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An integrated nano-scale approach to profile miRNAs in
limited clinical samples

Grégory Seumois'238*, Pandurangan Vijayanand'>3&*, Christopher J Eisley*, Nada Omran?, Lukas Kalinke?,
Mal North?, Asha P Ganesan?, Laura J Simpson*’, Nathan Hunkapiller®, Felix Moltzahn®, Prescott G
Woodruff3, John V Fahy?, David J Erle®*, Ratko Djukanovic?, Robert Blelloch®, K Mark Ansel*”

1Sandler Asthma Basic Research Center, University of California San Francisco, San Francisco, CA, USA; *Division
of Infection, Inflammation and Immunity, University of outhampton, School of Medicine, Southampton NIHR Re-
spiratory Biomedical Research Unit, Sir Henry Wellcome Laboratories, Southampton General Hospital, Southamp-
ton, UK; 3Pulmonary and Critical Care Division, Department of Medicine, University of California San Francisco;
“Lung Biology Center, University of California San Francisco; °Center for Reproductive Sciences, Department of
Obstetrics, Gynecology & Reproductive Sciences, University of California San Francisco; °The Eli and Edythe Broad
Center of Regeneration Medicine and Stem Cell Research, Center for Reproductive Sciences, and Department of
Urology, University of California San Francisco; "Department of Microbiology & Immunology, University of Califor-
nia San Francisco; 8Current address: Division of Cell Signaling and Gene Expression, La Jolla Institute for Allergy
and Immunology, San Diego, USA. "These authors contributed equally to this work.

Received September 19, 2012; Accepted September 26, 2012; Epub September 27, 2012; Published November
30, 2012

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.nim.nih.gov/geo) under accession no. GSE31030.

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

Introduction 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-

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-

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 1-hour period at 37°C.
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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, CD1e6, 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):
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Fwd-5’-ctgccgtgtgaacca-tgtgacttt-3’; Rev-5'-
tgcggceatcttcaaacctccatga-3’; Tagman probe-5'-
/56-FAM/agtgggatcgaga-catgtaagecagea/-
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
gRT-PCR [11]. Revere transcription (RT) was
performed in multiplex using 96 stem-loop
primers at a final concentration of 1nM. Briefly,
in a 4ul 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, MgCl, 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, cooldownto 4°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
gPCR 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 qPCR assay, and qPCR 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 miRNAs 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-ggccgtecatcataatecat-3’; Ctla-4 mRNA: Fwd-
5-actc-atgtacccaccgccata-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'-ctegtctgatctcggaaget-
aa-3’; Rev-5-actgagggaatcctggttagtttct-3', 5S
rRNA: Fwd-5-ctcgtctgatctcggaagetaa-3’; Rev-
B-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’;

Am J Clin Exp Immunol 2012;1(2):70-89
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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-CD45R0O PE-conjugated antibodies. The FACS plots
illustrating the gating strategy and the post-sort cell populations are displayed.

Rev-Universal primer (NCode™ gRT-PCR Kit, the mean Ct value of the housekeeping miR-
Invitrogen). NAs, miR-103 and miR-191, in that sample.

Quantile normalization and ACt methods yield-
Statistical analysis ed very similar results (data not shown).

Housekeeping miRNAs were repeated in each
gPCR data was normalized using the standard separate 96-plex mix. A two-way ANOVA linear
delta-Ct (ACt) method by calculating the differ- model was fit to the normalized ACt values for
ence between the Ct value of the miRNA and 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
(meanzs.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+0.5x106); Th2-
depleted CD4*CCR4- memory T cells
(1.9+0.4x108); 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 gPCR assays
to be performed. PCR pre-amplification with
corresponding forward primers is necessary to
ensure adequate starting template concentra-
tion in nanoliter qPCR reactions, and this is
especially true for limiting RNA samples [11].
Pre-amplification conditions and the number of
amplification cycles must be optimized to

Am J Clin Exp Immunol 2012;1(2):70-89
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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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Figure 3. Optimizing the pre-

18 cycles

amplification step for detect-
ing miRNAs in samples with
small cell numbers. A. Heat
map displays the threshold
cycle of detection (Ct) values
of miRNAs detected in sam-
ples containing 1 ng of RNA
that were pre-amplified by
a 12, 14, 16 or 18 cycle 96-

100ng unamplified (Ct)

plex PCR reaction (mix 1). The
PCR efficiency during the pre-
amplification step for each

T T
20 25 30

miRNA is displayed as dots
in the next graph. B. Com-
parison of the miRNA profile
of unamplified cDNA (UA)
from 100 ng (~100,000 cell
equivalent) of RNA with cDNA
from 1 ng (~1000 cell equiva-
lent) of RNA after 18 cycles of
96-plex pre-amplification (mix

UA

2-3). C. Bar graph displays the
number of miRNAs detected
in relation to the extent of
pre-amplification (12, 14, 16

L 12

Pre-amp (cycles)

14 16 18,

18 cycles

or 18 cycles) of cDNAfroma 1
ng RNA sample (mix 1). D. Bar
graph displays the number
of miRNAs detected in rela-
tion to the starting amount of
RNA (serial 8-fold dilutions of
a 1 ng RNA sample) that was

used for the 18 cycle pre-am-

plification step (mix 2-3). E.
Displays the number of miR-
NAs detected in relation to
the extent of pre-amplification

16 125
Quantity (pg)

1000

ng

(18, 20, 22 or 24 cycles) of
cDNA from a 1 ng RNA sam-
ple (green line). Comparative
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100pEl starting RNA material are
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lines, respectively (mix 4). The

10pg list of mMiRNAs that can be de-

- | ; : tected by each 96-plex mix (1
18 20 22 24 to 4) are available online: an-

Pre-amp (cycles)

sel.ucsf.edu/AJCEI2012.

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.

77 Am J Clin Exp Immunol 2012;1(2):70-89



Nano-scale miRNA profiling in asthma

A B
Total Large Small m
— 40
L.
a51-E -8 e e
30
.~ 25
20
15
10% 7 7] @
-y o ¥ 8 ¥ 8 8 s § &
5 & 5 F £ © 6 o I 9 &
5 £ = = o £ £
3 T ? E E
C D = =
11 . 5
W Trizol . Trizol RLT
T @R &
134 c 10
. 3 Q
o = 15
151 g ] L
o
€ 204 » ()
- wr
17 ﬁ o
25 - r = : .
Total| smail | Large 25 20 15 10 525 20 15 10 5
Total RNA (Ct)

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- remained unsaturated up to 22 cycles (Figure
lent; Figure 4B). Therefore, we expect quantita- 4C). However, starting with smaller amounts of
tive comparisons of miRNA expression between the same RNA progressively reduced the num-
study subjects and cell types to be robust for all ber of detectable miRNAs (Figure 3D, 4D).
miRNAs, though quantitative comparison with Increasing the extent of pre-amplification from
other miRNAs within a sample may be skewed 18 to 22 cycles for 100 pg RNA samples suc-
for a few poorly pre-amplified miRNAs. ceeded in recovering low abundance miRNAs
We next determined the extent of pre-amplifica- without skewing the results (Figure 3E, 4E).
tion that was required to reliably detect miRNAs miRNA measurements remained accurate even
present in limiting RNA samples. Eighteen in 10 pg RNA samples (Figure 4F), though 24
cycles of pre-amplification gave the maximum cycles of pre-amplification were still insufficient
yield of detectable miRNAs in 1 ng RNA sam- to allow reliable detection of the least abundant
ples (Figure 3C), and pre-amplification mMiRNAs 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 (=x80bp) and residual primers in untreated sample (lane I) (=20bp). Excess
primers are eliminated following ExoSAP treatment (lane Il) and gel filtration using G50 column (lane lIl). 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
gPCR 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 qPCR
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 qPCR. 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 gPCR 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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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 gPCR 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 qPCR. 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 gPCR 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 qPCR
on a conventional thermocycler (Figure 7).
Nano-scale qPCR 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 gPCR
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

Am J Clin Exp Immunol 2012;1(2):70-89
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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 mMiRNAs 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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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)

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
mirl132 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 5.71 6.23 2.04 3.49 11.2 0.000
mir23a 7.23 4.11 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
mirlba 8.91 8.72 10.58 8.72 10.09 8.57 1.23 2.3 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 3.08 413 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
mirl81b 2.87 4.09 2.64 4.27 3.35 4.32 -1.28 2.4 0.000
mirli81a 1.99 3.41 1.73 3.17 2.65 3.58 -1.29 2.4 0.000
mirl81c 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
mirl125b-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 (AACt) 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
mirl146a 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 7.84 9.79 7.83 1.86 3.6 0.002
mir29b 5.22 4.17 7.93 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
mir130b 10.52 8.91 9.85 9.01 10.23 8.55 1.34 2.5 0.000
mirlb5a 8.91 7.98 10.58 9.08 10.09 8.95 1.32 2.5 0.001
mir4d54 8.09 719 8.96 7.38 7.69 6.51 1.24 2.4 0.001
mir1979 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 2.1 0.032
mirl5b 7.98 6.61 7.63 6.51 7.47 6.75 1.07 21 0.004
mir421 8.61 748 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 5.25 753 -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
mirl125b-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
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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-
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chial biopsy T cells (AACt= ACt blood -
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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

the correlation in miRNA expression

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

BAL Sputum

37

across the study groups. D. A panel of
96 miRNAs (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-

85

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
mirl228 5p
mirl125 5p
mir1260
mirl130b
mir140
mirl42 5p
mirl46a
mirl50
mirl151 5p
mirl5b
mirl6
mirl7
mirl81lc
mirl81d
mirl86
mirl8b
mir191
mir193b
mir195
mirl972
mirl1979
mir199 5p
mirl19b
mir20b
mir222
mir26b
mir29b
mir29¢
mir30a
mir30e
mir320c¢
mir339 5p
mir342 3p
mir345
mir374a
mir451
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
mMiRNA 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
gPCR 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, itis vitally important to develop tech-
niques to study tissue responses and sigha-
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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