster into 17~92** CD4* T cells on days 1 and 4 of T,;2 polarizing cultures. Transfection of
either miR-19a or miR-19b was sufficient to completely rescue Ty2 cytokine production (Fig.
4a-c). Other miRNAs within the cluster conferred only partial rescue of T};2 cytokine production
compared to miR-19a or miR-19b. These data indicate that miR-19 is the primary component of

the miR-17~92 cluster that augments T,;2 differentiation.



All of the miR-19a and the large majority of miR-19b expressed in T cells derive from
the miR-17~92 cluster (Supplementary Fig. 2). Consistent with this finding, specific retroviral
sensors of miR-19a and miR-19b activity were strongly repressed in 17~92""* cells, but not
17~92 %" cells (Supplementary Fig. 3). T cell activation induces increased transcription of the
miR-17~92 cluster, and all of the miRNAs in the cluster remain highly expressed during T2 cell

differentiation'"

(and data not shown). A single transfection either early in the culture (day 1) or
late (day 4) did not rescue T};2 cytokine production (Fig. 4d,e). We conclude that miR-19 is
required throughout T2 cell polarization to support robust T,;2 cell differentiation and cytokine
production. miR-19 mimics also modestly increased proliferation of 17~92** cells in T};2
conditions (Supplementary Fig. 4).

We next tested whether modulating the activity of miR-19 alone was sufficient to alter
type 2 cytokine production in miR-17~92-sufficient T cells with normal endogenous expression
of the other miRNAs in the cluster. Transfection of miR-19a and miR-19b inhibitors into
17~92** T cells specifically increased the expression of corresponding GFP sensors of miR-19a
and miR-19b activity and decreased expression of IL-13 (Supplementary Fig. 3). These
inhibitors also significantly reduced IL-13, but not IL-4, production when transfected into human
cord blood CD4" T cells in Ty2-polarizing cultures (Fig. 5a,b). Conversely, transfection with
miR-19a mimic was sufficient to increase IL-13 expression, but not IL-4, in human cord blood
CD4* T cells (Fig. 5¢,d). Similarly, 17~92*"* mouse CD4 T cells had increased IL-13 production,
but not IL-4, when transfected with miR-19a or miR-19b mimics in non-polarizing conditions
(Supplementary Fig. 3). We conclude that changes in miR-19 expression, such as those seen in

human asthmatic airway T cells, are sufficient to modulate the abundance of IL-13 produced in

primary human and mouse CD4" T cells.



miR-19 targets Pften, Socsl, and Tnfaip3

Because a large number of direct miR-19 targets have been validated in B cell
lymphomas and other cell types, we took a candidate approach to uncover how miR-19 augments
T,2 differentiation. We individually inhibited the 38 previously validated''*''® miR-19 targets
that are expressed in T cells'"” with siRNA SmartPools in 17~92** CD4* T cells during T,;2
polarization (Supplementary Table 3). IL-13 and IL.-4 z-scores were calculated for each of the
transfections (Fig. 6a,b). The top 8 candidate genes that when inhibited increased IL-13 and IL-4
were characterized further by inhibition with 3 individual siRNAs per gene in 17~92%* CD4* T
cells during T2 polarization to confirm the rescue of IL-13 and IL-4 (Fig. 6¢,d). The type 2
cytokine defect of 17~92** cells was rescued by inhibition of Pten, Socsl, and Tnfaip3 (which
encodes A20) with at least 2 out of 3 individual siRNAs (Fig. 6e). Each of the top 8 candidate
genes was confirmed to be inhibited by miR-19 expression by gPCR of 17~92 ** cells
transfected with miR-19a, -19b, or control mimics, compared to 17~92 ** cells (Fig. 6f).
Furthermore, to test whether genetic depletion of PTEN expression in 17~92** cells could
rescue T2 cytokine production, we deleted one allele of Pten in 17~92** cells (17~92** Pten
A%). Genetic depletion of PTEN moderately rescued the cytokine defect of 17~92** T cells (Fig.
6g).

Pten, Socs1, and Tnfaip3 are negative regulators of T cell signaling pathways that are
important for all T helper cell subsets. To test whether each of these targets regulated other T
helper cell cytokines, such as IFN-y, IL-17A, and IL-17F, we transfected 17~92** cells with
individual siRNAs against Pten, Socsl, and Tnfaip3 under non-polarizing (T,;N), T,;17, and T,;2-

polarizing conditions (Fig. 6h-j). Consistent with previous reports °'*, Pten inhibition increased
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the production of all T helper cytokines tested, but reducing Socs! or Tnfaip3 expression
enhanced production of Ty2 cytokines, but not IFN-y or IL-17. Thus, miR-19 specifically

regulates T2 responses through distinct limiting mRNA targets.

miR-17~92 augments T2 cell function in vivo

We next tested whether reduced T2 cytokine production by 17~92** T cells would
result in altered airway type 2 inflammation in vivo. We transferred 17~92 ** or 17~92""*
ovalbumin (OVA)-specific OT-II T;;2 cells to Cd28" mice, and challenged the mice every 24 h
oropharyngeally with OVA for 3 days (Supplementary Fig. 5a). 18 h after the last challenge,
we analyzed pulmonary resistance in response to increasing doses of acetylcholine. Mice that

received either no OT-II cells or 17~92 A

OT-II T2 cells had significantly lower pulmonary
resistance than mice that received 17~92** OT-II T,;2 cells (Fig. 7a), indicating that T2 cells
that lack the miR-17~92 cluster are less capable of inducing allergic airway
hyperresponsiveness. Histological analysis of lung sections from these mice revealed increased
mucus-secreting goblet cells and more severe inflammation in mice that received 17~92"* OT-II
T,2 cells compared to those that received 17~92** OT-II T2 cells (Fig. 7b-d). Mice that
received 17~924* OT-II T,2 cells transfected with miR-19a mimic showed a trend toward
increased inflammation and mucus secretion (Fig. 7b-d). To better characterize and quantify
airway inflammation, we analyzed BAL from the recipient mice by flow cytometry
(Supplementary Fig. 5b). Mice that received 17~92** OT-II T,;2 cells had significantly
reduced eosinophilia in the airways compared to mice that received 17~92** OT-II T2 cells

(Fig. 7e). However, 17~92 ** OT-II T2 cells transfected with miR-19a induced airway

eosinophil infiltration similar to that seen in recipients of 17~92"* OT-II T,;2 cells (Fig. 7e).
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Macrophage and neutrophil numbers were relatively similar in all three groups of recipients,
suggesting that the differences in airway inflammation were restricted to effects induced by type
2 cytokines. We conclude that the miR-17~92 cluster, and miR-19a specifically, has a role in the
in vivo function of T};2 cells as inducers of the allergic inflammatory phenotype associated with

asthma.
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Discussion

Guided by miRNA expression in T cells present in the airways in human asthma, we
identified a miRNA that augments Ty2 cytokine production and allergic inflammation via
coordinate regulation of cytokine and antigen receptor signaling pathways. Our data demonstrate
that the miR-17~92 cluster, and specifically miR-19a, promotes Ty2 cytokine production by
simultaneously targeting inhibitors of the NF-kB, JAK-STAT, and PI(3)K pathways. In the
context of previous studies of the miR-17~92 cluster, these findings illustrate basic principles of
miRNA regulation, including the network logic of miRNA function, and how complex biological
processes such as effective T cell-mediated immune responses emerge from coordinate miRNA
regulation of diverse aspects of cell behavior.

The miR-17~92 cluster has many established functions in lymphocytes''®. The cluster as
a whole promotes T cell proliferation and survival, and the differentiation and function of several

25,39,40,51,58,59

committed effector T cell subsets , making it an important coordinator of T cell

responses. Try responses involve the concerted action of all 4 miRNA families in the miR-17~92

39,40
cluster’™

. miR-17 and miR-92 family miRNAs support T cell proliferation in the absence of
other miRNAs''". In our experiments, miR-19 as well as miR-17 and miR-92 family miRNAs
partially rescued 17~92 ** T cell proliferation. Both miR-17 and miR-19b promote T cell
survival and Ty1 and T;17 cell differentiation, while limiting iT,,, cell differentiation 318,
However, no specific functions have previously been attributed to miR-19a in T helper cells. We
mapped the T2 cytokine-promoting activity of the miR-17~92 cluster to miR-19, as both miR-
19a and miR-19b (but not other miRNAs in the cluster) rescued IL-13 and IL-4 production in

17~92 42 T cells.
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Our study emphasizes an important concept regarding the mechanism of miRNA
regulation of cell behavior: a single miRNA can be expressed in and regulate many different cell
types through distinct but overlapping networks of targets. Each target may play a limiting role
in distinct differentiation environments, or may play a similar role in a variety of contexts. For
example, miR-19 regulated T2 cytokine production in part through PTEN, a target that has
widespread effects on T helper cell effector programs *>~*>"*® In contrast, SOCS1 and A20 were
limiting factors for Ty2, but not Tyl or Tyl7 cytokine production. The same concept applies to
transcription factors and their target genes. For example, c-Maf regulates both T,;2 and T,;17
cytokine production through distinct molecular pathways. Similarly, GATA-3 is the principle
determinant of T2 cell differentiation and a direct regulator of 1//3 and /I5, but it also regulates
T cell development in the thymus and survival in the periphery. Our findings demonstrate that
careful dissection of target networks can reveal not only the mechanisms through which
transcription factors and miRNAs mediate their functions, but also novel or unexpected limiting
requirements for downstream genes and pathways that coordinate T cell-mediated immunity.

We identified at least three important pieces of the miR-19 target network in T2 cells:
Pten, Socsl, and Tnfaip3. Each of these target mRNAs encodes an inhibitor of a distinct
signaling pathway, indicating that miR-19 augments T2 cytokine production by simultaneously
amplifying PI(3)K, JAK-STAT, and NF-kB signaling. However, our analysis revealed a limiting
independent role for each target, since depleting each one individually was sufficient to markedly
increase Ty2 cytokine production. These pathways are all essential components of the antigen
and cytokine signaling that induce T cell differentiation and effector function. As such, the
importance of PTEN, SOCSI1, and A20 for T,;2 cytokine production have been inferred or

assumed, but never tested.
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PTEN inhibits the PI(3)K pathway, which promotes T cell proliferation and cell

survival'"

, and deletion of one allele of Pten results in autoimmunity and lymphoproliferative
disease in mice®. PTEN is an important miR-17~92 target in Ty1, T;;17 and T cell
differentiation’®***'"*, but its effects on cytokine production by T2 cells were previously
unknown. Genetic rescue of PTEN overexpression in 17~92 ** cells partially rescued T2
cytokine production, indicating that both PTEN and other targets significantly contribute to the
Ty2 phenotype.

SOCS] inhibits the JAK-STAT pathway downstream of cytokine receptors'*, and favors
Ty17 over Tyl differentiation by repressing IL-12 and IFN-y signaling'*"'**. Both IFN-y and IL-
4-producing CD4" T cells are increased in SOCS 1-deficient mice'” and SOCS1 inhibits IL-4
signaling in macrophages'**. These findings have led to speculation that SOCS1 may inhibit T2
responses'®, but this possibility had remained untested prior to our experiments. Furthermore,
SOCSI has not previously been found to be an important miR-17~92 target in regulating the
differentiation and effector functions of any helper T cell subset.

Tnfaip3 encodes A20, a constitutively expressed negative regulator of the NF-xB
pathway in T cells. A20 was identified as an important miR-19 target in macrophages''’.

Inhibition of A20 increases IL-2 production in Jurkat cells'*®

, but its effect on T};2 cytokine
production had not yet been described. While identification of these three targets leads to better
understanding of the intracellular components that regulate Th2 cytokine production, genome-
wide approaches to determine the full miR-19 target network in Ty2 cells would likely reveal
additional targets involved in helper T cell biology.

We hypothesized that miRNA expression profiling in airway-infiltrating T cells could

reveal functionally relevant miRNAs and pathways that are directly involved in asthma
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pathogenesis. Indeed, we identified miR-19a as a candidate regulator of Ty2 responses through
miRNA profiling”®'"? in the small number of CD4 T cells that can be recovered from
bronchoalveolar lavage. Previous studies identified miRNAs of interest by profiling expression

19 epithelial cell brushings”, or

in complex cell mixtures, such as whole lungs in animal models
mixed lymphocytes from peripheral blood of asthmatic subjects'°*'*’. Interpretation of data from
unseparated tissues can be ambiguous. Differential miRNA expression may reflect changes in
cellular composition of samples from asthmatic subjects, and formation of mechanistic
hypotheses about disease pathogenesis requires further work to identify which cell type(s)
exhibit differential expression of any miRNA of interest. Future studies will be needed to
confirm the observed increase in miR-19a in airway CD4" T cells in asthma, and to determine
whether this change is limited to T2 cells in this context. Larger studies may also identify
correlation between miR-19a expression and asthma severity, lung function, response to
corticosteroid treatment, or biomarkers of T2 inflammation that stratify asthma phenotypes™'**.
Although clusters of miRNAs are transcribed as a single polycistronic primary miRNA
(pri-miRNA) transcript, each mature miRNA in the cluster is not necessarily expressed at the
same abundance in a given cell type and condition. Nevertheless, we were surprised to find a
specific increase in miR-19a, but not other members of the miR-17~92 cluster, in airway-
infiltrating T cells in asthma. miR-19a and miR-19b were also preferentially increased in
premalignant cells in a mouse model of B cell lymphoma and in human Burkitt’s lymphoma cell

lines'®

. A specific increase in miR-19a may be mediated by preferential processing from the
polycistronic miR-17~92 pri-miRNA transcript, or by a sequence-specific increase in the

efficiency of some other step in miR-19a biogenesis. Alternatively, mature miR-19a may be

specifically stabilized in T cells in inflamed lungs. Regardless of the mechanism, the observed
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increase in miR-19a abundance should have a significant impact on secretion of IL-13, since
altering miR-19a activity by overexpression or depletion in both human and mouse primary T
cells altered IL-13 production in vitro.

The identity and function of miRNAs that regulate type 2 inflammation in a T cell-
intrinsic manner have remained uncertain. miR-155 has been a major focus because miR-155-
deficient T cells have a modest bias toward Ty2 differentiation in vitro'*”"** and miR-155-
deficient mice develop partially penetrant spontaneous airway remodeling with some of the

12 However, these mice are resistant to experimentally induced airway

characteristics of asthma
inflammation'’', suggesting that miR-155 may have a role in cell types other than Ty2 cells in
this model. Our data suggest that miR-19a upregulation in T cells in asthmatic airways may be
an indicator and a cause of increased IL-13 production, and likely contributes to type 2
inflammation in asthma. Indeed, 17~92%* T,;2 cells induced far less airway eosinophilia than
17~92*"* T2 cells in an allergic airway inflammation model, and restoration of miR-19a was
sufficient to rescue this defect.

Our study links miR-19a activity with human asthma and uncovers mechanisms of miR-
19a function in T cells, suggesting that miR-19 may be an attractive drug target. Previous animal
model studies have validated the concept of miRNA-based therapy by using intranasal
administration of sequence-specific miRNA inhibitors to ameliorate allergic airway

. . 100,132-134
inflammation

. In addition, uncovering the target networks through which miRNAs act
may be an effective path to the development of novel therapies. For example, our findings lend
weight to the argument that NF-xB inhibitors might be effective in asthma and other allergic

diseases'” . Through coordinate repression of several mRNA targets, miR-19 amplifies signals

that augment production of Ty2 cytokines, the principle drivers of asthma pathogenesis.
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Materials and Methods

Human subjects

Bronchoalveolar lavage (BAL) fluid was obtained from three groups of subjects: asthmatic
subjects that had not been treated with inhaled corticosteroids (ICS) for 6 weeks prior to the
study start date, called “steroid-naive” here; asthmatic subjects that were treated continuously
with ICS, called “steroid-using” here, and healthy control subjects. BAL was obtained from
steroid-naive subjects at baseline and again after 8 weeks of ICS treatment, 200ug budesonide
twice a day. BAL was obtained from steroid-using subjects after standardizing their ICS
treatment to a regimen of 200ug budesonide twice a day for 8 weeks. This study, called the
Study of the Mechanisms of Asthma (MAST), was registered on clinicaltrials.gov:
NCTO00595153. A power calculation was used to determine the number of subjects needed to
measure differences in expression of 3 biomarker genes of IL-13 exposure in the airway. We
utilized all sorted T cell samples available from this completed study. Inclusion and exclusion
criteria for human subjects are provided on clinicaltrials.gov. Written informed consent was
obtained from all subjects, and all studies were performed with approval from the UCSF

Committee on Human Research.

Sorting of clinical BAL samples

Investigators were blinded to the group allocation of subjects during cell sorting and sample
processing. Live CD3" CD4" T cells were sorted using a FACSAria flow cytometer (BD
Biosciences, San Jose, CA) from BAL cells transported in ice cold PBS with 5% FCS within
approximately four hours of collection. CD3-PE (cat# MHCD03044) was purchased from

Invitrogen (Carlsbad, CA). CD4-Cy7 (cat# 557852), CD8-APC-Cy7 (cat# 557834), and PI (cat#



51-66211E) were purchased from BD Biosciences (San Jose, CA). The average purity of the
sorted cells, confirmed by flow cytometric analysis, exceeded 95%. Sorted cells were washed in
ice cold PBS with 2% FCS and 2mM EDTA and then lysed in RLT buffer (Qiagen, Valencia,

CA) prior to being snap-frozen and stored at -80°C.

High-throughput multiplex gPCR

High-throughput multiplex qPCR was performed according to a previously described protocol®.
Briefly, CD4 T cells sorted by flow cytometry from clinical samples were lysed and stored in
RLT buffer (Qiagen) at -80°C until all samples were collected. Frozen lysates were thawed and
loaded onto QIAshredder homogenizer columns (Qiagen). Using a low concentration of ethanol
(35% v/v), the large fraction of RNA (>150nt) was precipitated and captured on collection
columns (RNeasy, Qiagen). The small fraction of RNA (<150nt) does not bind with low
concentration of RNA, and so the flow-through from the first column was brought up to a
concentration of 75% v/v ethanol and RNA was precipitated and collected on a fresh column
(MinElute, Qiagen). Both RNA fractions were treated with DNase per manufacturer’s
recommendations (Qiagen). 2ul of RNA from each large fraction, as well as a standard curve of
RNA from in vitro-derived T2 cells, were reverse transcribed using the SuperScript III kit
(Invitrogen). RNA was then quantified by gPCR using primers for 52m and comparing to the
standard curve of RNA. We calculated 100pg RNA from the small fraction for each sample for
multiplex reverse transcription using 2 separate mixes of 96 miRNA stem loop reverse primers at
a final concentration of 1nM (Supplemental table 1). Reverse transcription and 20 cycles of

preamplification were performed according to previous protocols’''?. Excess primers were

removed from samples using 9ul ExoSAP-IT (USB) per sample, and then 15ul of each sample



was purified on Illustra AutoScreen-96 Well Plates (GE Healthcare). MiRNA qPCR data was
collected on the BioMark system (Fluidigm) using a 96.96 Dynamic Array Integrated Fluidic

Circuit (IFC).

Fluidigm Biomark qPCR data analysis

Data was first analyzed on Real Time PCR Analysis software (Fluidigm) with the quality
threshold set at 0.5, baseline correction set to linear (derivative), and Ct threshold method set to
auto (detectors). The data was further analyzed in R (version 2.14.1) through the following
pipeline: Ct values < 5 or >28 were removed per Fluidigm recommendations: miRNAs that were
detected in less than 60% of patient samples were removed from analysis; missing Ct values
were replaced with the limit of detection (highest Ct value within the standard curve) + 0.1, and

4) the data were global mean-normalized per plate to account for inter-plate differences.

Mice

Mice with loxP-flanked alleles encoding miR-17~92 (Mirc1™", 008458, The Jackson
Laboratory), and Rosa26-miR-17~92—transgenic mice (Gt(ROSA)26Sor™ AGMIRIT-92-EGEPRsky|
008517, The Jackson Laboratory) were crossed to CD4-Cre mice (4196, Taconic) to generate
CD4-Cre;MircI™ (called ‘17~92%* here), CD4-Cre;Gt(ROSA)26Sor™ CAGMRITI2ECGEPRY (ca]led
“17~92°""*" here), and CD4-Cre;MircI*™* or MircI™; (collectively called ‘17~92"*" here). OT-II
mice (004194), and mice heterozygous for the Rora™ mutation (002651) were from The Jackson
Laboratory. Mice with loxP-flanked Pten alleles have been described'*. Cd28" mice (002666)

were from The Jackson Laboratory. All mice were housed and bred in the specific pathogen-free
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barrier facility at the University of California, San Francisco. The Institutional Animal Care and

Use Committee at the University of California, San Francisco, approved all animal experiments.

In vitro human cord blood T cell polarization

Peripheral blood mononuclear cells (PBMCs) from anonymous human cord blood donors were
isolated by Lymphoprep gradient (Accurate Chemical & Scientific Corp; cat # 1114545). CD4*
T cells were isolated from PBMCs using the Dynabeads Untouched Human CD4" T Cell
Isolation Kit (Invitrogen). Cells were stimulated for ~65 h on plates coated with 1y g/ml anti-
CD3 (UCSF Monoclonal Antibody Core; clone OKT-3) and 2 g/ml anti-CD28 (UCSF
Monoclonal Antibody Core; clone 9.3) at an initial density of 0.7x10° cells/ml. After stimulation,
the cells were rested for two days in media containing 20 units/ml recombinant human IL-2
(NCI). For T2 polarizing conditions, 12.5 ng/ml recombinant human IL-4 (PeproTech; cat #
200-04) was added throughout the 5 days. T cell culture was in RPMI-1640 media with 10%
FCS, pyruvate, nonessential amino acids, L-arginine, L-asparagine, L-glutamine, folic acid, beta

mercaptoethanol, penicillin, and streptomycin.

In vitro mouse primary T cell polarization

CD4" T cells were isolated from spleen and lymph nodes of young mice (4-8 weeks old) using
the Mouse CD4 Dynabeads Isolation kit (Invitrogen; L3T4). For experiments including
CellTrace Violet (Invitrogen), cells were stained at SuM in PBS for 20 minutes at 37°C,
quenched with 5 volumes of media with 10% FCS for 5 minutes, and washed twice in media
prior to culture. For all conditions, cells were activated with hamster anti-mouse anti-CD3 (clone

2C11, 0.25ug/ml) and anti-mouse CD28 (clone 37.51, 1ug/ml) antibodies on a plate coated with
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goat anti-hamster IgG (0.3mg/ml in PBS; MP Biomedicals) for ~65 h at an initial density of

0.7x10° cells/ml, and then rested in media with 20 units/ml recombinant IL-2 (National Cancer
Institute) for 48-72 h. For T2 polarizing conditions, 500 units/ml IL-4 supernatant and Sug/ml

anti-IFN-y (clone XMG1 .2) were added to the culture throughout the 5-6 days. “Low T,2”
conditions included only 5 units/ml IL-4, and “T;N” conditions received no polarizing cytokines
or antibodies. T};17 polarizing conditions received Sng/ml recombinant human TGF-f3
(Peprotech), 25ng/ml recombinant murine IL-6 (Peprotech), 10ug/ml anti-IL-4 (clone 11B11),
10ug/ml anti-IFN-g, and 20ng/ml recombinant murine IL-23 (R&D Systems) throughout the 5
days of culture. All cultures used DMEM high glucose media supplemented with 10% FCS,
pyruvate, nonessential amino acids, MEM vitamins, L-arginine, L-asparagine, L-glutamine, folic

acid, beta mercaptoethanol, penicillin, and streptomycin.

miRNA mimics, miRNA inhibitors, siRNA, and miRNA sensors

During in vitro polarization, human or mouse primary CD4" T cells in culture were transfected
with miRNA mimics, inhibitors, or siRNAs (Dharmacon) at 24 and 96 h of culture. miRIDIAN
miRNA mimics were used at 500nM per transfection. miRIDIAN miRNA Hairpin Inhibitors
were also used at 500nM. siGENOME SmartPools and ON-TARGETplus Individual siRNA
were used at 500nM. Cells were transfected using the Neon Transfection system by Invitrogen as
described'"'. Retroviral miRNA sensors containing 4 perfectly complementary binding sites for

miR-1, miR-19a, and miR-19b were constructed and transduced at 48 h as described'"".

Intracellular cytokine and transcription factors stains
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For cytokine staining, cells were restimulated with 20nM PMA and 1uM ionomycin for 4 hours,

and 5ug/ml brefeldin A was added during the last 2 hours of restimulation. Cells were stained
with the viability dye eFluor780 (eBiosciences; Cat # 65-0865-14), and then fixed in 4%
paraformaldehyde for 8 minutes at room temperature. Cytokine staining was done in
permeabilization buffer containing 0.05% saponin. For transcription factor staining, unstimulated
cells were fixed, permeabilized, and stained using the FoxP3 Staining Kit (eBiosciences; Cat #
00-5523-00). Samples were analyzed with a flow cytometer (BD LSR II). Mouse antibodies: IL-
13-PE (eBiosciences; eBio13A), IL-4-APC (eBiosciences; 11B11), IL-5-PE (Biolegend;
TRFKS), IFNg-FITC (eBiosciences; XMG1.2), TNFa-AlexaFluor700 (BD Biosciences; MP6-
XT22), and GATA-3-PE (eBiosciences; E50-2440). Human antibodies: IL-13-FITC
(eBiosciences; PVM13-1), IL-4-APC (BD Biosciences; 8D4-8), IL-17A-eFluor450

(eBiosciences; eBiol7B7), and IL-17F-PE (BD Pharmingen; 079-289).

In vivo allergic airway inflammation model

For each in vivo experiment, we used at least 5 mice per group to gain power for statistical
analysis, and repeated the model to pool data and determine reproducibility. Mice received 3
different cell types in rotation such that each cage had 1-2 recipients for each cell type. Mice
were challenged in random order and were tested for pulmonary resistance in rotating order
through each group. One mouse was removed from analysis due to low body weight and lack of
movement; histological analysis confirmed signs of emphysema. Six- to eight-week old sex-
matched littermate Cd28” mice were injected retro-orbitally with 2x10° in vitro T,2-polarized
17~92*"* or 17~92%* OT-II cells. The mice were challenged oropharyngeally with 50ug

ovalbumin (OVA) in PBS at 24, 48, and 72 hours post transfer to induce allergic airway
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inflammation. 18 hours after the final challenge, mice were anesthetized with
ketamine/xyalazine, and pulmonary resistance was measured by trachaea cannulation in response
to intravenous acetylcholine, as previously described '*’. BAL was collected by 5 lavages of
0.8ml of PBS for flow cytometry, and lungs were filled with 10% buffered formalin and fixed for
histology. BAL cells were washed, counted, and surface stained for analysis by flow cytometry.
Antibodies used for myeloid cell enumeration: CD11b-AlexaFluor488 (eBiosciences; M1/70),
CD11c-PE-Cy7 (Biolegend; N418), Ly6G-V450 (BD Biosciences; 1A8), SiglecF-PE (BD
Biosciences; ES0-2440). Two paraffin-embedded 5um sections of the whole lung from each
mouse were stained with H&E and PAS. To quantify inflammation, H&E-stained lung sections
were de-identified for blinding and scored for peribronchial and perivascular inflammatory cell
infiltration: grade 0, no infiltration; grade 1, <25% of examined area; grade 2, 25-50%; grade 3,
51-75%; and grade 4, >75%. To quantify goblet cell hyperplasia, PAS stained lung sections were
de-identified for blinding and scored for the percentage of PAS positive cells among airway
epithelial cells: grade O: none; grade 1 <25% of airway epithelial cells; grade 2, 25-50%; grade 3,

51-75%; and grade 4, >75%.
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Table 1: Healthy and asthmatic subjects providing bronchoalveolar lavage CD4 T cells for
miRNA expression analysis

Healthy Ste;(‘_;lt(lll—;llilve Ste;osltclll—llljlimg
Sample size (M/F) 8 (4/4) 14 (5/9) 21 (9/12)
Age,y 40.3 (25-56) 30.1 (20-56) 37.3 (18-55)
FEV1 % predicted 100 (88-128) 90 (61-103) 80 (59-110)
Methacholine PC,, mg/ml >10 0.8 (0.08-4.3) 2.1(0.14-8.1)

Sorted CD4* T cells (x10%) 215 (24-440) 243 (29-1,250) 277 (45-2,200)
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Figure 1. miR-19a expression is elevated in CD4" T cells from asthmatic lungs

(a) Tagman qPCR analysis of miRNA expression in sorted CD4 T cells. Circles represent global-
mean-normalized average miRNA expression in asthma compared to healthy subjects. Dashed
lines represent 2-fold higher or lower expression. (b) qPCR analysis of miR-19a expression
normalized to the global mean. Circles represent individual subjects. Line represents mean
expression for each group. (¢) qPCR analysis of miR-19a expression in CD4" T cells from
individual asthmatic subjects pre- and post- 6 weeks of inhaled corticosteroid (ICS) treatment. n
=5.(d) gPCR analysis of the expression of miR-17, miR-18a, miR-19b, and miR-20a (members
of the miR-17~92 cluster; miR-92a was not detected in this experiment) normalized to the global
mean. Circles represent individual subjects. Lines represent mean expression for each group. (a-
d) Data are pooled from 2 experiments with n = 8 Healthy, 13 steroid-naive (SN) asthma, and 21
steroid-using (SU) asthma. (b, d) One-way ANOVA with Dunnett’s post test (compared to

healthy). (c¢) Paired 2-tailed t-test. *p < 0.05, **p < 0.0001, ns = not significant.
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Figure 2. The miR-17~92 cluster promotes T2 cytokine production

(a-c) Intracellular cytokine staining and pooled analysis of day 5 Ty 2-polarized CD4" T cells
from 17~92** (left), 17~92*"* (middle), and 17~92°""* (right) mice. Numbers in quadrants
indicate percentage of cells producing the indicated cytokine among live singlets. Bar graphs
indicate total cytokine” cells as a percentage of live singlets. Error bars are mean + SEM. (a)
Flow cytometry data is representative of 11 independent experiments. n = 12 17~92 ** (black),
17 17~92*"* (grey), and 6 17~92°™"* (white) mice pooled from 11 independent experiments. (b)
Flow cytometry data is representative of 7 independent experiments. n = 8 17~92 ** (black), 10
17~92** (grey), and 4 17~92°""* (white) mice pooled from 7 independent experiments. (¢) Flow
cytometry data is representative of 11 independent experiments. n = 12 17~92 ** (black), 17
17~92*"* (grey), and 7 17~92°""* (white) mice pooled from 11 independent experiments. (d)
Flow cytometry of GATA-3 expression in day 5 T,2-polarized CD4 T cells from 17~92**
(black line), 17~92** (grey filled), and 17~92°""* (black dashed line) mice. Data are
representative of 2 experiments. Bar graph indicates mean fluorescence intensity (MFI) of
GATA-3 expression in live singlets of 17~92** (black), 17~92*"* (grey), and 17~92°""* (white)
mice. Error bars are mean + SEM. n =4, 4,4 (2 mice in each group with duplicate cultures from
2 independent experiments). (a, ¢, d) One-way ANOV A with Dunnett’s post test. (b) One-way
ANOVA Kruskal-Wallis test (for groups with unequal variance) and Dunn’s post test. *p < 0.05,

**p <0.001, ns = not significant.
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Figure 3. The miR-17~92 cluster promotes T,2 cytokine production in a cell-intrinsic and
proliferation-independent manner

(a) Intracellular cytokine staining of CD4" T cells from CD45.1* 17~92%* and CD45.2* 17~92**
mice, co-cultured in T2 polarizing conditions for 5 days. Numbers indicate percentage of
cytokine-producing cells (above the dotted line) in either the CD45.1" or the CD45.1" gate (solid
boxes). Data are representative of 2 independent experiments with 2 mice each and duplicate
cultures. (b) CellTrace Violet (CTV) stain indicating proliferation of day 5 Ty2-polarized 17~92
A2 (black line), 17~92*"* (grey filled), and 17~92°""* (black dashed line) CD4" T cells. Numbers
above peaks indicate division number relative to an undivided control. (¢) Intracellular cytokine
staining of CTV-labeled 17~92** (left), 17~92** (middle), and 17~92°"""* (right) day 5 T,.2-
polarized CD4" T cells. Solid box indicates cytokine-positive gate used for quantification in (d).
(d) Quantification of (¢) showing cytokine-positive cells (as a percentage of live singlets) at each
division in 17~92** (black bars), 17~92*"* (grey bars), and 17~92°""* (white bars) cells. Data are
from one representative experiment. Error bars are mean with range. n = 2 replicate cultures
from one mouse of each genotype. p < 0.0001 by 2-way ANOVA comparing 17~92** and
17~92** in IL-13,IL-5, and IL-4. p < 0.0001 by 2-way ANOVA comparing 17~92** and
17~92°"*in IL-13 and IL-5. p = 0.3153 by 2-way ANOVA comparing 17~92""* and 17~92°"*
in IL-4. (b-d) Data are representative of 6 independent experiments with 17~92** and 17~92""*

2GFP/+

(n = 6 mice each), and 2 experiments with 17~92*"* and 17~9 (n = 2 mice each).
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Figure 4. miR-19a and miR-19b rescue the T,2 cytokine defect in 17~92* cells

(a) Intracellular cytokine staining of 17~92*"* or 17~92** CD4 T cells transfected with control
mimic (CM), miR-19a, -19b, -17, -18a, -20a, or -92a mimics. Cells were transfected on days 1
and 4 of T2 polarization, and analyzed on day 5. Numbers in each quadrant indicate percentage
of cells producing the indicated cytokine. Data are representative of 3 independent experiments.
(b-¢) Quantification of IL-13 (b) or IL-4 (¢) production at day 5 after transfection with miRNA
mimics. Bars represent mean + SEM for 3 individual transfections for each condition. Data are
representative of 3 independent experiments. (d-e) 17~92"* or 17~92** CD4* T cells were
transfected with CM, miR-19a, or -19b on day 1 only, day 4 only, or both day 1 and 4.
Quantification of IL-13 (d) or IL-4 (e) production at day 5 of T};2 polarization. Error bars are
mean + SEM for 3 individual transfections for each condition. Data are representative of 2
independent experiments. (b, ¢) One-way ANOVA with Dunnett’s post test (comparing each
column to 17~92** + CM). (d, e) p < 0.0001 by 2-way ANOVA with Bonferroni post test

2 A/A

(comparing each column to 17~9 + CM per time point). ns = “not significant”, *p < 0.05, **

p <0.01,*** p <0.001, ****p < 0.0001.
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Figure 5. miR-19a promotes IL-13 production in human CD4* T cells

(a) Intracellular cytokine staining of CD4" T cells isolated from human cord blood and
transfected with control inhibitor or anti-miR-19 inhibitor on days 1 and 4 in T,;2 polarizing
conditions, analyzed on day 5. Numbers in each quadrant indicate percentage of cytokine-
positive cells. Data are representative of 3 experiments with 8 cord blood samples. (b)
Quantification of IL-13 (left) or IL-4 (right) producing human CD4" T cells upon transfection
with control inhibitor (CI) or anti-miR-19 inhibitor (Anti-19). Circles represent the mean of 2
individual transfections of each inhibitor. Lines connect individual cord blood donors receiving
either inhibitor. n = 8 cord bloods in 3 experiments. (¢) Intracellular cytokine staining of CD4* T
cells isolated from human cord blood and transfected with control mimic or miR-19a mimic on
days 1 and 4 in T,2 polarizing conditions, analyzed on day 5. Numbers in each quadrant indicate
percentage of cytokine-positive cells. Data are representative of 3 experiments with 8 cord blood
samples. (d) Quantification of IL-13 (left) or IL-4 (right) producing human CD4" T cells upon
transfection with control mimic (CM) or miR-19a mimic (19a). Circles represent the mean of 2
individual transfections of each mimic. Lines connect individual cord blood donors receiving
either mimic. n = 8 cord bloods in 3 experiments. (b, d) Two-tailed paired t-test. *p < 0.01, **p

< 0.001, ns = not significant.
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Figure 6. Several miR-19 targets negatively regulate Ty;2 cytokine production

(a-b) Primary screen of miR-19 targets that alter IL-13 and IL-4 production. Analysis of
intracellular cytokine staining of 17~92“* cells transfected with 38 siRNA smartpools. Bars
indicate IL-13 z-score (z = x — mean/SD where x represents the IL-13" cells (%) for each siRNA
(a) or IL-4 z-score (b). The white bar indicates siRNA nontargeting control (siNegCtl), and the
black bar indicates miR-19a mimic positive control. The shaded grey area highlights the 8 genes
with further analysis in (¢) and (d). Data are representative of two independent experiments. (c-
d) Analysis of intracellular cytokine staining of 17~92** cells transfected with 3 individual
siRNAs against the top 8 candidate genes identified in (a) and (b). Bars indicate IL-13" (¢) and
IL-4" (d) cells as a percentage of live singlets. The white bar indicates siNegCtl, and the black
bar indicates miR-19a mimic. Dashed lines indicate the range between the negative and positive
controls. Data are representative of 2 independent experiments. (e) Intracellular cytokine staining
of 17~92*2 cells transfected with individual siRNAs against Socs!, Tnfaip3, and Pten compared
to siNegCtl. Numbers in each quadrant indicate percent of cytokine-positive cells. Data are
representative of 4 independent experiments. (f) gPCR expression of the top 8 candidate miR-
19a targets in 17~92** cells transfected with control (CM, black bars), miR-19a (dark grey
bars), miR-19b (light grey bars) mimics, or 17~92** cells transfected with CM (white bars). Data
are normalized to Gapdh. Data are representative of 2 independent experiments. Error bars
represent mean with range of 2 technical replicates. (g) Intracellular cytokine stain of day 5
“Low T,2”-polarized cells from 17~92** Pten*"* (left), 17~92** Pten*" (middle), and
17~92*"*Pten*"* mice. Numbers in each quadrant indicate percent of cytokine-positive cells. Data
are representative of two experiments. (h-j) Analysis of intracellular cytokine staining of 17~92

A% cells in non-polarizing (h), T,;17 polarizing (i), or T2 polarizing (j) conditions transfected
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with individual siRNAs against Socs!, Tnfaip3, and Pten, compared to siNegCtl. Bars represent
mean with range. n = 2 transfections for each condition. Data are representative of 2 independent

experiments.
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Figure 7. The miR-17~92 cluster promotes Ty2-driven inflammation in vivo

(a) Pulmonary resistance measures at day 4 in response to increasing doses of acetylcholine.
Circles represent mean of 10 mice receiving 17~92** OT-II cells (black line open circles), 10
mice receiving 17~92** OT-II cells (black line black circles), and 6 mice receiving no cells
(grey dashed line open circles). Error bars represent mean + SEM. Statistics on the plot indicate
differences at the highest dose of acetylcholine. Data from 2 experiments were combined. (b)
Representative Periodic Acid Schiff (PAS) staining of lung sections from recipient mice with
17~92*"* OT-II cells transfected with control mimic (CM) (left; n = 10), 17~92** OT-II cells
transfected with CM (middle; n = 10), or 17~92** OT-II transfected with miR-19a mimic (right;
n =9). Images are representative of 2 experiments. Black arrowheads mark PAS™ cells. The area
between the dotted lines indicates immune cell infiltration. (c-d) Histologic scores of PAS
staining (c¢) to quantify mucus-secreting cells, and H&E staining (d) to quantify airway
inflammation. Error bars represent median with interquartile range. Analyses use a scale 0-4 and
are analyzed by a blinded observer. (e) Analysis of flow cytometry of inflammatory cells in the
BAL on day 4. Eosinophils (CD11b*Siglec F, left), neutrophils (CD11b*Ly6G*, middle), and
alveolar macrophages (CD11c*Siglec F*, right) were quantified as the product of their frequency
among live cells and the total BAL cell count. Error bars represent mean + SEM. n =15, 19, and
19. (a) Two-way ANOVA with Bonferroni post-tests. (¢-e) One-way ANOVA with Dunnett’s

post test. *p < 0.05, **p < 0.001, ***p <0.0001. ns = not significant.
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Supplemental Figure 1. Heatmap of all subjects and miRNAs analyzed by multiplex qPCR

(a) Method shown for isolation of RNA from CD3* CD4" T cells from BAL fluid from healthy
and asthmatic subjects. RNA was reverse transcribed and preamplified, and miRNA expression
was analyzed using the Fluidigm Biomark qPCR system. (b) Unsupervised hierarchical
clustering using the 23 most variable miRNAs (between healthy and steroid-naive asthma) was
determined in R (version 2.14.1) using the hclust function with “complete” method. The heatmap
(R version 2.14.1; heatmap function) was generated using the hierarchical clustering above,
including expression of all miRNAs determined by multiplex qPCR using the Biomark system
(Fluidigm). In the heatmap, red indicates expression level higher than the mean across all
subjects, blue denotes expression level lower than the mean, and grey indicates expression not
determined (N.D). In the first row, green indicates asthmatic subjects, and yellow indicates
healthy subjects. In the second row, purple indicates inhaled corticosteroid (ICS) treatment, and
white indicates no ICS. miRNAs are arranged by average expression across all subjects (lowest
to highest). Significance was determined by Welch t-test comparing the healthy and SN asthma

groups. (Full table of p-values is provided in Supplementary Table 2.)
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Supplementary Figure 2. miR-17~92 expression in 17~92** and 17~92*""* naive CD4 T cells

(a) Schematic of the genomic loci of the miR-17~92, miR-106a~363, and miR-106b~25 clusters.

Colors indicate miRNAs belonging to the same family; yellow = miR-17 family, blue = miR-18
family, teal = miR-19 family, pink = miR-92 family. (b) miRNA expression was determined by
SYBR gPCR in 17~92*"* (black bars) and 17~92** (white bars) naive CD4 T cells. Expression

was normalized to 5.8S rRNA in each sample. Data are representative of 2 experiments.
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Supplementary Figure 3. miR-19 activity in 17~92** and 17~92""* cells and effects of mimics

and inhibitors

(a) DGCR8"* and DGCR8** CD4 T cells transduced with retroviral sensors expressing GFP
with 4 perfectly complementary binding sites for miR-1 (psensl), miR-19a (psens19a), or miR-
19b (psens19b) in the 3’UTR. (b) DGCR8* CD4 T cells transduced with miR-19a (psens19a) or
miR-19b (psens19b) sensors and transfected with control mimic (CM), miR-19a mimic (19a), or
miR-19b mimic (19b). (¢) DGCR8"* CD4 T cells transduced with psens19a or psens19b, and
transfected with control inhibitor (CI) or anti-miR-19a and anti-miR-19b inhibitors (anti-19ab).
(d) Analysis of cytokine expression by flow cytometry in DGCR8"* CD4 T cells cultured for 5
days in nonpolarizing conditions and transfected with control inhibitor (CI), and anti-miR-19b
inhibitors (anti-19). Data represent mean +/- SEM. * p = 0.03. (¢) DGCR8"* CD4 T cells
cultured for 5 days in nonpolarizing conditions and transfected with control mimic (CM), miR-

19a mimic (19a), or miR-19b mimic (19b). Data represent mean +/- SEM.
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Supplementary Figure 4. Effects of miR-17~92 members on proliferation

Analysis (day 5) of cell proliferation by flow cytometry of Th2-polarized cells labeled with
CellTrace Violet (CTV). Grey filled histogram represents 17~92** cells transfected with control
mimic (CM), black histogram represents 17~92** cells transfected with control mimic (CM), and
red histogram represents cells transfected with the corresponding miRNA mimic. Data are

representative of 3 independent experiments, with 3 technical replicates in each experiment.
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Supplementary Figure 5. Identification of myeloid cells in BAL in in vivo allergic airway

inflammation model

(a) Method for T2 OT-II cell adoptive transfer model of allergic airway inflammation. See
Materials and Methods for details. (b) Gating strategy used to identify eosinophils (CD45"
CD11b" Siglec F*), neutrophils (CD45" CD11b" Ly6G™), and alveolar macrophages (CD45"
CD11c"* Siglec F*) in bronchoalveolar lavage (BAL) fluid from mice that received 17~92"* or
17~924* OT-II Th2 cells and were challenged with ovalbumin for 3 consecutive days. Cells are
first gated as CD45+, Live (eF780 viability dye-/CD4-/CD8-/CD19-), singlet, NK1.1-, and then
divided into the above mentioned cell types. Numbers of each cell type are determined by the
product of the frequency of that cell type (as a percentage of live cells) and the total BAL cell

count determined by Coulter Counter.
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Supplementary Table 1. List of miRNAs for each multiplex miRNA Tagman qPCR

# Plate 1 Plate 2 # Plate 1 Plate 2

1 Let7a Let7b 39 mir30c mir29b

2 Let7c Let7d 40 mir30d mir29c

3 Let7e Let7f 41 mir32 mir301a

4 Let7i Let7g 42 mir328 mir30a

5 mirl mirl 43 mir331 mir30e

6 mirl101 mir100 44 mir340-5p mir320a

7 mirl103 mirl103 45 mir34a mir33a

8 mir106b mirl07 46 mir361-5p mir330-3p
9 mirl07 mirl0Oa 47 mir365 mir335-5p
10 mirl25a 3p mirl122 48 mir374b mir339 5p
11 mirl26 mirl25b S5p 49 mir421 mir342-3p
12 mirl28 mir130b 50 mir423-3p mir263

13 mirl132 mirl142 5p 51 mir425 mir378

14 mirl41 mirl46a 52 mir484 mir423-5p
15 mirl42 3p mirl48a 53 mir494 mir451

16 mir148b mirl50 54 mir532-5p mir-532-3p
17 mirl52 mirl51 5p 55 mir590-5p mir574-5p
18 mirl5a mirl5b 56 mir652 mir590-3p
19 mirl81la mirl6 57 mir744 mir1280
20 mirl81b mirl7 58 mir92b mir671-5p
21 mirl85 mirl81c 59 mir99b Mir7a

22 mirl8a mirl81d 60 mirl225 5p mir874

23 mir190b mirl86 61 mir1246 mir93

24 mirl91 mirl91 62 mirl247 mir98

25 mir194 mir192 63 mir1248 mir99a

26 mirl97 mir193a-3p 64 mir1268 mir106a
27 mirl9a mirl95 65 mirl274b mir1207 5p
28 mir200a mir199-5p 66 mirl1281 mirl228 5p
29 mir20a mir19b 67 mir1285 mir1260
30 mir22 mir20b 68 mirl290 mirl274a
31 mir221 mir21 69 mir1292 mirl1275
32 mir223 mir210 70 mir146b-5p mir140

33 mir23a mir222 71 mirl51 3p mirl8b

34 mir25 mir23b 72 mirl55 mirl93b
35 mir26a mir24 73 mir193a-5p mir31

36 mir27a mir26b 74 mir320b mir320c
37 mir29a mir27b 75 mir320d mir324-3p
38 mir30b mir28 5p 76 mir339 3p mir345
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# Plate 1 Plate 2

78 mir362-5p mir374a

80 mird97 mir483-5p

82 mir580 mir505

84 mir589 mir593-3p

86 mir627 mir629

88 mir643 mir660

90 mir720 mir766

92 mir769-5p mir95

94 mirl915 mirl972

96 mirl978 mirl1979
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Supplementary Table 2. P-values and False Discovery Rate (FDR) calculations for miRNA

expression analysis.

mir number.A number.H logFC pval FDR

mirl97 13 8 1.299708392 0.000724557 0.06448555
mir361-5p 13 8 -0.955886846 0.012802531 0.35971674
mir27a 13 8 0.896706608 0.019377641 0.35971674
mirl9a 13 8 2927611875 0.019900427 0.35971674
mirl1281 13 8 -0.971030553 0.025465949 0.35971674
mir532-5p 13 8  -0.59254465 0.029151878 0.35971674
mir107 13 8 -1.381753871 0.030904628 0.35971674
mir1292 13 8 -1.10656942 0.032334089 0.35971674
mir223 13 8 1.076910016 0.044269656 0.41463526
Let7e 13 8 1.107050534 0.055553443 0.41463526
mir221 13 8 -0.355880347 0.066835861 0.41463526
mir34a 13 8 -0.701560197 0.071540629 0.41463526
mir720 13 8 -1.053771947 0.071718502 0.41463526
mir425 13 8 0431670044 0.07265129 0.41463526
mir194 13 8 -0.875290805 0.073348997 0.41463526
mirl81d 10 8 -1.779317354 0.075027766 0.41463526
mirl81la 13 8 -0.220820981 0.086088242 0.41463526
mirl52 13 8 -1.115509599 0.087124144 0.41463526
mir1979 10 8 -0.97484687 0.090008929 0.41463526
Let7a 13 8 0.626786956 0.100162689 0.41463526
mirl91 13 8 0457546157 0.108799248 0.41463526
mir1274b 13 8 -1.180384411 0.112498991 0.41463526
mir1247 13 8 -0.757694746 0.112864207 0.41463526
mirl81b 13 8 -0.259591749 0.115763927 0.41463526
mir20a 13 8 0.610545395 0.127850763 0.41463526
mir765 13 8 -1.343815014 0.130386893 0.41463526
mir200a 13 8 0.533199548 0.135359668 0.41463526
mir1915 13 8 -0.543604256 0.139015074 0.41463526
mir342-3p 10 8 0.876244796 0.139697961 0.41463526
mirl6 10 8 1.246087607 0.143846876 0.41463526
mir320b 13 8 0.599978259 0.144423519 0.41463526
mirl 13 8 -0.686137737 0.164049752 0.45626337
mir30b 13 8 -0.344707963 0.183045596 0.49366843
mir21 10 8 -1.042524581 0.227666588 0.58998359
Let7c 13 8 0.937749551 0.232016019 0.58998359
mirl8a 13 8 0.795945811 0.244055663 0.60335983
mir30c 13 8 0.320039106 0.263461797 0.62135423
mir652 13 8 0.383388594 0.270697965 0.62135423
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mir93
mir494
mirl06a
mir99b
mir766
mirl7
mir1228.5p
mir20b
mir29c
mir1268
mirl8lc
mir92b
mirl26
Let7f
mir1972
mir484
mir1469
mir768
mir106b
mirl103
mir423-3p
mirl85
mir29b
mir345
mirl25a.3p
mir378
Let7b
mir-532-3p
mir27b
mir99a
mirl32
mir29a
mir1207.5p
mir574-5p
mir320d
mir263
mirl50
mir598
mirl1977
mir25
mirl19b
mirl46a
mir324-3p

10
13
10
13
10
10
10
10
10
13
10
13
13
10
10
13
13
13
13
13
13
13
10
10
13
10
10
10
10
10
13
13
10
10
13
10
10
13
10
13
10
10
10
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0.293633071
-0.564620191
0.436087251
-0.317154591
-0.938252174
0.378336999
1.101835276
0.360679188
-0.754847539
0.292891495
-0.771498933
-0.530391482
0.686413823
0.331555741
0.490504506
-0.125798609
0.711272618
0.523063383
0.380402671
0.279439065
-0.140313753
-0.192688912
0.363832095
-0.438705364
0.297247557
0.264286319
0.239999009
0.193523783
-0.336129367
0.310240256
-0.13429756
-0.184536949
0.163389492
0.172937117
0.219433152
-0.150303775
0.244716534
0.158852232
-0.164898068
0.057780066
-0.161841828
-0.151828183
-0.134485497

0.276827928
0.285000798
0.291377879
0.293223345
0.332832419
0.337545072
0.3401148
0.341739623
0.350247972
0.35120825
0.369498141
0.37553265
0.378390216
0.383844607
0.390957188
0.3995046
0.429626618
0.454734041
0.455273868
0.461247192
0.482355731
0.529099027
0.530983593
0.584076858
0.595195212
0.605821797
0.611158227
0.619729331
0.633429504
0.660935009
0.669272763
0.676673175
0.685166789
0.686636495
0.695904571
0.748890294
0.761388158
0.766487362
0.788942468
0.793575703
0.812290751
0.824978996
0.880188131

0.62135423
0.62135423
0.62135423
0.62135423
0.65119863
0.65119863
0.65119863
0.65119863
0.65119863
0.65119863
0.65651301
0.65651301
0.65651301
0.65651301
0.65651301
0.65844277
0.69521398
0.70777586
0.70777586
0.70777586
0.72762136
0.774713717
0.77471377
0.83569561
0.83569561
0.83569561
0.83569561
0.83569561
0.84142128

0.8484316

0.8484316

0.8484316

0.8484316

0.8484316

0.8484316
0.89759704
0.89759704
0.89759704
0.90549023
0.90549023
0.91511236
091778913
0.96712029
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mirl5b
mir454
mir660
mir22
mir421
mir320a
mir342-5p
mirl5a

10
13
10
13
13
10
13
13
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0.082061272
-0.068747172
-0.064249668
-0.017970414

0.012717316

0.00998913

0.005124923

-0.005142721

0.907231512
0911914252
0.934665046
0.972566856
0.982442814
0.983767541
0.991338526
0.993655781

0.97783576
0.97783576
0.99029987
0.99365578
0.99365578
0.99365578
0.99365578
0.99365578
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Supplementary Table 3. List of siRNAs used for target screening.

Gene Specificity Format

Atxnl Mouse siGenome SMARTpool
Pten Mouse siGenome SMARTpool
Mecp2 Mouse siGenome SMARTpool
Kat2b Mouse siGenome SMARTpool
Socsl Mouse siGenome SMARTpool
Prmt5 Mouse siGenome SMARTpool
Bcl2l11 Mouse siGenome SMARTpool
Nrda2 Mouse siGenome SMARTpool
Erbb4 Mouse siGenome SMARTpool
Tgfbr2 Mouse siGenome SMARTpool
Bmpr2 Mouse siGenome SMARTpool
Arih2 Mouse siGenome SMARTpool
Smad4 Mouse siGenome SMARTpool
Kit Mouse siGenome SMARTpool
Cul5 Mouse siGenome SMARTpool
Bacel Mouse siGenome SMARTpool
Hipk3 Mouse siGenome SMARTpool
Arid4b Mouse siGenome SMARTpool
Mylip Mouse siGenome SMARTpool
Rora Mouse siGenome SMARTpool
Prkaal Mouse siGenome SMARTpool
Dock5 Mouse siGenome SMARTpool
Ppp2r5e Mouse siGenome SMARTpool
Hifla Mouse siGenome SMARTpool
Rc3h1 Mouse siGenome SMARTpool
Runxl Mouse siGenome SMARTpool
Btla Mouse siGenome SMARTpool
I2ra Mouse siGenome SMARTpool
CD274 (PDLI) Mouse siGenome SMARTpool
PDCDILG2 (PDL2) Mouse siGenome SMARTpool
Tnfaip3 (A20) Mouse siGenome SMARTpool
Rnfl1 Mouse siGenome SMARTpool
Fbxl11/Kdm2a Mouse siGenome SMARTpool
Zbtbl6 Mouse siGenome SMARTpool
Itch Mouse siGenome SMARTpool
Tnipl/Abinl Mouse siGenome SMARTpool
Cyld Mouse siGenome SMARTpool
Otud7b/cezanne Mouse siGenome SMARTpool
non-targeting neg ctrl Mouse siGenome SMARTpool
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Chapter 3

Characterization of immune cell infiltration in asthma
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Introduction

Current treatments for asthma focus on treating the symptoms and the severity of the
disease rather than focusing on the type of disease pathogenesis experienced by the patient. In
many people with asthma, but not all, type 2 inflammation plays a critical role in promoting and
perpetuating airway inflammation. In other people, airway inflammation is not dependent on
type 2 cytokines or Th2 cells. The distinction between asthma driven by Th2 inflammation, or
“Th2-high” asthma, and asthma driven by other types of inflammation, or “Th2-low” asthma, is
an important factor for developing treatment strategies that will work for individuals with asthma
with a focus on precision medicine®'*'*®, It is also important to distinguish these two clinical
subtypes of asthma for purposes of understanding disease pathogeneses. The work presented in
chapter 2 grouped all asthma subjects together, regardless of the “Th2-ness” of disease. Through
this work we hoped to gain an understanding of the post-transcriptional regulation of Th2 cells in
asthma. This has led to further investigation into the types of inflammation we observe in human
asthmatic airways. In these studies, we sought to characterize and enumerate the types of
immune cells present in the airways of asthmatic subjects by flow cytometric analysis of induced
sputum and bronchoalveolar lavage fluid.

In our work, we have focused on miRNA regulation of Th2 cells to understand the
pathways involved in Th2-driven inflammation in asthma. However, my analysis of miRNA
expression in sorted CD4 T cells from human bronchoalveolar lavage did not take into account
the potential changes in frequency of each T-helper subset: Th1, Th2, and Th17. While miR-19a
was upregulated in the CD4 T cells from all asthmatic subjects, other miRNAs may be
differentially regulated in one or two of the subsets, and would not therefore show differential

expression when we look at bulk CD4 T cell miRNA expression. Chemokine receptor expression
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on CD4 t cells can be used to enrich for each of the subsets'**. The role of Thl and Th17 cells in
inflammation is asthma is less understood than that of Th2 cells'”. IL-17A increases airway
hyperresponsiveness and airway smooth muscle contraction'®’. Using chemokine receptor
expression to separate Thl, Th2, and Th17 cells, we are now in the midst of a clinical study to
determine frequencies of each of these cell types, as well as miRNA expression in each of these
subsets in the BAL and peripheral blood of asthmatic and healthy individuals.

()141»143

Type 2 innate lymphoid cells (ILC2s) were first described in 201 , which drove a lot
of research into the role of these cells in allergic and metabolic diseases'**'*. ILC2s reside in the

lungs, gut, and visceral adipose tissue, and are activated by the cytokines IL-25,1L-33, and TSLP
to produce type 2 cytokines such as IL-5,IL-13, and IL-9. Some studies suggest that ILC2s are

essential to the initiation of adaptive Th2 immunity'*

, due to their production of Th2 cytokines
that could polarize CD4 T cells towards a Th2 phenotype. However, their presence in tissues
rather than lymph nodes suggests they have roles outside of T cell differentiation. In mouse
models, ILC2s clearly promote allergic airway inflammation, but whether they are involved in
initiation or perpetuation of the immune response remains unclear. In humans, a gene signature
of RORA, ILIRI (ST2), and IL13 that promotes asthma susceptibility implicates the involvement
of ILC2s in asthma pathogenesis'*’. With these early exciting findings, we began researching the
frequency and potential activation of ILC2s in human asthma through collaboration with John
Fahy at UCSF.

While recent research has focused on understanding the role of ILC2s in allergic diseases,

questions remain regarding the role of other innate immune cells in asthma, such as basophils.

Basophils are a key source of IL-4 and IL-13 when stimulated through the high affinity IgE

1148

receptor, FceRI'™. Basophils can also make Th2 cytokines independent of FceRI cross-linking in
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response to IL-1 family members, such as IL-18 and IL-33"*'*’ Interestingly, IL-33 increases
basophil survival as a result of increased AKT activity, which together with increased Th2
cytokine production could contribute to the allergic phenotype seen in asthma'*. There seems to
be significant overlap in function of basophils and ILC2s, and focusing future research towards
understanding their individual roles will help to define therapeutic strategies towards either or
both cell types in asthma.

In this chapter, I will discuss our involvement in two clinical studies at UCSF. Through
collaboration with Prescott Woodruff, we are involved in the RITA (The Role of miRNAs in T
cell-driven Asthma) study to quantify T-helper subsets in BAL from asthmatic and healthy
subjects, as well as to determine miRNA expression in each of these subsets. Through
collaboration with John Fahy, we are involved in the CASA (Characterization of Adult Subjects
for Asthmatic Research Studies) study to determine the frequency and potential role of ST2-
expressing cells in asthma, primarily focusing on basophils and ILC2s. My involvement in these
studies was in the development of flow cytometry panels for characterization and sorting of
various cell types from human biospecimens such as BAL and induced sputum. In the RITA
study, I designed the flow panel and performed the sorts for the first 6 months of the study, and
have continued to be involved in our interim analysis to determine the feasibility of miRNA
expression analysis in such small cell numbers as those sorted from BAL. In the CASA study, I
have helped design and carry out experiments to determine the function of ILC2s and basophils
in asthma, have analyzed our flow cytometry data, and have generated figures for future

publication.

88



Results
T-helper cell subsets in asthma - RITA Study

miRNA expression profiling in T-helper subsets will help to understand the pathways that
are involved in differentiation of that cell type. While some elegant work has been done to
analyze miRNA expression in T-helper subsets in peripheral blood of humans'’, we wanted to
expand on this knowledge to look at miRNA expression in T-helper subsets at the site of
inflammation. In the RITA study, we are sorting Th1, Th2, and Th17 enriched subsets by flow
cytometry from BAL specimens from asthmatic subjects pre- and post- inhaled corticosteroid
use, as well as from healthy subjects. In parallel, we are sorting the same subsets from peripheral
blood to compare miRNA expression changes from circulating and tissue-resident T-helper cells.

We designed a flow panel to accurately sort Th1-, Th2-, and Th17-enriched memory
populations from peripheral blood mononuclear cells (PBMCs) and BAL, while removing Tregs
and NKT cells (Table 1; Figure 1a,b). We used literature to guide our panel development'>"'*,
To ensure we were sorting the appropriate cell types, we sorted the 8 populations created by
expression of three chemokine receptors: CCR4, CCR6, and CXCR3 (Figure 2). We
restimulated the cells with PMA and ionomycin, and performed intracellular stains for the
cytokines IL-17A, IL-4,1L-13, and IFN-y. This analysis confirmed that the IL-17A-producing T
cells were in the CCR6+ gate, with an even greater enrichment in the CCR6+CXCR3- gates. The

IL-4-producing T cells fell entirely within the CCR6-CCR4+ gates, with the highest enrichment
in the CCR6-CCR4+CXCR3- gate. The IFN-y-producing T cells were enriched in the CCR6-
CCR4-CXCR3+ gate, with smaller numbers of IFN-y-producers falling in the other gates. Using

this analysis, we decided to sort CD3+CD4+CD45RO+CCR6+ cells as the “CCR6+” subset

(Th17-enriched), CD3+CD4+CD45RO+CCR6-CCR4+ cells as the “CCR4+” subset (Th2-



enriched), and CD3+CD4+CD45RO+CCR6-CCR4- cells as the “CCR6-CCR4-“ subset (Th1-
enriched). This sorting strategy optimized the number of cells we could sort while enriching for
the subsets we wanted, but it does not result in a pure population of Th1, Th2, or Th17 cells. In
further analysis of these samples, we are using more stringent gates:
CD3+CD4+CD45RO+CCR6+CXCR3- for Th17 cells, CD3+CD4+CD45RO+CCR6-
CCR4+CXCR3- for Th2 cells, and CD3+CD4+CD45RO+CCR6-CCR4-CXCR3+ for Thl cells.
We have observed that CXCR3 expression is very high in all subsets in BAL, suggesting the
need for CXCR3 expression for T cells to migrate into the lung tissue or into the airway lumen
(Figure 1c¢).

After the first 2 years of the study, we performed an interim analysis to confirm that our
sorting strategy would yield enough RNA to analyze miRNA expression using the Fluidigm
Biomark. In this analysis, we extracted RNA from four healthy subjects, four asthmatic subjects
pre-ICS, and four sarcoidosis subjects from Laura Koth’s study. For each subject we had 4
samples from peripheral blood (Naive, CCR6+, CCR4+, and CCR6-CCR4- subsets) and 3
samples from BAL (CCR6+, CCR4+, and CCR6-CCR4- subsets). We used a fractionation
protocol to separate the large (>200 nucleotides) RNA fraction from the small (<200 nucleotides)
RNA fraction containing miRNAs. In the large fraction, we used RT-qPCR to quantify the
amount of RNA we obtained from the samples by qPCR for the control gene Beta-2-
microglobulin (B2M) (Figure 3). The amount of RNA correlated well with the sorted cell
numbers (Figure 3b). We also measured expression of the canonical transcription factors for
each T-helper subset: Rorc, Gata3, and Thx21 (TBET) (Figure 4). Transcription factor
expression confirmed our sorting strategy enriched for the appropriate T-helper cell types in the

blood, but was more variable in the BAL probably due to lower cell numbers. Surprisingly, in
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the subjects with sarcoidosis, there was a distinct signature of Th1* cells in the BAL expressing
both 7hx21 and Rorc (Figure 4b). We also measured cytokine mRNA expression in these
samples, with limited success, probably due to low cell numbers and lack of restimulation.

Using the small fraction of RNA, we performed multiplex RT and preamplification to
measure miRNA expression in each sample using the Fluidigm Biomark according to our
previous studies *'**. We altered the number of preamplification cycles for our samples by
splitting them into 3 groups: Group 1 samples had at least Ing RNA (as calculated from B2M
gpCR in the large fraction for each sample) in 4ul of sample, and underwent 18 cycles of
preamplification. Group 2 samples had less than 100pg RNA in 4ul of sample, and underwent 22
cycles of preamplification. Group 3 samples had at least 100pg RNA in 4ul of sample, and also
underwent 22 cycles of preamplification. After RT, preamplification, and clean-up of the
samples, we checked that the samples had detectable material by qPCR (Figure Sa,b), and then
performed miRNA qPCR on the Biomark (Figure 5c¢). This analysis revealed that our Group 2
and 3 samples, which had the lower amounts of RNA, passed more of our quality control checks,
and we were able to detect 21 miRNAs in at least 50% of the samples. However, many of our
Group 1 samples failed quality control, and we were only able to detect 13 miRNAs in at least
50% of the samples. This suggests that something went wrong in our two different courses of RT
and preamplification, or that there is a difference in efficiency of one of these steps for the
samples that had higher amounts of RNA. We are continuing to test the methods of RNA
extraction as well as optimizing the number of preamplification cycles to confirm whether we

can use such small cell numbers for our miRNA expression analyses.

Innate cells in asthma — CASA study
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We hypothesized that ILC2s would be more prevalent in the airways or blood of people
with asthma compared to healthy individuals, and that their ILC2s would be more easily
activated by IL-25, IL-33, and/or TSLP. This led us to design a flow cytometry panel for
characterization of induced sputum specimens from asthmatic and healthy individuals to quantify
and sort ILC2s (Table 2). Although the panel was designed to identify and enumerate ILC2s, we
were able identify and enumerate other cell types such as CD4" T cells, non-CD4 T cells, and
basophils (Figure 6. Through this analysis, we found that there was no difference in the
frequency of any of these cells types in blood between asthmatic and healthy subjects (Figure
7a. However, in the sputum, asthmatic subjects had increased numbers of basophils compared to
healthy subjects (Figure 7b). ILC2s were rarely detected in the sputum, and showed no
difference in prevalence between asthmatic and healthy subjects.

Expression of the type 2 cytokines IL-4, IL-5, and IL-13 in sputum cell pellets is a good
marker for “Th2-ness” in subjects with asthma. The mRNA expression of these three cytokines
is referred to as the “Th2 Three Gene Mean.” In our collaboration with the Fahy lab, we found
that expression of ST2 in the sputum cell pellet tightly correlated with the Th2 Three Gene Mean
(data not shown). This suggests that ST2-expressing cells could be responsible for the levels of
Th2 cytokines present in asthmatic airways. We further interrogated our FACS data to determine
the numbers of ST2-expressing cells in the blood and sputum of asthmatic subjects compared to
healthy, and to characterize the types of immune cells that express ST2. We first confirmed the
ST2 antibody binding to cells in blood by fluorescence minus-one stains (Figure 8). We found
that T cells, basophils, and ILC2s all bear high expression of ST2 in the blood. Using the same
gating strategy in sputum, we found that ST2 expression in the sputum is highly variable in both

healthy and asthmatic subjects (Figure 7d,e). However, ST2" basophils were significantly
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enriched in sputum from asthmatic subjects compared to healthy, although there was no
difference in ST2" basophils in the blood (Figure 9). We observed no difference in ST2" ILC2s
in sputum.

The number of basophils in the sputum, and not the number of ILC2s, correlated with
asthma severity as determined by PC20 (Figure 10a), suggesting a physiological role for
basophils in altering airway hypersensitivity in asthma. Gene expression profiling of sputum cell
pellets showed clear enrichment of Th2 cytokines in the sputum of asthmatic subjects (Figure
10b), which positively correlated with the number of basophils in the sputum. Basophils are
capable of secreting Th2 cytokines, so we hypothesize that basophils, rather than ILC2s or CD4
T cells, could be responsible for a large fraction of the Th2 cytokine mRNA present in the cells
in the sputum of asthmatic subjects. To test this hypothesis, we will use bead depletion of CD4 T
cells from sputum cell pellets and compare Th2 cytokine expression in sputum cells depleted of
CD4 T cells and purified CD4 T cells. We will also use bead depletion and purification of
basophils from sputum cell pellets using their expression of CD123 and FcERI to determine

whether basophils are responsible for the secretion of Th2 cytokines.
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Discussion

With access to a specialized airway clinical research center at UCSF, it is possible to
collect data from large cohorts of asthmatic and healthy subjects to gather broad data on the
types of immune cells present in human airways. Because our lab focuses on the role miRNA
regulation of T cells in promoting allergic asthma, we have been carefully sorting and collecting
blood and BAL CD4 T cell samples for 3 years to perform miRNA expression analysis in bulk
once we have all of the patients. My involvement in this project was the development of our
FACS analysis panel and gating strategy, and the sorting of patient samples for the first six
months of the RITA study. We hope that this study will provide us with detailed information on
miRNA expression in different T-helper subsets at the site of inflammation and in circulation, as
well as provide us with immunophenotyping data for individual people to help us understand the
variability in T-helper subset frequencies between people.

Our interim analysis for the RITA study suggests that we can obtain enough RNA from
very small sorted cell numbers in order to analyze mRNA and miRNA expression by qPCR.
However, our optimization for the multiplex miRNA tagman qPCR platform (Fluidigm
Biomark) has run into some problems that will need to be overcome in order to move forward
with all of the clinical samples once the study is concluded. First, we will need to determine why
only ~30% of our miRNA tagman assays provided data in the Biomark platform. One way to
overcome this would be to further filter our two 96-miRNA panels into one panel that contains
only miRNAs that have worked at least once in the Biomark platform in the past. This will also
cut down on the number of Biomark chips we will have to use, and therefore will reduce the
amount of material we will use up in the process. We will also need to optimize the number of

preamplification cycles necessary to maintain the quality of our data such that we do not
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‘Jackpot’ the miRNAs that are present in the samples, and so that we do not miss miRNAs that
are present at very small amounts.

Interesting data did emerge from the mRNA expression analysis in our RITA interim
analysis. In subjects with sarcoidosis, sorted CCR6+ T cells, which are enriched for Th17 cells,
expressed both Rorc and Tbx21, the transcription factors for Th17 and Th1 cells, respectively.
This suggests that the “Th1*” or “Th1/17” subsets may be involved in the pathogenesis of
sarcoidosis, and also that these cells are not involved in the pathogenesis of asthma, as the
Rorc/Tbx21 expression pattern was not observed in our four asthmatic subjects.

A broader understanding of the types of immune cells present in the airways of people
with asthma will lead to better therapeutic interventions aimed at single or multiple cell types in
the airways. Our work in the CASA study has been focused on quantifying ST2-expressing cells
in the airways that are capable of producing Th2 cytokines. This analysis led to a surprising
finding: ILC2s do not appear to be increased in frequency in asthmatic subjects compared to
healthy subjects, whether we look in the peripheral blood or in induced sputum. Because genetic
and functional evidence strongly suggest ILC2 involvement in asthma, our data could reflect the
inability of our methods to identify differences in ILC2 frequencies due to their rare nature. It
may be necessary to look for the presence of ILC2s in the lung parenchyma rather than in airway
fluids.

This analysis led to another surprising finding: basophils, rather than ILC2s, were more
abundant in the airways of asthmatic subjects compared to healthy subjects. Basophils also
express ST2 at high levels, and are capable of producing Th2 cytokines, especially IL-4 and
IL13. Our gene expression profiling in sputum cell pellets indicate a distinct Th2 cytokine

signature that positively correlates with the frequency of basophils in the sputum. Our future
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(and current) directions for this project are focused on tracing the Th2 cytokine signature to the
CD4+ cells in the sputum cell pellet or to the FcERI-expressing cells in the sputum cell pellet.
We hypothesize that the increased Th2 cytokine expression in some asthmatic subjects is due to

an increase in Th2 cytokine secretion from basophils rather than ILC2s or T cells.
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Materials and methods

Human subjects

RITA study: Bronchoalveolar lavage (BAL) fluid and peripheral blood were obtained from two
groups of subjects: asthmatic subjects that had not been treated with inhaled corticosteroids
(ICS) for 6 weeks prior to the study start date, and healthy control subjects. Asthmatic subjects
were randomized to either receive ICS (budesonide) or not. BAL was obtained from steroid-
naive subjects at baseline and again after 8 weeks of ICS treatment, 200ug budesonide twice a
day. This study, called the Role of microRNAs in T Cell-Driven Inflammation in Asthma
(RITA), is registered on clinicaltrials.gov: NCT01484691. Inclusion and exclusion criteria for
human subjects are provided on clinicaltrials.gov. Written informed consent was obtained from
all subjects, and all studies were performed with approval from the UCSF Committee on Human
Research.

CASA study: Induced sputum and peripheral blood was obtained from two groups of subjects:
asthmatic subjects and healthy controls. This study, called the Characterization of Adult Subjects
for Asthmatic Research Studies (CASA) is registered on clinicaltrials.gov: NCT01508078.
Inclusion and exclusion criteria for human subjects are provided on clinicaltrials.gov. Written
informed consent was obtained from all subjects, and all studies were performed with approval

from the UCSF Committee on Human Research.

Flow cytometry and sorting of clinical samples
RITA study: Peripheral blood mononuclear cells (PBMCs) were isolated by Lymphoprep
gradient (Accurate Chemical & Scientific Corp; cat # 1114545). BAL was collected and washed

twice with PBS prior to staining with the antibody panel listed in Table 1. Sorting was
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performed within four hours of BAL and peripheral blood collection. 250,000 cells were
collected for each T-helper subset (naive, CCR6+, CCR6-CCR4+, and CCR6-CCR4-) from
PBMC:s. The entire BAL was sorted and all cells were collected for each T-helper subset
(CCR6+, CCR6-CCR4+, and CCR6-CCR4-). Cells were sorted into 300ul RPMI with 50% FCS
at 4°C. Cells were pelleted and lysed in RLT + 1% BME, and stored at -80°C.

CASA study: Sputum biospecimens were processed by members of the Fahy lab using DTT to
disrupt mucins. PBMCs were collected as described above. Cells were stained using antibodies

in Table 2 and analyzed using a FACS Aria or LSRII.

High-throughput multiplex gPCR

High-throughput multiplex gPCR was performed according to a previously described protocol®.
Briefly, CD4 T cells sorted by flow cytometry from clinical samples were lysed and stored in
RLT buffer (Qiagen) at -80°C until all samples were collected. Frozen lysates were thawed and
loaded onto QIAshredder homogenizer columns (Qiagen). Using a low concentration of ethanol
(35% v/v), the large fraction of RNA (>150nt) was precipitated and captured on collection
columns (RNeasy, Qiagen). The small fraction of RNA (<150nt) does not bind with low
concentration of RNA, and so the flow-through from the first column was brought up to a
concentration of 75% v/v ethanol and RNA was precipitated and collected on a fresh column
(MinElute, Qiagen). Both RNA fractions were treated with DNase per manufacturer’s
recommendations (Qiagen). 2ul of RNA from each large fraction, as well as a standard curve of
RNA from in vitro-derived T2 cells, were reverse transcribed using the SuperScript III kit

(Invitrogen). RNA was quantified by qPCR using primers for $2m and comparing to the standard

curve of RNA from PBMCs. qPCR was used to determine expression of transcription factors



(Rorc, Tbx21, Gata3). We calculated 100-1000pg RNA from the small fraction for each sample
for multiplex reverse transcription using 1 mix of 96 miRNA stem loop reverse primers at a final
concentration of 1nM (Chapter 2: Supplemental table 1). Reverse transcription and 18 or 22
cycles of preamplification were performed according to previous protocols*' . Excess primers
were removed from samples using 9ul ExoSAP-IT (USB) per sample, and then 15ul of each
sample was purified on Illustra AutoScreen-96 Well Plates (GE Healthcare). MiRNA qPCR data
was collected on the BioMark system (Fluidigm) using a 96.96 Dynamic Array Integrated

Fluidic Circuit (IFC).

Fluidigm Biomark qPCR data analysis

Data was first analyzed on Real Time PCR Analysis software (Fluidigm) with the quality
threshold set at 0.5, baseline correction set to linear (derivative), and Ct threshold method set to
auto (detectors). The data was further analyzed in R (version 2.14.1) through the following
pipeline: Ct values < 5 or >28 were removed per Fluidigm recommendations: miRNAs that were
detected in less than 60% of patient samples were removed from analysis; missing Ct values
were replaced with the limit of detection (highest Ct value within the standard curve) + 0.1, and

4) the data were global mean-normalized per plate to account for inter-plate differences.
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Table 1. Flow cytometry panel for sorting T-helper subsets — RITA

Antibody Fluorophore Clone Company
CD3 V500 UCHT1 BD Biosciences
CD1d tetramer AlexaFluor680 23887 NIH Tetramer
(PBS-57) core
CD127 FITC eBioRD5 eBioscience
CD4 eFluor605NC/V605 OKT4/SK3 eBioscience
CD25 PE BC96 eBioscience
CD45RO PacBlue UCHL1 eBioscience
CD45RA APC-Cy7 HI100 Biolegend
CCRo6 APC R6H1 eBioscience
CCR4 PE-Cy7 1G1 BD Biosciences
CXCR3 PerCP-Cy5.5 GO25H7 Biolegend
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Table 2. Flow cytometry panel for analysis of sputum and PBMCs — CASA

Antibody Fluorophore  Clone Company
Anti-CD45 eFluor450 2D1 eBioscience
Linl mix (Anti- FITC BD Biosciences
CD3, CD14, CD16,

CD19, CD20)

Anti-CD3 V500 UCHT1 Biolegend
Anti-CD4 AlexaFluor700 OKT4 Biolegend
Anti-ST2 Biotin B4E6 MD Bioproducts
Anti-CD25 PE BC96 eBioscience
FcERI PE-Cy7 AER-37 (CRA1) Biolegend
ICOS PerCP-Cy5.5 C398.4A Biolegend
CCR4 A647 TG2/CCR4 Biolegend
Streptavidin QDot605 Life Technologies
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Figure 1. Gating strategy for sorting T-helper subsets from PBMCs and BAL

(a) Gating strategy for isolating Naive CD4 T cells, CCR6+ memory CD4 T cells, CCR6-
CCR4+ memory CD4 T cells, and CCR6-CCR4- memory CD4 T cells in PBMCs. Text in red
indicates populations that are sorted. (b) Gating strategy for isolating CCR6+ memory CD4 T
cells, CCR6-CCR4+ memory CD4 T cells, and CCR6-CCR4- memory CD4 T cells in BAL.
Text in red indicates populations that are sorted. (¢) CXCR3 expression in CCR6-CCR4-, CCR6-

CCR4+, and CCR6+ subsets from PBMCs and BAL.
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Figure 2. Cytokine production by T-helper subsets in PBMCs.

(a) Sorting strategy to obtain 8 distinct populations: 1) CCR6+CCR4-CXCR3+, 2)
CCR6+CCR4+CXCR3+4, 3) CCR6+CCR4+CXCR3-, 4) CCR6+CCR4-CXCR3-,5) CCR6-
CCR4-CXCR3+, 6) CCR6-CCR4+CXCR3+, 7) CCR6-CCR4+CXCR3-, 8)CCR6-CCR4-
CXCR3-. Cells were stained, sorted, and restimulated with PMA and ionomycin before fixation

and intracellular cytokine staining. (b) IL-17A and IFN-y production from CCR6+ populations

1-4. (¢) IL-4 and IFN-y production from CCR6- populations 5-8.
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Figure 3. B2M expression analysis in RNA large fraction from RITA interim analysis

(a) Beta-2-microglobulin (B2M) expression in standard curve samples (diluted RNA extracted
from human PBMCs). Equation used to quantify RNA in clinical samples: y = 1000000 *** (b)
Sorted cell count vs. calculated RNA quantity in clinical samples. (¢) B2M CT for each sorted
PBMC T-helper subset used to normalize all mRNA expression analyses. (d) B2M CT for each

sorted BAL T-helper subset used to normalize all mRNA expression analyses.

106



25
R?=0.9897

20

B2M (CT)

1 10 100 1000
RNA (pg)

PBMCs

B2M (CT)
N
o

H2 H3 H4 A1

BAL
40-

304
< 204

S
@ 104

H1 H2 H3 H4 A1

A2 A3 A4 S1

102 108 104 10° 100
Cell count

INaive
EECCR6-CCR4-
I CCR6-CCR4+
EICCR6+

S2 83 sS4

[ CCR6-CCR4-
I CCR6-CCR4+
[ CCR6+

A4 S1 S2 8S3 S4

107



Figure 4. Transcription factor mRNA expression analysis in sorted clinical samples
(a) Gata3, Rorc, and Thx21 expression in sorted samples from PBMCs. Data are normalized to
B2m expression for each sample. (b) Gata3, Rorc, and Tbx21 expression in sorted samples from

BAL. Data are normalized to B2m expression for each sample.
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Figure 5. miRNA expression in sorted clinical samples

(a) Tagman qPCR of miR-103 and miR-191 in standard curve samples from “Group 1”. Solid
line shows CT values for each input RNA amount. Dotted line shows best fit for the standard
curve. (b) Tagman qPCR of miR-103 and miR-191 in standard curve samples from “Group 2 and
3”. Solid line shows CT values for each input RNA amount. Dotted line shows best fit for the
standard curve. (¢) Fluidigm Biomark qPCR results showing the number of miRNAs detected in

40%, 50%, or 60% of clinical samples from “Group 1” or “Group 2 and 3”.
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Figure 6. FACS analysis of PBMCs and sputum cells from humans with asthma (CASA
study).

(a) Gating strategy used to identify basophils, CD4 T cells, non-CD4 T cells, and ILC2s in
PBMC:s. Data are representative of N = 33 Asthmatic and 16 Healthy individuals. (b) Gating
strategy used to identify basophils, CD4 T cells, non-CD4 T cells, and ILC2s in sputum

biospecimens. Data are representative of N = 33 Asthmatic and 16 Healthy individuals.
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Figure 7. Distribution of cell types and total ST2 expression in PBMC and induced sputum
(a) Distribution of Lin-FcERI+ basophils, Lin-ST2+CD25+ ILC2s, CD3+CD4+ T cells, and
CD3+CD4- T cells as a percentage of total CD45+ cells in PBMCs collected from healthy and
asthmatic subjects. Each point represents an individual subject. Median +/- interquartile range.
(b) Distribution of Lin-FcERI+ basophils, Lin-ST2+CD25+ ILC2s, CD3+CD4+ T cells, and
CD3+CD4- T cells as a percentage of total CD45+ cells in induced sputum collected from
healthy and asthmatic subjects. (¢) Representation of the gating of ST2+ cells from total CD45+
cells from PBMCs. (d) Percentage of all cells in PBMCs that are ST2+, using the gate in (c). (e)

Percentage of all cells in induced sputum that are ST2+, using the gate in (¢).
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Figure 8. Fluorescence Minus-One stains for ST2 antibody specificity

(a) Representative plots showing the gating of and ST2 expression on CD3+CD4- T cells and
CD3+CD4+ T cells from total Lineage+ (Lineage mix contains CD3, CD14,CD16,CD19,
CD20, and CD56) CD45+ cells. Grey filled histograms represent “fluorescence minus one”
controls in which the ST2 antibody was eliminated from the full antibody cocktail. Black
histograms represent the full antibody cocktail including the ST2 antibody. (b) Representative
plots showing the gating of and ST2 expression on FCERI+Lineage- basophils from total CD45+
cells. (¢) Representative plots showing the gating of and ST2 expression on FcERI-Lineage-

CD3-CD4- ILC2s from total CD45+ cells.
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Figure 9. Distribution of ST2-expressing cell types in PBMCs and induced sputum

(a) Distribution of Lineage-FcERI+ basophils, Lin-ST2+CD25+ ILC2s, CD3+CD4+ T cells, and
CD3+CD4- T cells as a percentage of total ST2+CD45+ cells in PBMC:s collected from healthy
and asthmatic subjects. Each point represents an individual subject. Median +/- interquartile
range. (b) Distribution of Lineage-FcERI+ basophils, Lin-ST2+CD25+ ILC2s, CD3+CD4+ T
cells, and CD3+CD4- T cells as a percentage of total ST2+CD45+ cells in induced sputum
collected from healthy and asthmatic subjects. Each point represents an individual subject.

Median +/- interquartile range.
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Figure 10. Sputum basophils numbers correlate with PC20 and Th2 gene expression

(a) Correlations between the frequencies of basophils (log2) and ILC2s (log2) in sputum and
PC20. (b) Correlations between the frequencies of basophils (log2) and ILC2s (log2) in sputum
and sputum cell pellet expression of /L4, IL13, and IL5 as measured by standard deviation of

each cytokine or the average of all three cytokines. “Th2GM” = Th2 three gene mean.
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Chapter 4

Discussion, conclusions, and future directions
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Summary

Our work focused on understanding miRNA regulation of Th2 cell development and
function, as well as understanding miRNA regulation of T cells in asthma pathogenesis. In our
published work, we identified upregulation of miR-19a in CD4 T cells from asthmatic airways.
Using conditional deletion of the miR-17~92 cluster in mouse CD4 T cells, we established a role
for the miR-17~92 cluster in promoting Th2 cytokine production, primarily through the activity
of miR-19a and miR-19b. miR-19 targeted PTEN, SOCSI1, and A20 to promote the production
of IL-13 and IL-4 in Th2 polarizing cultures. Surprisingly, inhibition of SOCS1 and A20
specifically upregulated Th2 cytokines, and had no effect on Th17 or Thl cytokines, while
inhibition of PTEN promoted the production of cytokines pertaining to all T-helper subsets. We
also found that the miR-17~92 cluster regulated Th2 cytokine production in vivo in a murine
allergic airway inflammation model. In vitro polarized Th2 cells lacking the miR-17~92 cluster
did not induce eosinophilic infiltration into the lungs, and did not induce mucus secretion by
epithelial cells in the airways. Transfecting miR-19a into the cells prior to transfer promoted
eosinophilic infiltration and mucus secretion in the airways, suggesting alteration of miR-19a

activity in Th2 cells could alter the asthmatic phenotype.

miR-17~92 regulation of T-helper cells

The miR-17~92 cluster has well-established roles in the regulation of various T-helper
cells (Th1, Th17, Tth), as well as CD8 cytotoxic T cells and B cells. Its function in Th2 cell
development and function had not previously been described. Nonetheless, this raises questions
about how this cluster can specifically regulate Th2 cytokine production in some cases, when it

has broad activity in different cell types, and has targets that are expressed in and affect many
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different cell types. We are currently trying to decipher the expression and the role of the miR-
17~92 cluster in other Th2 cytokine-producing cells, such as ILC2s and basophils, by using
specific conditional deletion alleles such as Yetcrel3, which deletes the floxed alleles of miR-
17~92 in IL-13-producing cells.

Our own work showed how seemingly broad targets, such as PTEN, SOCS1, and A20,
which are expressed in all lymphocytes, can have limiting roles in different contexts. PTEN
affected Thl, Th2, and Th17 cell subsets, while SOCS1 and A20 affected only Th2 cells, despite
their previously predicted roles in Th1 and Th17 cells. This finding highlights the importance of
identifying relevant and functional miRNA targets for a specific cellular context. This will help
to understand the pathways that are functional and important for a given cellular behavior, such
as Th2 cytokine production and asthma pathogenesis. Our work has also given weight to the idea

that NF-kB inhibitors could be an effective treatment for asthma, because A20 is an inhibitor of

the NF-xB pathway. PI3K inhibitors may also be effective treatments for asthma; their efficacy
for treatment of autoimmune disease is being tested in many clinical trials, but they have not yet

been tested in allergic diseases.

Adaptive and innate immune regulation of asthma pathogenesis

We also attempted to gain a better understanding of the role of various cell types in
asthma through collaboration with medical scientists at UCSF and Genentech. It has been a huge
learning experience setting up these collaborations and designing flow panels for analysis of
precious biospecimens. The RITA study focuses on miRNA regulation of various T-helper
subsets in asthma. Our results from RITA, as well as from AsthmaNet, so far suggest that there is

not a dramatic increase in Th2 cells in the lungs of asthmatic subjects, but we do not yet have the
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power to determine whether individuals with “Th2-high” asthma may have a specific increase in
Th2 cells relative to other T-helper subsets. It will be interesting to see the immunophenotyping
results as we finish the final year of this clinical study to determine the types of lymphocytes
present in the airways of asthmatic subjects and to test whether differences in immune cell
infiltration correlate with differences in the Th2-ness of asthma. We also hope to determine
miRNA expression in individual T-helper subsets in asthma. This will give us a better
understanding of the miRNA expression changes we observed in bulk CD4 T cells from the
airways of asthmatic subjects in the MAST study. Our interim analysis suggests that determining
miRNA expression in the low cell numbers we are sorting from RITA subjects will be difficult,
but possible. We may have to resort to combining all of the BAL T-helper subsets into one
sample for each subject so that we have enough RNA to perform miRNA qPCR analysis. We are
currently working to optimize the miRNA qPCR analysis so that we can maintain the ability to
determine miRNA expression in different T-helper subsets present at the site of inflammation in
asthma, an important analysis that has not yet been done in the context of human disease.

It is clear that T cells are not the only immune cell type that is present and functional in
the airways of asthmatic subjects. Through the CASA study, we have found that innate immune
cells such as basophils are more prevalent in the sputum of asthmatic subjects compared to
healthy subjects, while other cell types, such as ILC2s, CD4 T cells, and non-CD4 T cells are not
differentially prevalent. Sputum cell pellets from asthmatic subjects express more Th2 cytokine
than healthy, and the measure of //4, 115, and 1113 expression can be used to determine an
individual’s “Th2-ness”. The number of basophils present in the sputum, as determined by flow
cytometry, positively correlates with expression of Th2 cytokines in the sputum cell pellet,

especially with IL-4. Future work in this clinical study will aim to identify the cell type
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responsible for increased Th2 cytokines with a focus on basophil production of IL-4. This study
has pushed the limits of our ability to perform flow cytometric immunophenotyping on a difficult
biospecimen. It also has addressed the important question of whether ILC2s are the primary
driving factor for asthma pathogenesis. Our results from induced sputum suggest that ILC2s are
extremely rare in the airways, and their presence does not correlate with expression of Th2
cytokine or with clinical measures of asthma severity, suggesting that they are not as essential to
asthma pathogenesis as previously predicted. However, mouse studies show that ILC2s are
present in the lung parenchyma at branch points in the airways. This suggests that induced
sputum may only capture a small fraction of the ILC2s present in the lungs of asthmatic or
healthy individuals, and thus may not be the ideal biospecimen for determining the functional
relevance of ILC2s in asthma. Lung biopsies or whole lung digestion for flow cytometry, or
histology may be helpful in determining whether ILC2s are a driving force behind Th2
polarization of asthmatic responses. This is outside the scope of the CASA study, but will be an
interesting future direction for the ILC2 field. ILC2s are the exciting new cell type in the field of
allergic diseases, but basophils may have been overlooked in recent years. Our results will
hopefully shed light on the importance of basophils in asthma, and may lead to therapeutics

aimed at altering basophil production of Th2 cytokines.
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SUMMARY

Follicular helper T cells (Tth cells) are the major pro-
ducers of interleukin-4 (IL-4) in secondary lymphoid
organs where humoral immune responses develop.
114 regulation in Tfh cells appears distinct from the
classical T helper 2 (Th2) cell pathway, but the under-
lying molecular mechanisms remain largely un-
known. We found that hypersensitivity site V (HS V;
also known as CNS2), a 3’ enhancer in the //4 locus,
is essential for IL-4 production by Tfh cells. Mice
lacking HS V display marked defects in type 2
humoral immune responses, as evidenced by abro-
gated IgE and sharply reduced IgG1 production
in vivo. In contrast, effector Th2 cells that are in-
volved in tissue responses were far less dependent
on HS V. HS V facilitated removal of repressive chro-
matin marks during Th2 and Tfh cell differentiation
and increased accessibility of the //l4 promoter.
Thus, Tfh and Th2 cells utilize distinct but overlap-
ping molecular mechanisms to regulate //4, a find-
ing with important implications for understanding
the molecular basis of allergic diseases.

INTRODUCTION

Type 2 immune responses entail a humoral response character-
ized by interleukin-4 (IL-4)-dependent IgE and IgG1 production,
and cellular responses in peripheral tissues that are coordinated
by T helper 2 (Th2) cells and innate immune cells that produce
the signature Th2 cell-type cytokines IL-4, IL-5, and IL-13 (Voeh-
ringer et al., 2004). Type 2 immune responses have an important

role in protective immunity against parasitic infections (Else
et al., 1994), but when inappropriately exaggerated and misdir-
ected to harmless antigens, cause allergic diseases such as
asthma (Kay, 2001a, 2001b; Kim et al., 2010). Finding biological
modifiers of the Th2 cell-type cytokines has emerged as a
rational approach in developing new treatments for asthma (Lev-
ine and Wenzel, 2010). A complete mechanistic understanding of
the molecular details of Th2 cell-type cytokine gene regulation
may facilitate the development of novel approaches for thera-
peutic gene silencing in allergic diseases.

Elegant studies with cytokine gene reporter mice identified
T cell subsets and innate immune cells that produce Th2 cell-
type cytokines during type 2 immune responses in vivo (King
and Mohrs, 2009; Neill et al., 2010; Price et al., 2010; Reese
etal., 2007; Reinhardt et al., 2009; Saenz et al., 2010; Voehringer
et al., 2004, 2006; Zaretsky et al., 2009). Follicular helper T (Tfh)
cells have emerged as the major class of IL-4-producing T cells
in the lymph node, and the IL-4 produced by these cells is criti-
cally required for shaping type 2 humoral immunity (King and
Mohrs, 2009; Reinhardt et al., 2009; Zaretsky et al., 2009). The
trans-acting factors required for IL-4 production by Tth cells
are distinctly different (GATA3- and STAT6-independent) from
conventional Th2 cells, and the cis-regulatory requirements re-
main unknown (Reinhardt et al., 2009).

Gene expression in eukaryotes is tightly regulated by the
chromatin structure of the underlying gene locus, which in turn
influences the accessibility of trans-acting factors and the core
transcriptional machinery to their binding sites in proximal
gene promoters as well as distal cis-regulatory DNA elements
(Berger, 2007; Li et al., 2007). Under physiological conditions,
cell type specificity of gene expression is primarily conferred
by distal cis-regulatory elements (Heintzman et al., 2009; Visel
et al., 2009a, 2009b). A number of such elements were identified
in the extended (~200 kb) murine Th2 cell-type cytokine locus
spanning the //4, II5, and 1I13 genes and the constitutively
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Figure 1. cis-Regulatory Regions in the Mouse Th2 Cell Locus and Chromatin Analysis of HS V-Deficient T Cells

(A) Diagram represents the murine Th2 cell-type cytokine locus showing locations of the DNase | hypersensitivity sites (HS) and conserved noncoding sequences
(red arrows), locus control region (LCR, black arrows), //13 and //4 promoter (blue arrows), and species conservation tracks.

(B) DNase | HS analysis of unstimulated wild-type (WT) and AV (AV) Th2 cells either left unstimulated or stimulated for 6 hr with PMA and ionomycin (+6h stim) to
induce HS V. Southern blot with a 5’ IL-4 probe revealed the indicated HS sites. Double arrow shows parent BamHI fragment. Note the HS V deletion decreases
the size of this band, but not HS fragments in AV T cells. HS V and HS V4 fragments are indicated by the * and ** symbols, respectively. See also Figure S1.
(C) Schematic representation of the two //4 alleles in KN2-KN2, KN2-WT, and KN2-V allelic reporter mice.

expressed gene Rad50 (Figure 1A; Agarwal and Rao, 1998; An-
sel et al., 2006; Wilson et al., 2009). Targeted deletion of selected
cis-regulatory elements in mice demonstrated their nonredun-
dant functions in regulating Th2 cell-type cytokine gene expres-
sion (Ansel et al., 2004; Koh et al., 2010; Lee et al., 2003; Loots
et al., 2000; Mohrs et al., 2001; Solymar et al., 2002; Tanaka
et al., 2006, 2011; Yagi et al., 2007).

We previously identified two putative distal enhancers located
3’ of the /14 gene, marked by cell type-specific DNase | hypersen-
sitivity (hypersensitivity site V: HS V and HS V,) (Figure 1A; Fig-
ure S1A available online). HS V is not accessible in naive
T cells or differentiated Th1 cells, but becomes constitutively
accessible in resting Th2 cells; it overlaps a highly conserved
noncoding sequence (CNS2) in the //4 locus (Ansel et al.,
2006). HS VA becomes accessible only upon activation of Th2
cells, and the corresponding sequence binds GATA3, STAT6,
and NFAT (Agarwal et al., 2000). Combined deletion of a 3.7 kb
region spanning both HS V and HS V, resulted in impaired 1L-4
and IL-13 production in both Th2 cells and mast cells (Solymar
et al,, 2002). Confirming these findings, a similar strain of
CNS2-deficient mice (Yagi et al., 2007), which bear a smaller
deletion that disrupts HS V but also deletes about half of the se-
quence corresponding to HS V, (Figure S1A), including NFAT
and GATAS3 binding sequences (Agarwal et al., 2000), also
showed impaired IL-4 production in NK T cells and T-CD4
T cells (Sofi et al., 2011; Yagi et al., 2007). Unfortunately, the
functional impairment in cytokine production observed in HS V
and Va-deficient and in CNS2-deficient mice could not be unam-
biguously attributed to one or the other region, because the
integrity of both putative regulatory regions was compromised.

There are compelling reasons to examine the function of the HS
V (CNS2) region in isolation. The interesting features of this region
include (1) constitutive accessibility in Th2 cells (Agarwal and
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Rao, 1998); (2) DNA hypomethylation in naive T cells (Lee et al.,
2002); (3) maintained DNA hypomethylation during Th2 cell differ-
entiation but increased DNA methylation during Th1 cell differen-
tiation (Lee et al., 2002); and (4) binding of a number of important
transcriptional regulators—including STAT6, STAT5, GATAS3,
Notch, RBP-Jk, ATP-dependent chromatin remodeler BRG-1,
chromatin looping factor SATB1, and histone methyl transferase
MLL—to the HS V region in a Th2 cell-preferential manner (Cai
et al., 2006; Liao et al., 2008; Tanaka et al., 2006, 2011; Wei
et al., 2010; Wurster and Pazin, 2008; Yamashita et al., 2006).

To address these issues, we generated mice bearing a precise
deletion of the HS V (CNS2) region. An unexpected finding in
the HS V-deficient (AV) mice was the complete abrogation of
IgE production despite only mild reduction in type 2 cellular
responses in affected tissues. To determine whether this dichot-
omous response was due to the differential requirement for HS V
by the cell types that produce IL-4, we made use of allelic IL-4
reporter mice, which allowed us to track IL-4-producing cells
in vivo. We show that Tfh cells critically depend on HS V for IL-
4 production. In contrast, effector Th2 cells, basophils, and
eosinophils were far less dependent on HS V.

RESULTS

Deletion of HS V Impairs //4 Transcription

To examine the function of HS V in regulation of Th2 cell-type
cytokine genes, we generated mice with a specific deletion of
HS V that did not disrupt the adjacent enhancer, HS V4 (Figures
1A and S1). DNase | hypersensitivity analysis of in-vitro-polar-
ized HS V-deficient (AV) Th2 cells confirmed selective loss of
HS V; importantly, other hypersensitivity sites that mark cis-
regulatory elements remained intact, including the activation-
inducible site HS V, (Figure 1B). Unlike Th2 cells from mice
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with the combined HS V and V5 deletion, which show diminished
transcription of all the linked Th2 cell-type cytokine genes (//4,
1113, and II5) (Solymar et al., 2002), restimulated AV Th2 cells
showed a nearly 50% reduction in the expression of //4 and
1113 mRNA, but no significant change (p > 0.05) in /5 and /10
(Figure 2A). Compared to wild-type (WT) Th2 cells, the frequency
of restimulated AV Th2 cells producing IL-4 (mean + SEM, 55% +
1.3% versus 32% + 1.3%) and IL-13 (mean + SEM, 34% + 1.2%
versus 27% + 1.5%) protein was also reduced by 40% and 20%,
respectively, (Figure 2B). As expected, the cytokine profile of AV
Th1 cells was similar to that of WT Th1 cells (Figures 2A and 2B).

As a major product of Th2 cells that is also a potent inducer of
Th2 cell differentiation, IL-4 is the key element of a positive-feed-
back mechanism that polarizes Th2 cell responses both in vitro
and in vivo. To assess the requirement for HS V under conditions
where this positive feedback was minimal, we generated hetero-
zygous allelic reporter mice in which one //4 allele derives from

through IL-4, we compared huCD2 expression
in KN2-WT and KN2-KN2 T cells, which do
and do not produce IL-4, respectively. As ex-
pected, endogenous IL-4 produced from the
functional IL-4 allele in KN2-WT T cells strongly potentiated
Th2 cell polarization when the cells were differentiated under
suboptimal Th2 cell conditions, with limiting amounts of exoge-
nous IL-4 provided in culture (Figures 2D and S2A). Similarly,
a 2- to 3-fold lower dose of exogenous IL-4 was necessary to
induce huCD2 expression in KN2-WT T cells (which produce
their own endogenous IL-4), compared to KN2-V T cells (which
lack HS V in the functional IL-4 allele) (Figures 2E and S2A). At
a low concentration of exogenous IL-4 (11 U/ml), the cytokine
profile indicated a very strong dependence for HS V in Th2 cell
polarization (Figures 2F and S2B). These results suggested
that the deletion of HS V was likely to have pronounced effects
on in vivo responses in which IL-4 feedback is important.

In Vivo Type 2 Responses in HS V-Deficient Mice
To determine the consequences of HS V deficiency in vivo,
we used a mouse model of allergic airway disease. Airway

Immunity 36, 175-187, February 24, 2012 ©2012 Elsevier Inc. 177
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Figure 3. In Vivo Type 2 Responses in HS V-Defi-
cient Mice
Cohorts of wild-type (WT) and HS V-deficient (AV) BALB/c
mice were subjected to the ovalbumin (OVA) model of
allergic airway disease.
(A) Airway hyperresponsiveness after saline (n = 10) and
OVA challenge (n = 12) was measured as increasing
pulmonary resistance in response to acetylcholine (ach).
Data are shown as mean =+ standard error mean (SEM).
(B) Total number and cellular composition of the leuko-
cytes in bronchoalveolar lavage fluid (mean + SEM);
macrophages (Macro), eosinophils (Eos), lymphocytes
(Lympho), and polymorphonuclear neutrophils (PMN).
(C) Serum OVA-specific IgE abundance measured by
ELISA (n = 12). Average (bars) of data from individual mice
(filled circles) are shown; error bars are SEM.
(D) Overlay of dot plots showing IgE and CD131 staining of
live, singlet-gated, CD45" cells infiltrating the lungs of
e OVA-challenged KN2-WT and KN2-V mice. Graph at right
shows mean fluorescence intensity (MFI) of IgE staining on
basophils.
(E-G) Cohorts of four wild-type C57BL/6 (B6), wild-type
BALB/c (WT), and HS V-deficient BALB/c (AV) mice were
infected with Leishmania major promastigotes in the hind
footpad.
ﬂ (E) Footpad swelling over the course of infection.
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hyperresponsiveness (AHR) was reduced in OVA-challenged AV
mice compared to WT controls (Figure 3A). Peribronchial and
perivascular inflammatory infiltrates and mucus hypersecretion
typical of allergic inflammation were preserved in AV mice
(data not shown), but reduced numbers of eosinophils and
lymphocytes were found in the bronchoalveolar lavage fluid
(Figure 3B). Overall, therefore, the pathological type 2 cellular
response in the lungs was partially diminished in AV mice.
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(F) Footpad parasite burden (log titer) 64 days after
infection.

(G) ELISA measurement of total serum IgE and Leishmania
freeze-thaw antigen-specific IgG1 and IgG2b.

n.s., no statistically significant difference (p > 0.05), *p <
0.05, **p < 0.01, **p < 0.001 with Student’s t test.

Immunoglobulin (Ig) isotype switching to IgE,
a hallmark of type 2 humoral immunity,
is known to be critically dependent on IL-4
production (Finkelman et al., 1988; Reinhardt
et al., 2009). Strikingly, the IgE response was
completely abolished in AV mice (Figure 3C).
Flow cytometric measurement of IgE bound to
lung-infiltrating basophils confirmed an almost
log-scale reduction in the amount of IgE present
in AV mice (Figure 3D). Because basophil IgE
staining in KN2-V mice was very similar to that
seen in IL-4-deficient KN2-KN2 mice (Figure 3D),
we conclude that HS V is critically required for
IL-4 production by the cells that direct IgE
responses in vivo.

To corroborate our findings on the effects of
HS V deficiency in the asthma model in vivo,
we utilized Leishmania infection. The magnitude
of type 2 responses in this model inversely
correlates with the capacity to clear parasites
and resolve tissue inflammation (Mohrs et al., 2001). Thus,
control C57BL/6 mice that primarily mount a type 1 response
with abundant IFN-y-producing Th1 cells effectively cleared
the parasite. BALB/c mice, which mount a sustained type 2
response, showed a significant increase in the size of footpad
lesions and parasite burden up to 10 weeks after infection
(Figures 3E and 3F). We observed no difference between AV
and WT BALB/c mice, suggesting that in this experimental

WT AV

1gG2b

WT AV
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system, there was no diminution in type 2 tissue responses in
the absence of HS V (Figures 3E and 3F). Nevertheless, the
type 2 humoral response was again significantly affected in the
AV mice as reflected by the complete absence of IgE and
a reduction of Leishmania-specific 1IgG1, which is also partly
dependent on IL-4 (Kopf et al., 1993); Leishmania-specific
IgG2b production, which is IL-4 independent, was unaffected
(Figure 3G).

Together these results support an important role for HS V in
type 2 humoral immunity in vivo. However, the dichotomous
effects of HS V deficiency on the different arms of type 2 immune
responses, namely the complete absence of the IL-4-dependent
humoral response with at most a partial reduction in type 2 tissue
responses, indicated that the cell types driving these responses
were differentially affected by HS V deficiency.

HS V-Deficient Tfh Cells Develop Normally but Fail

to Produce IL-4

Previous studies with KN2 mice showed that the vast majority of
huCD2* IL-4-competent cells in the lymph nodes are CXCR5*
PD-1" Tfh cells that reside in germinal centers and the follicular
mantle zone (King and Mohrs, 2009; Reinhardt et al., 2009;
Zaretsky et al., 2009). These Tth cells, or their precursors gener-
ated early inimmune responses, are the source of IL-4 and other
signals that act on B cells to induce IgE and IgG1 production
(King and Mohrs, 2009; Reinhardt et al., 2009; Zaretsky et al.,
2009). The KN2 allele does not encode IL-4 protein but marks
cells that are competent to make IL-4. Therefore, the allelic
reporter mice allowed us to ask whether Tfh cells and other in-
vivo-generated huCD2* IL-4-competent cells require the HS V
cis-regulatory region for IL-4 production from the other allele.

In the asthma model, we observed a significant induction
(8%—-4%) of huCD2" T cells in the draining parathymic lymph
nodes, but not in the nondraining inguinal nodes (0.1%-0.3%),
25 days after OVA immunization (Figure 4A, compare top and
second panels). Consistent with previous reports (King and
Mohrs, 2009; Reinhardt et al., 2009), equal numbers of huCD2*
IL-4-competent cells and CXCR5*PD-1" Tfh cells were ob-
served in the parathymic lymph nodes of KN2-WT, KN2-V, and
KN2-KN2 mice (Figure 4A, second and third panels; quantified
in the bar graphs to the right), indicating that IL-4 (lacking in
KN2-KN2 mice) and the enhancer activity of HS V (lacking in
KN2-V compared to KN2-WT mice) are both dispensable for
the generation of Th cells in vivo. CXCR5"PD-1" Tth cells
were predominantly huCD2* (Figure 4A, third panel, inset histo-
grams), implying that the majority of Tfh cells transcribed the
KN2 reporter allele in vivo. Conversely, essentially all huCD2*
cells in the draining lymph nodes also expressed CXCR5 and
PD-1 (Figure 4A, bottom panel), confirming that the vast majority
of IL-4-competent T cells in this location are indeed Tfh cells
under these experimental conditions.

The ability of these huCD2" cells to produce cytokines from
the wild-type or HS V-deficient //4 allele was assessed ex vivo
by intracellular staining and flow cytometric analysis of IL-4
production after stimulation with PMA and ionomycin for 4 hr.
We prevented surface expression of any new huCD2 by inhibit-
ing protein transport with brefeldin A during the entire time of
in vitro stimulation, allowing us to focus on cells that were already
expressing huCD2 in vivo. As expected of Tth cells (Reinhardt

et al., 2009), the huCD2*CD4" cells from KN2-WT mice predom-
inantly made IL-4 and not IL-13; strikingly, however, huCD2*
CD4" cells from KN2-V mice almost completely failed to make
any IL-4 even under these supraphysiological stimulation condi-
tions (Figure 4B, top panel). As expected, similar results were
observed when we restricted our analysis to CXCR5*PD-1"
Tth cells (Figure 4B, bottom panel). Thus, in Tfh cells exhibiting
normal expression of huCD2 from the KN2 //4 reporter allele,
the HS V-deficient allele is completely unable to support IL-4
production, again indicating a critical cis-acting requirement
for HS V for /14 expression in Tfh cells.

These findings were confirmed in Leishmania infection. When
CD4" T cells taken from the draining popliteal lymph nodes
10 weeks after infection were restimulated in vitro, we observed
a significant reduction in the number of IL-4-producing cells in
AV mice compared to WT BALB/c mice (Figure 4C). IL-4 produc-
tion was also affected in vivo, as evidenced by the near absence
of /l4 mRNA in freshly isolated lymph node cells from AV mice
(Figure 4D).

We next utilized an acute LCMV (lymphocytic choriomeningitis
virus) infection model that allowed us to generate relatively larger
numbers of IL-4-producing Tfh cells for undertaking detailed
mRNA and chromatin analyses (Yusuf et al., 2010). Consistent
with our findings in the OVA model, comparable numbers of
CXCR5*PD-1" Tfh cells and germinal center B cells were ob-
served in the lymph nodes and spleen of both WT and AV mice
(Figures 4E and 4F). Expression of Bcl6, Blimp1, ICOS, SLAM-
associated protein (SAP, encoded by Sh2d1a), and /27 mRNA
in FACS-sorted CXCR5*PD-1" Tfh cells freshly isolated from
lymph nodes and spleen were not significantly different between
WT and AV mice (Figure 4G), further confirming that the en-
hancer activity of HS V is dispensable for the generation of Tth
cells in vivo. However, IL-4 production was significantly reduced
in vivo, as evidenced by the near absence of //4 mRNA in the
FACS-sorted CXCR5*PD-1" Tth cells from AV mice (Figure 4H).
We conclude that AV Tth cells are phenotypically normal but
have an isolated defect in //4 transcription.

Early IL-4 Production by Lymph Node T Cells

Is Dependent on HS V

Because IgE is produced at early times after sensitization with
OVA, we measured OVA-specific IgE, IgG1, and IgG2b at days
9 and 14 after primary immunization with OVA (Figure 5A).
Comparison of KN2-WT and KN2-KN2 mice (which produce
and lack IL-4, respectively) emphasized the requirement for
IL-4 in IgE and IgG1 responses (Figure 5A, left and middle
panels). KN2-V mice resembled KN2-KN2 mice in that they failed
to generate an IgE response and produced markedly reduced
quantities of OVA-specific IgG1 (Figure 5A, left and middle
panels). The IL-4-independent IgG2b response was comparable
in the three groups of mice (Figure 5A, right panel).

We also assessed cytokine production by huCD2*CD4" Tfh
cells after ex vivo stimulation on days 4 and 7 after intraperitoneal
OVA-alum immunization. As before (Figure 4B), huCD2" IL-4-
competent parathymic lymph node T cells from KN2-V mice
failed to produce IL-4 (Figure 5B). We obtained similar results
when T cells in the lung-draining mediastinal nodes were
analyzed after inhaled OVA challenge in the asthma model (Fig-
ure 5C). Together, these findings support a key cis-regulatory
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Figure 4. HS V-Deficient Tfh Cells Fail to Produce IL-4

(A) Cohorts of KN2-KN2, KN2-WT, and KN2-V BALB/c mice were subjected to the ovalbumin (OVA) model of allergic airway disease. Contour plots for CD4 and
huCD2 show all live and singlet-gated lymph node cells. Numbers indicate percentage of cells that are huCD2*CD4". Contour plots for CXCR5 and PD-1 show all
CD4*CD8 B220™ cells (third row) or only huCD2*CD4*CD8 B220™ cells (fourth row). Numbers indicate percentage of CXCR5*PD-1* cells; inset histograms
show huCD2 staining of these cells. Bars represent the average and filled circles represent data from individual mice; error bars are standard error mean (SEM).
(B) Contour plots show intracellular staining of cytokines in restimulated huCD2*CD4"* (top) and CXCR5*PD-1" (bottom) lymph node cells described in (A).

(C) Cohorts of wild-type C57BL/6 (B6), wild-type BALB/c (WT), and HS V-deficient BALB/c mice (AV) were infected with L. major. Ten weeks later, restimulated
T cells in the draining popliteal lymph nodes were analyzed by flow cytometry. Contour plots show intracellular staining of cytokines in size-gated CD4*
CD8 B220~ cells. Data are summarized in graphs shown below.

(D) Hprt1-normalized Ifng, Il4, and //173 mRNA abundance in unstimulated popliteal lymph node cells from L. major-infected mice.

(E and F) Cohorts of WT and HS V-deficient C57BL/6 mice (n = 4-10 per experiment) were infected with LCMV. Two weeks later, CD4* T cells and B cells isolated
from lymph nodes and spleen were analyzed by flow cytometry.
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Figure 5. HS V-Deficient Lymph Node T Cells Fail to Produce IL-4 Early in the Primary Inmune Response
Cohorts of KN2-KN2, KN2-WT, and KN2-V BALB/c mice were sensitized to ovalbumin by intraperitoneal immunization.

(A) ELISA measurement of ovalbumin-specific IgE, IgG1, and IgG2b levels in serum. Bars represent the average; error bars are SEM; circles represent data from
each mouse.

(B) On days 4 and 7, the draining parathymic lymph node cells were stimulated in vitro with PMA, ionomycin, and brefeldin A for 4 hr and analyzed by flow
cytometry. Contour plots show intracellular staining of cytokines in size-gated huCD2*CD4*CD8 B220™ cells. Data are summarized in the bar graphs to the right.
(C) Three weeks after sensitization, mice were intranasally challenged with ovalbumin for 3 consecutive days, and T cells in the lung-draining mediastinal lymph

nodes were analyzed as described in (B).

function for HS V in T cells producing IL-4 very early in the
immune response and suggest that Tth cells and their early
precursors share similar requirements for //4 regulation.

Type 2 Tissue Responses in the Lungs of

HS V-Deficient Mice

Given that tissue inflammation and AHR were less severely
affected than humoral immune responses in AV mice, we
hypothesized that the cell types and cytokines that drive
type 2 tissue responses are less dependent than Tfh cells on
HS V. To test this hypothesis, we again employed //4 allelic
reporter mice, in this case focusing on CD4" T cells, basophils,
and eosinophils as the three major IL-4-producing cell types in
allergic lung inflammation (Mohrs et al., 2005; Voehringer et al.,
2006).

In contrast to Tfh cells, lung-infiltrating Th2 cells produced
IL-13 when restimulated ex vivo (Figure 6A, top left panel).
Comparing KN2-KN2, KN2-WT, and KN2-V mice, a similar
proportion of CD4* T cells expressed huCD2 from the /l4 KN2

reporter allele, which has an intact HS V (Figure 6A, right top
panel). Thus IL-4, which is absent in KN2-KN2 mice, is dispens-
able for the generation of CD4* Th2 cells in this experimental
system. However, the fraction of T cells able to express IL-4
protein from the other allele upon restimulation was reduced in
KN2-V mice compared to KN2-WT mice (Figure 6A, top panels).
This effect could not be explained by feedback from reduced
IL-4 production in vivo, because it was apparent even when
we restricted our analysis to huCD2" T cells or to cells that
produced IL-13 upon restimulation (Figure 6B, top panel).
Thus, HS V enhances //4 expression in cis in Th2 cells in vivo,
consistent with our in vitro findings.

In contrast to Th2 cells, lung-infiltrating basophils produced
IL-4 in an entirely HS V-independent fashion upon in vitro stimu-
lation with PMA and ionomycin (Figure 6A, bottom panels). More-
over, in vitro, all huCD2* basophils produced IL-4 and IL-13,
confirming that HS V is not essential for IL-4 production by baso-
phils (Figure 6B, bottom panel). We were unable to measure IL-4
protein production by eosinophils, but FACS-sorted eosinophils

(E) Contour plots for CXCR5 and PD-1 show size-gated CD4*CD44"CD62L CD8 B220" cells. Numbers indicate percentage of CXCR5*PD-1* cells.
(F) Contour plots for IgD and FAS show size-gated CD19*CD4 CD8~ cells. Numbers indicate percentage of IgD'°FAS* cells. Summary of data from four

independent experiments are shown in graphs at right.

(G and H) Hprt1-normalized Bcl6, Blimp1, ICOS, SLAM-associated protein (SAP, encoded by Sh2d1a), /121, l14, and /113 mRNA in FACS-sorted pure populations
of CXCR5*PD-1" Tth cells, freshly isolated from lymph node cells and spleen of mice described in (E).
n.s., no statistically significant difference (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001 with Student’s t test.
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from the lungs of OVA-challenged WT and AV mice expressed //4
mRNA at comparable levels (Figure 6C).

Notably, the proportion of basophils expressing huCD2 in vivo
was reduced in KN2-KN2 mice compared with KN2-WT mice
(Figure 6A, bottom right panel), indicating that IL-4 is important
for basophil expression of /4 in vivo. A similar reduction in
huCD2* basophils was also observed in KN2-V mice (Figure 6A,
bottom right panel), suggesting that the source of IL-4 that affects
basophil numbers in vivo is strongly HS V dependent. We spec-
ulate that because Tth cells in KN2-KN2 and KN2-V mice cannot
produce IL-4 (Figure 4B), the consequent drastic decrease in IgE
(Figures 3 and 5) deprives basophils of their ability to use antigen-
specific IgE to respond to OVA challenge in vivo.

In summary, unlike the Tfh cells that direct type 2 humoral
responses and are strongly dependent on HS V, the cells
and cytokines involved in type 2 tissue responses are less
dependent, or only indirectly dependent, on HS V for IL-4
production.

HS V Affects Chromatin Accessibility and NFAT Binding
to the /14 Promoter

To investigate the mechanism by which HS V deficiency affected
114 transcription in T cells, we first tested whether loss of HS V
affected early transcription of the //l4 gene by naive T cells.
Remarkably, naive T cells lacking the HS V (CNS2) region were
completely unable to produce //4 transcripts after ex vivo stimu-
lation (Figure 7A). These findings are reminiscent of our observa-
tions in Tfh cells and their early precursors (Figures 4B, 4F, 5B,
and 5C) and suggest that all of these cells share similar cis-regu-
latory requirements for //4 transcription. In a similar time course
assay, in-vitro-differentiated Th2 cells showed only a 50%
reduction in //4 transcription (Figure 7B).
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Figure 6. HS V Function in IL-4-Producing Cells
% huCD2* _ Infiltrating the Lungs in a Murine Model of Asthma
< Cohorts of KN2-KN2, KN2-WT, and KN2-V BALB/c mice
° were sensitized and challenged with ovalbumin to induce
allergic airway inflammation. Lung-infiltrating cells were
analyzed by flow cytometry after in vitro stimulation with
PMA and ionomycin. See also Table S1.
(A) Contour plots show intracellular staining of cytokines in
CD4*CD3*CD8 B220~ cells (T cells) and CD45*IgE*
CD49b*CD3 MHCII™ cells (basophils). See also Fig-
ure S4. Graphs at right show compiled data for IL-4, IL-13,
and huCD2 expression. Bars represent the average; error
bars are SEM; filled circles represent data from each
mouse.
(B) Histograms of IL-4 and IL-13 staining in huCD2* T cells
and basophils, and IL-4 staining in IL-13" cells as
indicated.
(C) Hprt1-normalized cytokine mRNA abundance in FACS-
sorted CD45*CD3~CD11b*MHCII"CD11c™ Siglec F* cells
(eosinophils). See also Figure S4.
n.s., no statistically significant difference (p > 0.05),
*p < 0.05, **p < 0.01, ***p < 0.001 with Student’s t test.
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114 transcription by naive T cells is strongly
dependent on the NFAT-calcineurin pathway,
as judged by sensitivity to the calcineurin inhib-
itor cyclosporin A (CsA) (Ansel et al., 2004) and
by the binding of NFAT proteins to the //4

promoter (Ansel et al., 2004). Chromatin immunoprecipitation
(ChlP) assays performed after brief (45 min) stimulation showed
that binding of the transcription factor NFAT1, the predominant
NFAT family member in naive T cells (Macian et al., 2002), was
severely reduced in AV naive T cells as well as polarized Th2
cell populations (Figures 7B, S3A, and S3B). Together, these
results suggest an important role for a distal cis-regulatory
region, HS V (CNS2), in facilitating NFAT1 binding to the /4
promoter upon T cell activation.

The diminished binding of NFAT1 to the //4 promoter in AV
T cells prompted us to examine the effect of HS V deficiency
on chromatin structure in the //4 locus in naive T cells and differ-
entiated Th2 cells (Figures 7C and 7D). Because //4 transcription
was selectively affected in T cells, with minimal or no effect on
1113 and /I5 expression, respectively, we focused on known cis-
regulatory elements near the //4 gene: the /4 promoter; the
3’ 114 silencer, HS IV (Ansel et al., 2004); HS V4 (Agarwal et al.,
2000; Agarwal and Rao, 1998); and HS V (CNS2) itself. We limited
our analysis to two histone modifications whose association with
gene expression has been thoroughly documented: histone-3
lysine-4 dimethylation (H3K4me2), a “permissive” modification
found at enhancers and promoters whose presence correlates
with increased chromatin accessibility to trans-factors (Birney
et al., 2007); and H3K27me3, a “repressive” mark (Bernstein
et al., 2006; Wei et al., 2009).

Of the four regions tested, HS V (CNS2) displayed by far the
highest enrichment for H3K4me2 in naive T cells and Tfh cells
(Figure 7C, black bars; Baguet and Bix, 2004). H3K4me2 was
retained at HS V during Th2 cell differentiation and increased
at the //4 promoter and HS V4 (Figure 7C, black bars). HS V defi-
ciency did not influence H3K4me2 levels in naive T cells and Tth
cells (Figure 7C, compare black and gray bars). In differentiated
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Figure 7. Chromatin Accessibility and NFAT Binding in the Th2 Cell Locus of HS V-Deficient T Cells

(A) Hprt1-normalized //[4 mRNA abundance in wild-type (WT) and HS V-deficient (AV) naive T cells and Th2 cells (derived in vitro) stimulated with CD3 and CD28
antibodies and PMA and ionomycin, respectively, for the indicated times. Dots display average and error bars indicate standard error of mean (SEM).

(B) ChIP-PCR analysis: real-time PCR quantification of //4 promoter (IL-4p), HS V,, and Ifng promoter (IFNyp) sequences after ChIP with antibody to NFAT in WT
and AV Th2 cells and naive T cells, either left unstimulated or stimulated for 45 min with PMA and ionomycin. Data are expressed as the normalized percentage of
input DNA recovered and represent mean and SEM of at least three independent ChIP experiments. Data were normalized to the mean ChIP recovery of all
experiments. Raw data from independent experiments are shown in Figures S3A and S3B.

(C and D) Real-time PCR quantification of //4 promoter (IL-4p), HS IV, HS V4, and HS V sequences after anti-H3K4me2 (C) and anti-H3K27me3 (D) ChIP of
chromatin extracts obtained from resting CD4* naive T cells, Th2 cells derived in vitro, and Tfh cells derived in vivo from wild-type (WT) and HS V-deficient (AV)
mice. Data are expressed as the percentage of input DNA recovered and represent mean and SEM of at least three independent ChIP experiments. Data from
anti-H3K27me3 ChlP of Tth cells were normalized and raw data from independent experiments are shown in Figure S3C. Real-time PCR quantification of control
sequences is shown in Figure S3E. See also Figure S3D and Table S2.

AV Th2 cells, H3K4me2 levels remained lower than WT at HS V4 promoter (Figure 7D, bottom panel and Figure S3C). Together,

(Figure 7C). these data indicate that HS V (CNS2) is an important player
In naive T cells, the //4 promoter and cis-regulatory regions in the chromatin-remodeling events that normally establish an

were also substantially enriched for H3K27me3 (Figure 7D, top  accessible conformation across the //4 locus in Th2 cells and

panel). Notably, however, Th2 cell differentiation led to a striking  Tfh cells.

loss of the “repressive” H3K27me3 modification at all four tested

regions of the //4 gene (Koyanagi et al., 2005) (Figure 7D, com- DISCUSSION

pare black bars in top and middle panels), and Th2 cells from

AV mice incompletely erased the repressive H3K27me3 mark, = We have performed a detailed analysis of mice bearing a precise

especially at HS V4 (Figure 7D, middle panel, compare black deletion of HS V (CNS2). Our results show unambiguously

and gray bars). Defective erasure of repressive H3K27me3 that this conserved cis-regulatory element has an important

marks was also observed in AV Tfh cells, especially at the //4 and nonredundant function in enhancing //4 transcription. In
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two in vivo models, HS V-deficient mice exhibited cell type-
specific defects in //4 expression that manifested in surprisingly
dichotomous effects on type 2 immune responses in vivo—a
profound reduction of type 2 humoral immunity with total abro-
gation of IgE production, in the face of only mildly attenuated
or unaffected type 2 tissue inflammatory responses.

We used allelic IL-4 reporter mice to uncover differential
requirements for HS V among the cell types that drive these
responses. We show that Tth cells, lymph node T cells that
make IL-4 early in the primary immune response, and even naive
T cells stimulated ex vivo are strikingly dependent on HS V for //4
expression. These findings suggest that similar signals and tran-
scription factors are responsible for //4 expression in all of these
lymph node-resident T cells and probably explain the total abro-
gation of IgE production and sharply reduced IgG1 responses
observed in HS V-deficient mice.

In contrast, Th2 cells derived in vivo or in vitro were only
partially dependent on HS V for //4 expression. IL-4 signaling
induces nuclear translocation of STAT6, which is a direct trans-
activator of both //4 and Gata3. GATAS3, in turn, binds to its own
promoter and several cis-regulatory sites in the Th2 cell-type
cytokine locus, forming a feedforward positive-feedback loop
that drives Th2 cell differentiation and the production of IL-13
and IL-5 (Zhu et al., 2010). Notably, HS V deficiency had minimal
or no effect on IL-13 or IL-5 production by Th2 cells in vitro or
in vivo. Thus, Th2 cells access an HS V-independent IL-4-driven
positive-feedback loop to drive powerful inflammatory re-
sponses in tissues. HS V continues to function as a local en-
hancer of /14 in these cells but has only modest effects on their
ability to marshal inflammatory responses.

Allergic inflammation in peripheral tissues also involves innate
immune cells. A previous study detected HS V reporter trans-
genic activity in mast cells and basophils but found reduced
IL-4 expression only in mast cells from mice lacking HS V and
part of HS V4 (Yagi et al., 2007). Our findings indicate that HS
V affects basophil production of IL-4 in vivo but probably through
an indirect mechanism. Given the importance of IgE receptor
signaling in basophil activation, it is quite likely that their
reduced IL-4 production in HS V-deficient mice reflects the
lack of allergen-specific IgE. This effect may also contribute
to the mild reduction in lung inflammation and AHR in HS
V-deficient mice.

Notch intracellular domain and its binding partner RBP-Jk
bind to HS V and influence transcription of //4 in transgenic
reporter assays (Amsen et al., 2004; Fang et al., 2007; Tanaka
et al.,, 2006). Disruption of the Notch signaling pathway in mice
leads to impaired humoral responses, as evidenced by sharply
reduced IgE and IgG1 production and a significant reduction in
IL-4 production by T cells in the draining lymph nodes and
spleen, which presumably were Tfh cells (Amsen et al., 2007;
Tanaka et al., 2006; Tu et al., 2005). The similarity of these find-
ings with our observations in AV mice suggest that Notch may
mediate its effects on //4 expression by Tfh cells more directly
through HS V and implicates the Notch pathway as a critical
regulator of Tfh cell function and humoral immunity. Further
research is needed to determine the relative contribution of
Notch and other trans-acting factors in HS V-dependent //4
expression in Tfh cells and how these factors mediate their
effects on /4 locus chromatin structure and gene transcription.
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To address the molecular mechanism by which HS V selec-
tively affects //4 gene transcription, we examined the chromatin
structure and remodeling events in the //4 locus during dif-
ferentiation of naive cells into Th1, Th2 (in vitro), and Tfh (in vivo)
cells. In naive T cells and Tfh cells, HS V displayed by far the high-
est enrichment for H3K4me2, suggesting increased chromatin
accessibility at this site compared with other cis-regulatory
elements in the locus (Baguet and Bix, 2004). HS V is also the
only site of DNA demethylation between the //4 promoter and
the distal Kif3a gene in naive T cells, suggesting a high degree
of accessibility to trans-acting factors during early stages of
T cell differentiation when other cis-elements in the locus may
be relatively inaccessible (Lee et al., 2002). This feature, and
the ability of the HS V (CNS2) region to enhance //4 transcription
in a GATA3- and STAT6-independent manner, likely make HS V
particularly critical for //4 transcription in naive T cells, Tfh cells,
as well as in T cells that produce IL-4 early in the in vivo immune
response.

H3K27me3, a repressive chromatin modification extensively
present in the Th2 cell-type cytokine locus of naive T cells, is
removed during Th2 cell differentiation, but maintained during
Th1 cell differentiation (Figures 7D and S3A; Koyanagi et al.,
2005). In AV Th2 cells, erasure of the H3K27me3 mark was
incomplete across the locus, especially at HS V4, where the
mark was not erased at all. The failure to erase these marks
was particularly pronounced in AV Tth cells, correlating with
the stringent requirement for HS V for //4 transcription in these
cells. Further investigation is needed to determine whether HS
V recruits histone demethylases to the locus and to probe the
connection between removal of H3K27me3 marks and //4
promoter and enhancer accessibility for NFAT and other tran-
scription factors that mediate //4 transcription.

In summary, our experiments have revealed a critical role for
the distal //4 enhancer HS V in Tfh cell function and consequently
type 2 humoral immunity. Mechanistically, HS V (CNS2) has an
important role in shaping chromatin structure in differentiating
T cells, as well as facilitating access of trans-acting factors
such as NFAT to the //4 locus. Our data imply that Tth cells and
Th2 cells utilize distinct but overlapping molecular mechanisms
to support /4 locus activity and may provide insight for more
targeted strategies to block pathology in allergic diseases.

EXPERIMENTAL PROCEDURES

Mice

Mice were used in accordance with protocols approved by the animal care and
use committees of the CBR Institute for Biomedical Research, Harvard
Medical School, UCSF, and LIAI. AV mice were generated with standard
gene-targeting techniques (details in Supplemental Information).

T Cell Differentiation, FACS Analysis, and Quantification of Cytokine
Messenger RNA Expression

Purification of CD4* T cells from spleen and lymph nodes, in vitro induction of
Th1 and Th2 cell differentiation, and restimulation for flow cytometric analysis
of intracellular cytokine staining and messenger RNA expression levels were
performed as described previously (Ansel et al., 2004) (details in Supplemental
Information). In brief, purified CD4* T cells were stimulated with hamster anti-
mouse CD3 (clone 2C11, 0.25 pg/ml) and hamster anti-mouse CD28 (clone
37.51, 1 ug/ml) on plates coated with goat anti-hamster IgG (MP Biomedicals)
for 48-60 hr under Th1 (IL-12 and anti-IL-4) and Th2 (IL-4, anti-IFN-vy, and
anti-IL-12) cell or nonpolarizing conditions. After 2-3 days, cells were removed
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from the plates and expanded in media with 20 U/ml of recombinant human
IL-2 (National Cancer Institute) and analyzed on day 6. For short-term stimula-
tion, 5 x 10° naive T cells were resuspended in media containing 0.5 ug/ml
anti-CD3 and 1 pg/ml anti-CD28 and mixed with 2.5 x 107 latex beads
(5 um diameter; Interfacial Dynamics Corporation) coated with goat anti-
hamster IgG. Unstimulated controls were cultured with beads but without
anti-CD3 and anti-CD28 and were similar to cells held on ice.

Experimental Allergic Lung Disease Model and Antibody Production
Mice were immunized on days 1, 7, and 14 by intraperitoneal (i.p.) injection of
50 ug OVA (Grade V; Sigma Aldrich)/1 mg alum (Thermo Scientific) emulsion,
followed by intranasal challenge with saline (control) or 100 ng OVA on days 21,
22, and 23 as described (Kuperman et al., 2002). On day 24, measurement of
airway resistance and BAL fluid total and differential cell counts were per-
formed as described (Kuperman et al., 2002). Primary immune response
was induced by a single i.p. injection of 50 pg OVA/1 mg alum emulsion,
and serum samples were obtained at different time points for measuring
OVA-specific IgE, IgG1, and IgG2b antibodies by ELISA. Isolation and flow
cytometric analysis of immune cells present in lungs and lymph nodes are
described in the Supplemental Information.

Leishmania Infection Model

Amastigotes were serially passaged in the footpads of BALB/c mice to main-
tain Leishmania major LV39. Four mice per group were infected in the right hind
footpad with 1 x 10° stationary-phase promastigotes. Lesion size was mea-
sured with a dial-gauge micrometer (Mitutoyo) biweekly beginning 1 week after
infection. To evaluate footpad swelling, we determined the difference in
measurement between the right hind footpad and the uninfected left hind
footpad. Parasite burdens were counted by limiting dilution assays in which
parasites were extracted from ground footpad tissue collected from individual
mice. Serum was obtained 9 weeks after infection and total IgE and Leish-
mania freeze/thaw antigen-specific IgG1 and 1gG2b levels were measured
by ELISA. Cytokine mRNA from unstimulated popliteal lymph node cells
(1 x 10°% was measured by real-time quantitative PCR.

LCMV Infection Model

LCMV stocks were prepared and quantified as described (McCausland et al.,
2007). All infections were done by i.p. injection of 1-2 x 10° PFU LCMV Arm-
strong per mouse. Two weeks after infection, CD4" T cells were isolated from
lymph nodes and spleen with a CD4-positive isolation kit (Dynal). Staining for
flow cytometry was performed with fluorophore-conjugated antibodies
against B220, CD8, PD-1, CD-44, CD62L, and CD4 (Ebioscience). CXCR5
staining was performed as described in the earlier section. CXCR5*PD-1"
CD4*CD44"CD62L-CD8 B220~ cells were sorted with a FACS Aria (Becton
Dickinson). Three-quarters of the sorted Tfh cells were fixed (as described
below) for chromatin analysis and one-quarter stored in Trizol for mRNA
quantification by real-time PCR. For flow cytometric analysis of germinal
center B cells, lymph node and spleen cells were stained with antibodies
against CD19, CD4, CD8, PNA, FAS, GL7, and IgD and analyzed on a FACS
Canto (Becton Dickinson).

Chr inl ipitation

The detailed protocol is described in the Supplemental Information.

Statistical Analysis
Atwo-tailed Student’s t test was used for statistical analysis. Differences with
a p value of less than 0.05 were considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables and can be found with this article online at
doi:10.1016/j.immuni.2011.12.014.
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Abstract: Profiling miRNA expression in cells that directly contribute to human disease pathogenesis is likely to aid
the discovery of novel drug targets and biomarkers. However, tissue heterogeneity and the limited amount of human
diseased tissue available for research purposes present fundamental difficulties that often constrain the scope and
potential of such studies. We established a flow cytometry-based method for isolating pure populations of pathogen-
ic T cells from bronchial biopsy samples of asthma patients, and optimized a high-throughput nano-scale gRT-PCR
method capable of accurately measuring 96 miRNAs in as little as 100 cells. Comparison of circulating and airway
T cells from healthy and asthmatic subjects revealed asthma-associated and tissue-specific miRNA expression pat-
terns. These results establish the feasibility and utility of investigating miRNA expression in small populations of
cells involved in asthma pathogenesis, and set a precedent for application of our nano-scale approach in other
human diseases. The microarray data from this study (Figure 7) has been submitted to the NCBI Gene Expression
Omnibus (GEO; http://ncbi.nlm.nih.gov/geo) under accession no. GSE31030.

Keywords: microRNA (miRNA), asthma, helper T cell, microfluidic, gPCR arrays

Introduction

MicroRNAs (miRNAs) have emerged as highly
promising diagnostic and prognostic biomark-
ers of disease, and disease-associated miR-
NAs may also be attractive targets for therapy
[1-5]. miRNA expression profiling in healthy and
diseased tissue is an important first step for
investigating the role of miRNAs in human dis-
eases. However, these studies are often con-
strained by the limited quantity of tissue that
can be obtained from diseased subjects for
research purposes. In addition, the heteroge-
neous cellular composition of tissue samples
can confound analyses by increasing the bio-

logical noise and masking subtle but biologi-
cally important changes in miRNA expression.
In some studies, rare cell populations derived
from human tissue samples have been expand-
ed ex vivo to yield larger quantities of more
homogenous cell populations [6, 7]. However,
the information derived from these cells may
not reflect the disease-specific changes that
occur in vivo because of changes in cell biology
that likely occur during in vitro culture. The use
of blood samples as surrogates for diseased
tissue may have utility for diseases caused by
immune cells that recirculate through the
bloodstream, yet even in this case isolating
particular cell subsets may be necessary, and
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this approach may still fail to capture disease-
specific changes that occur only in affected
tissues.

In this report, we present an integrated
approach for miRNA expression profiling in clini-
cal samples that overcomes the problems aris-
ing from tissue paucity and heterogeneity. We
demonstrate the utility of this approach in an
investigation of the role of miRNAs in human
asthma, a common allergic airway disease that
affects over 300 million people worldwide.
miRNA expression profiling in pure populations
of pathogenic T cells, isolated from well pheno-
typed patients with mild or moderately severe
allergic asthma and healthy control volunteers,
revealed miRNAs that were differentially
expressed in T cells of asthma patients, includ-
ing some MiRNAs that exhibited airway tissue-
specific changes in asthma. We further show
that this technique has great potential for bio-
marker discovery by profiling miRNAs in biologi-
cal fluids relevant to lung diseases, including
sputum and bronchoalveolar lavage (BAL)
supernatants. The nano-scale approach report-
ed here will be useful to investigate the role of
miRNAs in various other human diseases and
in other experimental settings where it is desir-
able to profile expression in low abundance cell
populations.

Materials and methods
Study subjects

The Ethics Committees of the Southampton
University Hospitals Trust approved the study,
and written informed consent was obtained
from all subjects. Twelve subjects with asthma
(6 with mild asthma never treated with cortico-
steroids and 6 subjects with moderate asthma
treated with inhaled corticosteroids) [8], meet-
ing established diagnostic criteria [9], and 10
healthy subjects were studied.

Sample acquisition, processing and cell sort-
ing

Bronchial biopsy and BAL samples were
acquired from 3 healthy and 12 asthmatic sub-
jects (6 mild and 6 moderate) as described pre-
viously [10]. Biopsy samples were immediately
dispersed by treating with collagenase | (Sigma,
Poole, UK), reconstituted in RPMI 1640 at 1 mg
per milliliter, for a 21-hour period at 37°C.

71

Nonspecific binding of antibodies to Fc recep-
tors was blocked by pre-treating cells with 2 mg
per milliliter of polyclonal human IgG (Sigma).
Cells were then stained with fluorescently con-
jugated antibodies (Lin1 cocktail (includes
CD3, CD14, CD16, CD19, CD20, and CD56)
FITC-conjugated, anti-EpCAM  PerCP-Cy5.5-
conjugated, anti-CD8 APC-conjugated, anti-
CD3 PE-Cy7-conjugated, anti-HLA-DR APC-Cy7-
conjugated, all from BD Biosciences, oxford,
UK) and propidium iodide prior to analysis and
sorting on the FACSAria™ (BD Biosciences,
oxford, UK). T cells were identified following a
serial gating strategy as previously described
by us [10]. BAL cells were separated from the
fluid phase and cells sorted as described for
the biopsy samples.

For isolating T cell subtypes from blood sam-
ples, PBMCs were first separated into a CD4*
memory cells fraction and non-CD4* memory
cell fraction by use of the memory CD4* T cell
isolation kit (Miltenyi Biotec, Surrey, UK). The
CD4* memory cells were then stained with fluo-
rescently conjugated antibodies (anti-CD45RA
FITC-conjugated, anti-CD4 APC-Cy7-conjugated,
anti-CCR4 PE-conjugated, and anti-CD25 APC-
conjugated) and sorted on the FACSAria™ to
obtain two cell populations: CD4*CD45RA-
CCR4- and CD4*CD45RA-CCR4*CD25". Naive T
cells were sorted from the non-CD4*memory
cells following staining with anti-CD45RA FITC-
conjugated, anti-CD4 PerCP-Cy5.5-conjugated,
anti-CD62L  APC-Cy7-conjugated antibodies
and anti-CD45R0 PE-conjugated.

Microarray

Fifty nanograms of total RNA was labeled and
then hybridized onto custom-designed human
miRNA arrays (Agilent, Palo Alto, US) following
the manufacturer’s instructions.

Nano-scale PCR

FACS sorted cells were stored in Trizol LS
(Invitrogen, Cambridge, UK). Total RNA was
extracted using the miRNeasy kit (Qiagen,
Valencia, US) as per the manufacturer’s instruc-
tion. The optional DNAse treatment was includ-
ed in our procedure. The amount of RNA in each
clinical sample was quantified by using a highly
sensitive real-time PCR-based assay that is
based on detecting mRNA levels of a house-
keeping gene (beta-2-microglobulin (B2M):

Am J Clin Exp Immunol 2012;1(2):70-89
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Fwd-5-ctgcecgtgtgaacca-tgtgacttt-3’; Rev-5'-
tgcggceatcttcaaacctcecatga-3’; Tagman probe-5-
/56-FAM/agtgggatcgaga-catgtaagcagea/-
3IABLK_FQ/-3’). A standard curve, which was
generated using serial dilutions of known quan-
tities of RNA, showed that the assay could lin-
early detect RNA concentrations ranging from
5ng to 1pg.

We adapted a previously described multiplex
qRT-PCR [11]. Revere transcription (RT) was
performed in multiplex using 96 stem-loop
primers at a final concentration of 1nM. Briefly,
in a 4yl reaction volume, 1ng RNA was incubat-
ed with primers and RNAse inhibitor (0.325U/
ul) (Applied Biosystems Inc (ABI), Carlsbad, US)
for 5 minutes at 65°C and then cooled down in
ice for at least 2 minutes before adding 3ul of
freshly prepared RT mix [8.75mM dNTPs, 25U
multiscribe RTase, RTase 10X buffer, 0.43U/ul
RNAse inhibitor, all from ABI]. RT reaction was
carried out in 7ul volume in the following
sequence: 16°C for 30 minutes, 42°C for 30
minutes, 80°C for 5 minutes and, finally, 4°C
prior to the next step. cDNA from the RT step
was pre-amplified in a multiplex PCR reaction
by adding 18ul of a pre-amp mix [96-plex for-
ward primers 50nM, universal reverse primer
5mM, dNTPs 4mM, MgCI2 2mM, 2X Tagman
Universal PCR master mix without AmpErase
UNG, and 6.25U of AmpliTag Gold DNA
Polymerase Il (ABI)]. The PCR pre-amplification
reaction was carried out in a 25ul volume in the
following sequence: 95°C for 10 minutes, 55°C
for 1 minute, 12 to 24 cycles of (95°C for 1 sec-
ond + 65°C for 1 minute) and, finally, 4°C prior
to the next step. Excessive amounts of residual
primers from the pre-amplification step were
removed by treating the samples with 10ul of
ExoSAP-IT™ (USB, Cleveland, US) for 15 min-
utes at 37°C, then at 85°C for a further 15 min-
utesand, finally, cooldownto4°C. Subsequently,
the samples were run though a size-exclusion
gel filtration column (lllustra Microspin G-50
column, GE Healthcare Biosciences, US). Two
out of 40yl of cleaned-up pre-amplified sam-
ples was used for the nanoliter gPCR reactions
performed on the Biomark high-throughput
qPCR platform (Fluidigm, South San Francisco,
USA). gPCR was carried out as per the manu-
facturer’s instruction except that the annealing
temperature during the PCR reaction was set at
55°C instead of 65°C. The data was analyzed
using Biomark system software that incorpo-
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rates an automatic noiseband threshold set-
ting for each gPCR assay, and gqPCR curve qual-
ity scoring and flagging to eliminate false
positive signals. We use no RNA and no RT
samples to establish the background signal for
each miRNA assay, and eliminate all higher Ct
values by redefining them as background + 0.1.
The list of mMiRNAs that can be detected by each
96-plex mix (1 to 4) are available online: ansel.
ucsf.edu/AJCEI2012.

Size-fractionation of RNA for parallel profiling
of miRNA and mR5NA

Cell lysate stored in Trizol was mixed with chlo-
roform (1 in 6 dilution), centrifuged for 20 min-
utes at 8000g and the aqueous phase contain-
ing the RNA was collected. Using a low
concentration of ethanol (35% v/v) the large
RNAs (>150nt) were first precipitated and cap-
tured in a collection column (RNeasy, Qiagen),
whereas the small RNAs (<150nt) fraction,
which do not precipitate in the low ethanol con-
centrations, are effectively separated and pres-
ent in the flow through. The small RNAs can
then be precipitated from the flow-through
using a higher concentration of ethanol (75%
v/v) and collected on a fresh column (MinElute,
Quiagen). Samples that were stored in chao-
tropic buffer (RLT) were run through a
Qiashredder column (Qiagen) and the eluate
collected before the differential ethanol pre-
cipitation steps. RNA fractions were treated
with DNase as per manufacturer’s instructions
(Qiagen).

Primer sequences

List of primers used for qPCR analysis: Eri-1
mRNA: Fwd-5-cggctcagcagactcaaaca-3’; Rev-
5’-ggccgteccatcataatecat-3’; Ctla-4 mRNA: Fwd-
5’-actc-atgtacccaccgecata-3’; Rev-5-ggg-catg-
gttctggatcaat-3’; IL4 mRNA: Fwd-5-agat-catc-
ggcatt-tttgaacg-3’; Rev-5'-tttggcacatccatct-
ccg-3’; 28S rRNA: Fwd-5'-ctcgtctgatctcggaaget-
aa-3’; Rev-5-actgagggaatcctggttagtttct-3’, 5S
rRNA: Fwd-5'-ctcgtctgatctcggaagectaa-3’; Rev-
5’-gtctcccatc-caagtactaaccag-3’; 5.8S rRNA:
Fwd-5-atcgtaggcaccgctacgectgtetg-3'; Sno202
RNA: Fwd-5'-cgtctactgacttgatgaaagtactt-3’;
miRNA-146a: Fwd-5-tgagaactgaattccatgggtt-
3’; miRNA-15a: Fwd-5'-tagcagcacataatggtttgtg-
3’; miRNA-21: Fwd-5"-tagcttatcagactgatgttg-3’;
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Figure 1. Isolation of T cells from bronchial biopsy specimens. A. Human bronchial biopsy specimens were enzy-
matically dispersed and cells stained with fluorescently conjugated antibodies (Lin1 cocktail (includes CD3, CD14,
CD16, CD19, CD20, and CD56) FITC-conjugated, anti-EpCAM PerCP-Cy5.5-conjugated, anti-CD8 APC-conjugated,
anti-CD3 PE-Cy7-conjugated, anti-HLA-DR APC-Cy7-conjugated) and propidium iodide for analysis on the FACSAria™.
FACS plots illustrate the gating strategy used to identify T cells in these bronchial biopsy specimens. Utilizing this
gating strategy, T cells populations were sorted by FACS. The FACS plots of the post-sort samples are also displayed.
B. The mean and range of the numbers of T cells obtained from bronchial biopsy specimens and BAL of healthy
controls (HC), mild (MA) and moderate (MO) asthmatic patients are displayed. C. From 100ml of blood, using the
memory CD4* T cell isolation kit, PBMC-CD4" memory cell were first selected and were subsequently stained with
fluorescently conjugated antibodies (anti-CD3 PE-Cy7-conjugated, anti-CD45RA FITC-conjugated, anti-CD4 APC-Cy7-
conjugated, anti-CCR4 PE-conjugated, and anti-CD25 APC-conjugated) and sorted on the FACSAria™ to obtain two
cell populations: CD4*CD45RA-CCR4- and CD4*CD45RA-CCR4*CD25". Naive T cells were sorted from the non-CD4*
memory cells following staining with anti-CD3 PE-Cy7-conjugated, anti-CD45RA FITC-conjugated, anti-CD4 PerCP-
Cy-5.5-conjugated, anti-CD62L APC-Cy7-conjugated and anti-CD45RO PE-conjugated antibodies. The FACS plots
illustrating the gating strategy and the post-sort cell populations are displayed.

Rev-Universal primer (NCode™ qRT-PCR Kit,
Invitrogen).

Statistical analysis

qPCR data was normalized using the standard
delta-Ct (ACt) method by calculating the differ-
ence between the Ct value of the miRNA and
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the mean Ct value of the housekeeping miR-
NAs, miR-103 and miR-191, in that sample.
Quantile normalization and ACt methods yield-
ed very similar results (data not shown).
Housekeeping miRNAs were repeated in each
separate 96-plex mix. A two-way ANOVA linear
model was fit to the normalized ACt values for
all miRNA to calculate t-statistic and the “nomi-
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Figure 2. Validation of primer and probe sets for detecting human miRNAs. Validation of primer and probe sets for
detecting human miRNAs. A. Gradient quantitative PCR showing the relationship between annealing temperature
and threshold cycle of detection (Ct) for Let-7a, miR-292, miR-99b, miR-34c, Let-7i, miR-16 and miR-34. The melting
temperatures of the Tagman probes used for detecting these miRNAs are shown in parenthesis. B. The heat map
displays the Ct values for miRNAs measured in samples containing serial 8-fold dilutions of starting RNA material
using the nanoscale PCR platform (mix 1). miRNAs that were not detected are shown in grey. The PCR efficiency for
each miRNA is displayed as dots in the next graph. C. The graph displays the correlation between the PCR efficiency
and the melting temperature of the Tagman probes used for detecting miRNAs.

nal p-value” for each miRNA for the compari-
sons of interest. A 3x3 model using both dis-
ease group and sample source as factors was
made using the airway T cell data, and a 3x3
model using disease group and cell type was
made for the blood T cells. All procedures were
carried out using functions in the R package
limma in Bioconductor [12]
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Results

Isolation of pure populations of T cells from
small bronchial biopsy specimens

Allergic airway inflammation and airway hyper-

reactivity, the hallmarks of asthma, are orches-
trated by Th2 cytokine-producing T cells (Th2

Am J Clin Exp Immunol 2012;1(2):70-89
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cells) that infiltrate the lung [13]. Based on the
reasoning that the cells that drive asthma
pathogenesis are most likely to bear function-
ally relevant disease-associated perturbations
in miRNA expression, we analyzed ex vivo the T
cells that infiltrate the diseased tissue, as well
as circulating T cells capable of making Th2
cytokines.

To enable this analysis, we first established
procedures to isolate pure populations of T
cells from the airways and peripheral blood of
patients with asthma. Using fiber-optic bron-
choscopy, we obtained up to 8 small (2-3 mm)
bronchial biopsies from patients with mild asth-
ma (treated with bronchodilators alone, n=6),
moderate asthma (treated with bronchodila-
tors and inhaled corticosteroids, n=6), and
healthy control subjects (n=3). The biopsy sam-
ples were enzymatically dispersed into single
cell suspensions, labelled with fluorescently
conjugated antibodies, and FACS sorted to
obtain pure populations of T cells (Figure 1A)
[14]. Using this approach, we isolated pure
(>95%) populations of airway tissue-infiltrating
T cells (meants.d.) (24200 + 6300 cells)
(Figure 1B). We also isolated airway-lumenal T
cells from bronchoalveolar lavage (BAL) fluid
(meants.d.) (85200 + 35900 cells), recogniz-
ing the possibility of functional differences
between these two lung compartments (Figure
1B)

We recently showed that human Th2 cells
reside in the CCR4* memory CD4* T cell frac-
tion of blood T cells and that the proportion of
CCR4* cells in the blood increases with asthma
severity [15]. To avoid mistaking differences in
the relative abundance of Th2 cells for disease-
specific changes in miRNA expression, and to
capture changes that occur in a cell type-spe-
cific manner, we analyzed three purified popula-
tions of blood T cells (meants.d.): Th2-enriched
CD4*CCR4* memory T cells (3.7+0.5x10°); Th2-
depleted CD4'CCR4- memory T cells
(1.9+0.4x10°); and uncommitted naive CD4* T
cells (1.5+0.3x10°) (Figure 1C). The entire pro-
cedure for isolating airway and circulating T cell
subtypes from each study subject was complet-
ed in less than 6 hours.

Validation of a high-throughput quantitative
PCR method for miRNA detection

The small numbers of T cells obtained from
bronchial biopsies provided insufficient materi-
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al for miRNA profiling with microarrays or deep
sequencing. Therefore, we optimized and vali-
dated an economical high-throughput quantita-
tive RT-PCR method to permit measurement of
miRNA abundance in a large number of small
quantity clinical samples on the Fluidigm
Biomark platform. Biomark dynamic arrays
employ integrated fluid circuits for automated
mixing of 96 template samples with 96 qPCR
assays in preformed 7 nanoliter reaction cham-
bers [16]. This method provided a high degree
of reproducibility in replicate measurements,
significant sample and reagent sparing, and the
ability to perform 9216 simultaneous miRNA
measurements.

For assay design, we adopted the previously
described and broadly applied method of miR-
NA-specific reverse transcription with stem-
loop primers, followed by quantitative PCR
(gPCR) with a universal reverse primer and
miRNA-specific forward primers and dual-
labeled probes [17]. The short length of miR-
NAs (~22 nt) restricts assay design, resulting in
a broad range of probe melting temperatures
(42-60 °C). Temperature gradient gPCR on a
conventional real-time thermocycler showed
that assays with the lowest probe melting tem-
peratures performed poorly at higher annealing
temperatures, but all assays yielded optimal
signals at 55°C (Figure 2A). We observed a
mean PCR efficiency of 101 + 2% for a larger
panel of custom assays on the Biomark plat-
form, with linear performance across as much
as a 32,000-fold range of starting RNA concen-
trations (Figure 2B; data not shown).
Importantly, we did not observe a correlation
between PCR efficiency and probe melting tem-
perature (Figure 2C).

Pre-amplification is an essential step for profil-
ing miRNAs in limiting RNA samples

To minimize sample requirements, miRNAs in
each sample were first reverse transcribed (RT)
in multiplex using 96 miRNA-specific stem loop
primers that correspond with the qPCR assays
to be performed. PCR pre-amplification with
corresponding forward primers is necessary to
ensure adequate starting template concentra-
tion in nanoliter gPCR reactions, and this is
especially true for limiting RNA samples [11].
Pre-amplification conditions and the number of
amplification cycles must be optimized to
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obtain sufficient material for gPCR while avoid-
ing PCR saturation or selective amplification of
one or a few templates (“jackpotting”). To
address these issues, we compared miRNA
measurements for cDNA from 1 ng (~1000 cell
equivalent) of RNA after 12, 14, 16, and 18
cycles of 96-plex pre-amplification. Linear pre-
amplification was observed between 12 and
18 cycles at a PCR efficiency of 73 + 2% for 37
miRNAs that yielded a product in at least three
amplifiedsamples(Figure 3A,4). Measurements
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for amplified samples correlated closely with
measurements for unamplified cDNA from 100
ng (~100,000 cell equivalent) of the same RNA,
indicating uniform miRNA pre-amplification
(Figure 3A). Six poorly amplified outliers in early
analyses were mostly eliminated by separating
miRNAs with close sequence homology into
separate groups to avoid primer competition.
The one remaining outlier (miR-16) was still
detected in a highly linear manner across pre-
amplified samples with starting RNA quantities
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Figure 4. Optimizing the pre-amplification step for detecting miRNAs in samples with small cell numbers. A. Com-
parison of Ct values of multiple miRNAs in cDNA samples from 1 ng RNA after 12, 14, 16, and 18 cycles of 96-plex
PCR pre-amplification (mix 1). B. The graph displays the threshold cycle of detection (Ct) values for miR-16, miR-
130b and miR-191 in samples with starting RNA quantities ranging from 8 nanograms down to 2 picograms (pg)
(mix 2). RNA from all samples were first reverse transcribed (RT) in multiplex using 96 miRNA-specific stem loop
primers and the cDNA was pre-amplified by an 18 cycle 96-plex PCR reaction. C. Comparison of Ct values of multiple
miRNAs in cDNA samples from 10 pg, 100pg, and 1000pg of RNA after 18, 20, 22, and 24 cycles of 96-plex PCR
pre-amplification (mix4). D. The graph displays the Ct values for miR-191 (highly expressed), miR-132 (medium ex-
pression levels) and miR-185 (low abundance) in samples with starting RNA quantities ranging from 8 nanograms
down to 2 picograms (pg) (mix 3). E. Comparison of the miRNA profile of cDNA from 10 pg (~10 cell equivalent) and
100 pg (~100 cell equivalent) of RNA after 22 cycles of 96-plex pre-amplification (mix 4). Threshold cycle of detec-
tion (Ct) values for miRNAs from the 10 pg and 100 pg samples are plotted on the x-axis and y-axis, respectively.
The red dots indicate the miRNAs that were not detected in the 10 pg sample. F. Comparison of the miRNA profile
of cDNA from 100 pg (~100 cell equivalent) and 1000 pg (~1000 cell equivalent) of RNA after 22 cycles of 96-plex
pre-amplification (mix 4). Threshold cycle of detection (Ct) values for miRNAs from the 100 pg and 1000 pg samples
are plotted on the y-axis and x-axis, respectively. The red dots indicate the miRNAs that were not detected in one or
the other sample.
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Figure 5. Size-fractionation of RNA enables parallel profiling of miRNA and mRNA. A. A 8% PAGE (polyacrylamide
gel electrophoresis) gel illustrating the size profile of total RNA, large RNA fraction (Large) and small RNA fraction
(Small). The major bands on the gel correspond to the 5.8S (158nt) and 5S (121nt) rRNA and to tRNAs. B. Bar graph
illustrates the comparison of the different RNA populations present in large and small RNA fractions. It displays the
threshold cycle of detection (Ct) values, for messenger RNAs (Eri-1, CTLA-4, IL-4), ribosomal RNAs (28S, 5.8S, 5S),
small nuclear RNAs (Sno202, U6) and miRNAs (miR-146, miR-15b, miR-21) from large and small RNA fractions
derived from mouse Th1 and Th2 cells. C. Displays the mean (+SEM) Ct values for all the miRNAs detected from
total RNA, small RNA fraction prepared from samples stored in Trizol or RLT and large RNA fraction prepared from
samples stored in Trizol or RLT. D. Comparison of the miRNA profile of a total RNA preparation with small RNA frac-
tion prepared from cellular samples stored in RLT or Trizol. Threshold cycle of detection (Ct) values for miRNAs from

the total RNA and small RNA fractionated samples are plotted on the x-axis and y-axis, respectively.

ranging from 8 ng down to 2 pg (~2 cell equiva-
lent; Figure 4B). Therefore, we expect quantita-
tive comparisons of miRNA expression between
study subjects and cell types to be robust for all
miRNAs, though quantitative comparison with
other miRNAs within a sample may be skewed
for a few poorly pre-amplified miRNAs.

We next determined the extent of pre-amplifica-
tion that was required to reliably detect miRNAs
present in limiting RNA samples. Eighteen
cycles of pre-amplification gave the maximum
yield of detectable miRNAs in 1 ng RNA sam-
ples (Figure 3C), and pre-amplification
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remained unsaturated up to 22 cycles (Figure
4C). However, starting with smaller amounts of
the same RNA progressively reduced the num-
ber of detectable miRNAs (Figure 3D, 4D).
Increasing the extent of pre-amplification from
18 to 22 cycles for 100 pg RNA samples suc-
ceeded in recovering low abundance miRNAs
without skewing the results (Figure 3E, 4E).
miRNA measurements remained accurate even
in 10 pg RNA samples (Figure 4F), though 24
cycles of pre-amplification were still insufficient
to allow reliable detection of the least abundant
miRNAs in these samples (Figure 3E).
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Figure 6. Clean-up of pre-amplified samples improves qPCR sensitivity. A. 11% PAGE (polyacrylamide gel electro-
phoresis) gel showing the PCR product (*80bp) and residual primers in untreated sample (lane |) (x20bp). Excess
primers are eliminated following ExoSAP treatment (lane Il) and gel filtration using G50 column (lane Ill). B. qPCR
curves of 3 different miRNAs (miR103, -140, -186, which have high. medium and low expression levels in Th2
cells, respectively) before (blue line) and following purification with ExoSAP and G50 column (red line) of a 1ng pre-
amplified RNA sample. Purified 0.1ng (green line) and Ong (black line) RNA samples are shown (the black doted
line indicate the threshold of detection). C. Comparison of the miRNA profile of the ExoSAP + G50 column purified
sample versus PAGE (upper plot) or ExoSAP only purified sample. Threshold cycle of detection (Ct) values for miRNAs
the different methods compared are plotted. The red open dots indicate the miRNAs that were not detected by PAGE
or ExoSAP only methods.

To further maximize the amount of biological
information that can be obtained from limited
quantities of human samples, we used RNA iso-
lation strategies that fractionate large (>150nt)
and small (<150nt) RNA into separate pools for
mRNA and miRNA profiling, respectively (Figure
5A, 5B). Clinical samples stored in either phe-
nol-based (i.e. Trizol) or chaotropic (i.e. RLT,
QIAGEN) lysis solutions are compatible with this
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strategy, and RNA fractionation did not skew or
reduce the sensitivity of miRNA measurements
(Figure 5C, 5D).

Optimized clean-up of pre-amplified templates
improves qPCR sensitivity and specificity

For the higher PCR efficiency required for real-
time detection in a Tagman assay, we and oth-
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Figure 7. High concordance between nano-scale
qPCR and microarray profiling data. RNA extracted
from human Th2 cells was used for parallel profiling
by both nano-scale PCR and microarray method. Fifty
nanograms (ng) of RNA was used for the microarray
method and cDNA from 1 ng (~1000 cell equivalent)
of RNA, pre-amplified by 18 cycle PCR reaction, was
used for miRNA detection by the nano-scale gPCR
method (mix 1). The graph displays the intensity of
the detection signals obtained by nano-scale qPCR
and microarray method for 72 out of the 92 miRNAs
that were assayed by gqPCR. PCR signal intensity
(grey bars) was calculated by subtracting the thresh-
old cycle of detection (Ct) value for each miRNA from
Ct of 28 (typical background signal on the Fluidigm
Biomark). Array signal intensity (black dots) was cal-
culated as the difference between the log2 intensity
and the background signal measured for control
probes. The miRNAs that were false positives in the
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microarray method are displayed as closed red dots.
The miRNAs that were detected by nano-scale qPCR
but not by microarray (false negatives) are displayed
as open red dots.

ers [11] have observed the need to reduce the
annealing temperature during the PCR reaction
to 55 °C from the 65 °C used in the pre-ampli-
fication step. The lower annealing temperature
can result in non-specific product formation,
especially when using the pre-amplified sam-
ples that have >100 residual unused primers
from the 96-plex PCR reaction. Non-specific
product formation can reduce the sensitivity
and specificity of the assay. To overcome this
problem, removing primer and dNTP contami-
nants has recently been shown to improve the
specificity of the assay [18]. To optimize yield
and reproducibility while minimizing sample
cross-contamination, we developed a high-
throughput method for cleaning up pre-ampli-
fied samples. We used ExoSAP™ reagent that
utilizes two hydrolytic enzymes, Exonuclease |
and Shrimp Alkaline Phosphatase to remove
unwanted dNTPs and primers from the pre-
amplified PCR template (Figure 6A).
Exonuclease | degrades excess single-strand-
ed primers and any extraneous single-stranded
DNA produced in the PCR reaction. Shrimp
Alkaline Phosphatase dephosphorylates
remaining dNTPs from the PCR mixture. Free
nucleotide monophosphates that result from
EX0SAP treatment were then removed with gel
filtration spin columns (G50) in single or 96-well
plate form.

To compare the effectiveness of the various
clean up steps, we divided a single pre-ampli-
fied product into 4 parts and subjected each
part to a specific clean-up method: polyacryl-
amide gel electrophoresis (PAGE) purification,
ExoSAP treatment only, ExoSAP treatment fol-
lowed by column purification, and no clean-up.
We then used nano-scale qPCR to profile 94
miRNAs concurrently for all 4 samples. Clean-
up by exonuclease treatment followed by col-
umn purification improved the signal (Ct values)
of the miRNAs detected when compared to the
no clean-up sample (Figure 6B). This clean-up
procedure yielded results that are highly com-
parable with PAGE purification, a low through-
put gold standard (Figure 6C, top panel). The
addition of a column purification step had a
modest but definite improvement in the sensi-
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Figure 8. Experimental overview of our nano-scale
approach to profiling miRNA in clinical samples from
asthma patients. QC 1 to 5 are five mandatory quality
control steps included in our approach.

tivity of the assay (Figure 6C, bottom panel).
We conclude that cleaning-up pre-amplified
samples critically improves the sensitivity and
specificity of gPCR profiling. We routinely per-
form this optimized and efficient enzymatic and
column purification method for all clinical
samples.
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Nano-scale qPCR is comparable to microarray-
based profiling

We next analyzed the concordance in results
obtained by nano-scale qPCR and miRNA
microarrays. Fifty-one out of the 92 miRNAs
assayed in 1 ng of RNA from in vitro derived
human T helper type 2 (Th2) cells [19] were
detected by nano-scale gqPCR. Of these, 45
were detected by microarray analysis of 50 ng
of the same RNA sample (Figure 7), including
the 32 miRNAs with the strongest signal inten-
sities on the nano-scale qPCR platform (Figure
7). As previously described, qPCR delivered
globally higher signal intensities above back-
ground than microarrays, which suffer from
considerable data compression as well as sig-
nal variability due to differences in hybridiza-
tion to short miRNA probes [20]. The 6 miRNAs
detected only by nano-scale gPCR had microar-
ray signals very close to background (Figure 7).
We confirmed a low level of expression in Th2
cells for four of these miRNAs by single-plex
gRT-PCR on a conventional thermocycler,
though miR-375 and miR-101a remained at or
below the limit of detection (data not shown).
We also found supporting evidence for the
expression of all six of these miRNAs in pub-
lished sequencing data for human T cells [21].

Nano-scale qPCR failed to detect miR-23b, miR-
148a, miR-148b, miR-99a and miR-98, even
though these miRNAs gave weak positive sig-
nals on the microarray and in single-plex gPCR
on a conventional thermocycler (Figure 7).
Nano-scale gPCR detected high levels of miR-
NAs with close sequence homology (miR-23a,
miR-152, miR-99b and let-7 family) in the same
samples, suggesting inhibitory primer or tem-
plate competition among closely related miRNA
assays. It has been shown that stem-loop qPCR
can distinguish closely related miRNAs [11].
These results strongly suggest the qPCR data
were accurate, whereas false positives arose in
microarray analyses due to cross-hybridization
of related miRNAs.

miRNA profile of T lymphocyte subtypes in
blood from asthma patients

To demonstrate the utility of our nano-scale
approach in identifying disease-associated
miRNA signatures, we first profiled miRNA
expression in circulating CD4* T cells subtypes
from patients with mild or moderate asthma
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Figure 9. miRNA profile of circulating T cell subtypes in human asthma. A. Using nano-scale PCR, miRNA expres-
sion levels were measured in circulating CD4* T cell subtypes (naive, memory CCR4*, and memory CCR4-) from 7
healthy subjects (HC), 6 mild asthmatic (MA) and 6 moderate asthmatic (MO) subjects. The heat map displays the
expression levels of miRNAs in each sample (all cell types from every study subject shown) relative to the expres-
sion levels seen in naive T cells of healthy control subjects. Expression levels of miRNAs (ACt) in each sample was
first calculated by subtracting the Ct value of the miRNA from the mean Ct value of the housekeeping miRNAs, miR-
103 and miR-191, in that sample. The relative expression levels (AACt), displayed in the heat map, were calculated
by subtracting the ACt values for each miRNA from the average ACt values of the same miRNA in naive T cells of
healthy control subjects. The miRNAs are hierarchically clustered using Euclidean distance with average linkage.
The samples are in a fixed order, sorted by cell type, then disease group. B. The graph displays the mean (+SEM)
expression levels of miR-125b, miR-22, miR-181b, and miR-193b to illustrate cell type-specific differences in miRNA
expression levels. (C, D) The graph displays the mean (+SEM) expression levels of miR-223, miR-374a, miR-1290,
miR-132, miR-342-3p and miR-19a to illustrate disease-related differences in miRNA expression levels. p-values
were obtained by ANOVA, * p <0.01, ** p <0.001.
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Figure 10. miRNA profile
of circulating T cell sub-
types in human asthma.
A. Using nano-scale PCR,
miRNA expression levels
were measured in circulat-
ing CD4+ T cell subtypes
(naive, memory CCR4+,
and memory CCR4-) from
7 healthy subjects (HC), 6
mild asthmatic (MA) and
6 moderate asthmatic
(MO) subjects. Expression
levels of miRNAs (ACt)
in each sample was first
calculated by subtracting
the Ct value of the miRNA
from the mean Ct value of
the housekeeping miRNAs,
miR-103 and miR-191, in
that sample. The graph
displays the mean (+SEM)
expression levels of miR-
263, miR-21, miR-99a,
miR-23a, miR-193b, miR-
146a, miR-342-5p and
miR-132 to illustrate cell
type-specific  differences
in miRNA expression levels
between naive and mem-
ory T cells. B. The graph
displays the mean (+SEM)
expression levels of mir-
181a, miR-181c, miR-
130b, miR-146a, miR-155,
miR-221, and miR-222 to
illustrate cell type-specific
differences in miRNA ex-
pression levels between
CCR4+ and CCR4- memory
T cells. C. The graph dis-
plays the mean (+SEM)
expression levels of miR-
720, miR-590-5p, miR-
150, miR-26b, miR-320d,
miR-18a, miR-222, miR-
15a, miR-532-3p, miR-21
and miR-106b to illustrate
disease-related differ-
ences in miRNA expres-
sion levels. p-values were
obtained by ANOVA, * p
<0.01, ** p <0.001.

and healthy control subjects (overall strategy
outlined in Figure 8). In view of their central role
in asthma pathogenesis, we compared enriched
Th2 cells (CCR4*) with the remaining non-Th2
cells (CCR4") and circulating naive helper T cells
(CD45RA"). We restricted our qPCR assays to
the 188 miRNAs detected in human CD4* T
cells based on published sequencing data and
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microarray profiling (data not shown) [21]. We
separated primers for closely related miRNAs
into two 96-plex pools for the multiplex RT and
pre-amplification reactions (mix 2 and 3; data
not shown). This approach allowed us to profile
190 miRNAs in each individual subject with just
2 nanograms (~2000 cell equivalent) of RNA.
Since Ct values for miR-103 and miR-191 var-
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Table 1. Statistical analysis of miRNA expression levels in cell types. Values listed in the columns under
cell types are the difference (ACt) between the Ct value for each miRNA and the mean of Ct values for
these two housekeeping miRNAs (miR-103, miR-191) in the same sample. miRNAs with a fold change
>2 are shown. (FDR - False discovery rate)

Nano-scale miRNA profiling in asthma

Healthy Controls Mild Asthma Moderate asthma Statistics

Naive vs CCR4-  Naive CCR4- Naive  CCR4- Naive CCR4- M (AACt) Fold Change FDR
mir24 13.80 9.69 13.78 9.78 10.39 5.34 4.39 20.9 0.030
mir22 15.17 11.25 15.11 11.28 15.01 9.87 4.27 19.3 0.000
mirl32 10.29 7.24 10.21 5.32 10.57 6.20 4.04 16.5 0.000
mir21 6.00 3.03 8.62 571 6.23 2.04 3.49 11.2 0.000
mir23a 7.23 411 8.08 4.67 8.05 5.08 3.21 9.3 0.000
mir374a 8.60 10.90 14.02 10.31 14.15 741 2.76 6.8 0.031
mir29b 5.22 3.64 7.93 5.23 5.43 3.79 211 4.3 0.004
mir27a 8.89 6.72 8.81 7.30 9.79 7.35 2.04 4.1 0.001
mirl46a 4.22 2.97 4.67 2.98 3.75 2.26 1.49 2.8 0.000
mirl5a 8.91 8.72 10.58 8.72 10.09 8.57 1.23 23 0.001
mir421 8.61 7.99 8.91 7.27 10.09 8.62 1.22 2.3 0.011
mir1979 1.82 0.63 1.53 -0.01 1.17 0.44 1.14 2.2 0.000
mirl55 4.69 3.29 4.13 3.18 4.01 2.90 1.13 2.2 0.000
mir222 3.90 3.04 4.03 2.88 3.39 2.26 1.05 2.1 0.000
mir221 3.87 3.31 4.23 3.08 4.13 2.90 0.98 2.0 0.000
mir532-5p 5.63 7.35 5.81 6.43 6.71 7.80 -1.17 -2.2 0.002
mir181b 2.87 4.09 2.64 4.27 3.35 4.32 -1.28 2.4 0.000
miri8la 1.99 3.41 1.73 3.17 2.65 3.58 -1.29 2.4 0.000
mirl8ic 6.98 8.63 6.85 8.36 7.33 8.74 -1.54 2.9 0.000
mir874 4.00 5.49 3.88 6.54 3.61 4.64 -1.72 -3.3 0.001
mir342-5p 7.39 8.78 5.56 8.25 5.25 8.68 -2.55 -5.8 0.008
mir193b 3.00 5.89 2.55 5.78 3.63 6.91 -3.15 -8.8 0.000
mir99a 11.86 16.69 12.63 15.51 13.31 16.86 -3.77 -13.5 0.000
mir263 10.22 15.56 9.58 15.16 11.79 16.81 -5.35 -41.7 0.000
mir125b-5p 9.78 16.87 9.25 15.14 9.93 16.48 -6.57 -90.9 0.000

Naive vs CCR4+ Naive CCR4+ Naive CCR4+ Naive CCR4+ M (AACY) Fold Change FDR
mir22 15.17 10.92 15.11 10.78 15.01 10.83 4.24 18.9 0.000
mir21 6.00 2.87 8.62 4.23 6.23 2.35 3.94 15.3 0.000
mirl32 10.29 8.34 10.21 5.52 10.57 5.87 3.57 11.8 0.000
mir23a 7.23 4.55 8.08 3.78 8.05 4.85 3.39 10.5 0.000
mirl46a 4.22 2.10 4.67 1.87 3.75 1.95 2.25 4.8 0.000
mir222 3.90 1.96 4.03 1.61 3.39 1.77 1.99 4.0 0.000
mir27a 8.89 6.49 8.81 784 9.79 7.83 1.86 3.6 0.002
mir29b 5.22 4.7 793 5.09 5.43 4.39 1.80 3.5 0.019
mirl55 4.69 2.81 4.13 2.30 4.01 2.27 1.77 3.4 0.000
mir221 3.87 2.38 4.23 2.56 4.13 2.69 1.56 3.0 0.000
mirl30b 10.52 8.91 9.85 9.01 10.23 8.55 1.34 25 0.000
mirl5a 8.91 7.98 10.58 9.08 10.09 8.95 1.32 25 0.001
mir454 8.09 7.19 8.96 7.38 7.69 6.51 1.24 2.4 0.001
mirl979 1.82 0.36 1.53 0.29 1.17 0.55 1.12 2.2 0.000
mirl85 9.47 8.06 9.53 9.34 9.83 8.37 1.07 21 0.032
mirl5b 7.98 6.61 7.63 6.51 747 6.75 1.07 21 0.004
mir421 8.61 7.48 8.91 8.30 10.09 8.91 1.04 2.1 0.032
mir30b 0.51 2.02 1.18 2.10 0.79 1.43 -1.02 -2.0 0.026
mir-532-3p 4.74 5.70 4.63 5.83 5.19 6.21 -1.05 2.1 0.001
mir532-5p 5.63 7.04 5.81 7.68 6.71 7.55 -1.34 2.5 0.001
mir342-5p 7.39 9.41 5.56 9.86 5.25 7.53 -2.95 -7.8 0.002
mir99a 11.86 16.11 12.63 15.35 13.31 17.21 -3.61 -12.2 0.000
mir193b 3.00 7.69 2.55 7.97 3.63 7.03 -4.55 -23.3 0.000
mir263 10.22 15.76 9.58 14.59 11.79 16.51 -5.16 -35.7 0.000
mir125b-5p 9.78 16.16 9.25 16.07 9.93 16.89 -6.72 -111.1 0.000
CCR4- vs CCR4+ CCR4- CCR4+ CCR4- CCR4+ CCR4- CCR4+ M (AACt) Fold Change FDR
mirl81b 4.09 3.09 4.27 3.44 4.32 3.29 0.97 2.0 0.000
mir193b 5.89 7.69 5.78 7.97 6.91 7.03 -1.40 -2.6 0.027
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Figure 11. Airway T cells have a dis-
tinct miRNA signature compared to
circulating T cells. A. Using nano-scale
PCR, miRNA expression levels were
measured in CD3* T cells isolated
from matched bronchial biopsy, BAL
and blood specimens of 3 healthy
controls, 6 mild and 6 moderate asth-
matic patients. Expression levels of
miRNAs (ACt) in each sample were
first calculated by subtracting the Ct
value of the miRNA from the mean Ct
value of the housekeeping miRNAs,
miR-103 and miR-191, in that sample.
The dot-plot displays the correlation
in MiRNA expression levels (ACt) be-
tween T cells obtained from bronchial
biopsy and blood specimens, across
the study groups. B. The graph dis-
plays the difference in the expression
levels (AACt) between blood and bron-
chial biopsy T cells (AACt= ACt blood -
ACt bronchial biopsy). All miRNAs indi-
cated on the figure were differentially
expressed in airway T cells compared

Biopsy (ACt)
£
L
L]
)

to blood T cells i.e. airway-specific are
shown. miR-125b, miR-19a, miR-19b
and miR-106b had expression values
(AACY) significantly different between
healthy subjects and asthmatic pa-
tients. p-values were obtained by
ANOVA, * p <0.01. C. Dot-plots display

T — the correlation in miRNA expression

levels between T cells obtained from
bronchial biopsy and BAL specimens,

BAL Sputum

across the study groups. D. A panel of
96 mMiRNAs (mix 2) was measured in
BAL and sputum supernatant samples
by using the nano-scale PCR method.
The venn diagram illustrates the over-
lap in the miRNAs detected in the two
samples. E. The dot-plot displays the

ied little among the many RNA samples, we
expressed miRNA abundance as the difference
(ACt) between the Ct value for each miRNA and
the mean of the Ct values for these two house-
keeping miRNAs in the same sample [22].
Quantile normalization and delta-Ct methods
yielded very similar results (data not shown).

Overall, miRNA expression patterns of circulat-
ing T cells were influenced more by T cell sub-
type than disease status (Figure 9A). In vivo
differentiation of memory T cells was associat-
ed with major changes in miRNA expression in
all subject groups. Among the many miRNAs
that were significantly different, miR-125b, miR-
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correlation in miRNA expression levels
(Ct values) between BAL and sputum
supernatant samples.

263, miR-193b, miR-99a and miR-342-5p were
down-regulated over 10-fold in both subsets of
memory T cells compared with their shared
naive precursors, while miR-22, miR-21, miR-
132, miR-23a and miR-146a were upregulated
to a similar degree (Figure 9B, 10A and Table
1). Nine miRNAs (miR-181a, b, ¢, miR-222, miR-
130b, miR-146a, miR-155, miR-221 and miR-
193b) were differentially expressed in the
Th2-enriched CCR4* versus Th2-depleted
CCR4- memory cell subsets (Figure 9B, 10B
and Table 1). The full spectrum of miRNA
expression changes seen in the freshly isolated
T cells was not observed in in vitro-differentiat-
ed Th2 cells, supporting the rationale for study-
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Table 2. List of miRNA detected in Sputum and
BAL supernatants

Sputum and BAL (51) BAL ONLY(3) Sputum ONLY (5)

Let7b mir100 Let7f
Let7d mir378 mirl22
Let7g mir663b mirl977
mir103 mir263
mirl06a mir874
mir1228 5p
mirl25 5p
mirl260
mirl30b
mir140
mirl42 5p
mirl46a
mir150
mirl51 5p
mirl5b
mirl6
mirl7
mirl8lc
mirl81d
mirl86
mirl8b
mir191
mirl93b
mir195
mir1972
mirl979
mir199 5p
mirl9b
mir20b
mir222
mir26b
mir29b
mir29c
mir30a
mir30e
mir320c
mir339 5p
mir342 3p
mir345
mir374a
mird51
mir483 5p
mir532 3p
mir574 5p
mir590 3p
mir629
mir660
mir92a
mir93
mir95
mir99a
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ing in vivo, rather than in vitro differentiated
cells (data not shown).

Most importantly, isolating functionally relevant
T cell subsets aided the identification of asth-
ma-associated mMIRNA expression patterns
(Figure 9C, 10C). miR-223 was significantly
downregulated in subjects with mild or moder-
ate asthma compared to healthy controls in all
subsets, especially naive T cells (Figure 9C).
Like miR-223, miR-374a showed an asthma-
associated reduction in naive T cells, but the
opposite pattern was observed in CCR4- mem-
ory T cells. miR-1290, a primate-specific
miRNA, was the most significantly upregulated
miRNA in subjects with mild asthma. This differ-
ence was significant only in naive T cells, though
a similar pattern was observed in both memory
subsets (Figure 9C). Interestingly, asthma-
associated changes in miR-132 expression
were seen only in the Th2-enriched CCR4*
memory T cell population (Figure 9C). These
examples illustrate how our approach enabled
the identification of asthma-associated miR-
NAs while also revealing the cell types in which
miRNA levels are perturbed in diseased states.

Four miRNAs (miR-342-3p, miR-19a, miR-21
and miR-532-3p) were differentially expressed
between mild asthmatic subjects who had
never received corticosteroid treatment and
moderate asthmatic subjects whose symptoms
were controlled with inhaled corticosteroids
(Figure 9D, 10C). Intriguingly, these miRNAs
displayed similar patterns in moderate asth-
matic subjects and healthy controls, suggest-
ing that their dysregulated expression in asth-
ma, as revealed in mild corticosteroid-naive
asthmatic subjects, may be corrected by corti-
costeroid treatment.

miRNA profile of asthmatic airway T cells

To test whether tissue-specific programming
events shape the miRNA profile of T cells in
asthma, we compared the miRNA profile of T
cells from bronchial tissue and blood. The
expression of most miRNAs correlated closely
in these two compartments for all subject
groups (Figure 11A). However, a small group of
miRNAs exhibited tissue-specific expression in
one or more subject groups (Figure 11B). miR-
125b and miR-451 were significantly increased
in airway T cells in healthy subjects, while miR-
1977, miR-423 and let-7a were decreased in
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the airway T cells of mild asthmatic subjects
(Figure 11B). We next tested whether the effect
of airway tissue residence on miRNA expres-
sion was significantly different between healthy
and asthmatic subjects. Indeed, four miRNAs
(miR-125b, miR-19a, miR-19b and miR-106b)
exhibited decreased airway-specific expression
in mild asthmatic subjects compared to healthy
controls (Figure 11B). Intermediate levels of
airway-specific expression were observed in
moderate asthmatic subjects (Figure 11B).
Differences in the expression of miRNAs in
both blood and airway T cells contributed to
asthma-associated changes.

Finally, we compared airway lumenal T cells col-
lected from BAL with airway tissue T cells sort-
ed from bronchial biopsies. miRNA expression
was highly correlated in T cells sorted from
these distinct lung compartments, though a
few miRNAs (miR-106b, miR-92b and miR-25)
highly expressed in BAL T cells, were slightly
but significantly less abundant in tissue-infil-
trating T cells from biopsies (Figure 11C).

Airways lining fluids, sputum and BAL, have
comparable miRNA profiles

Profiling miRNAs in serum has proven a useful
and popular method for disease biomarker dis-
covery [23]. We used nano-scale qPCR to mea-
sure 96 miRNAs in fluids lining diseased lung
tissue, as these samples are more likely to pro-
vide disease-specific information than serum.
BAL and induced sputum supernatants con-
tained a diverse and abundant pool of miRNAs
(Figure 11D and Table 2). Moreover, their
miRNA profiles correlated closely, supporting
the use of noninvasively obtained sputum
supernatant as a surrogate for BAL, which
requires bronchoscopy (Figure 11E). These
data demonstrate that the fluid fractions of
sputum and BAL samples are a rich source of
miRNAs that can be profiled by nano-scale
qPCR for biomarker discovery in various lung
diseases, including asthma.

Discussion

The nearly ubiquitous involvement of the miRNA
pathway in mammalian development, tissue
homeostasis, and pathology has spurred an
enormous effort to catalogue and characterize
miRNA expression and function in a large vari-
ety of experimental and clinical settings.
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Research into mechanisms and markers of
human disease is frequently constrained by the
limited amount of tissue available for research
purposes. In addition, tissue heterogeneity may
obscure disease-associated gene expression
signals unless the effort is made to isolate and
study individual cell types that are involved in
disease pathogenesis. This process further lim-
its the number of cells available for analysis,
especially for diseases driven by relatively small
populations of infiltrating inflammatory cells.
Therefore, it is vitally important to develop tech-
niques to study tissue responses and signa-
tures of disease at a miniaturized scale. To
meet this need, we developed a novel integrat-
ed approach for profiling miRNA expression in
very small numbers of cells obtained from clini-
cal specimens. Our approach couples cell sort-
ing from dispersed tissues with a high fidelity
and high throughput gRT-PCR method that
delivers sensitive and quantitative miRNA
detection in RNA samples from as little as 100
cells.

We applied our integrated approach to discover
differentially expressed miRNAs in FACS sorted
peripheral blood and airway-infiltrating T lym-
phocytes in a cross-sectional study of human
asthma. A prior analysis of miRNA expression
patterns in lung biopsy samples failed to iden-
tify asthma or corticosteroid treatment-associ-
ated miRNAs, possibly due to the heteroge-
neous cellular content of tissue biopsies [24].
Consistent with this possibility, analysis of air-
way brushings, which are highly enriched for
epithelial cells, uncovered dramatically altered
miRNA expression patterns in asthmatic sub-
jects [25]. Employing cell sorting to isolate
pathologically relevant inflammatory cells with
nano-scaled assays for miRNA profiling in very
small cell samples, we were able to identify sev-
eral miRNAs associated with cell type, disease
status, and tissue of origin. Major differences
in miRNA expression were observed between
isolated human naive and memory T cell sub-
types. These data extend previous observa-
tions, both in in vitro and mouse models, that
memory T cell differentiation involves extensive
miRNA repertoire reprogramming [21, 26-29].
Since the relative frequency of T cell subtypes
varies significantly among individuals, this dom-
inant pattern of cell type-specific differences in
miRNA expression could have confounded
comparisons between healthy and asthmatic
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subjects. However, isolating homogenous cell
populations prior to profiling, considerably
reduced this source of variation and allowed us
to identify miRNA expression patterns associ-
ated with asthma.

This report provides a generic experimental
framework and tools to facilitate the discovery
of miRNAs that are associated with human dis-
eases. The miRNA signatures identified in this
study may be extended and refined by further
analysis of miRNA expression in relation to
asthma susceptibility, severity, active Th2
inflammation, and response to therapy. By
focusing on freshly isolated pathogenic T cells
present in the blood and airways, we greatly
increased the probability that the differentially
expressed miRNAs discovered in our study reg-
ulate immune functions that contribute to asth-
ma pathology. Regardless of whether the per-
turbations in miRNA expression are the cause
or effect of disease, they represent attractive
drug targets and/or biomarkers for asthma.
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