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Abstract

Despite of the common usage of glucocorticoids (GCs), a significant portion of asthma patients
exhibit GC insensitivity. This could be mediated by diverse mechanisms, including genomics.
Recent work has suggested that measuring changes in gene expression may provide more
predictive information about GC insensitivity than baseline gene expression alone, and that
expression changes in peripheral blood may be reflective of that in the airway. Through gene
expression omnibus (GEO) analysis, we identified IRF1 whose expression is affected by GC
treatment in airway smooth muscle (ASM) cells, normal human bronchial epithelial (NHBE) cells,
and lymphoblastoid cell lines (LCLs). Significant IRF1 down-regulation post GC exposure was
confirmed in two cultured airway epithelial cell lines and primary NHBE cells (p<0.05). We
observed large inter-individual variation for GC induced IRF1 expression changes among primary
NHBE cells tested. Significant down-regulation of IRF1 was also observed in six randomly
selected LCLs (p<0.05) with variable degree of down-regulation among different samples. In
peripheral blood mononuclear cells (PBMCs) obtained from healthy volunteers, variable down-
regulation of IRF1 by GC was also shown. NFKB1, a gene whose expression is known to be
down-regulated by GC and the degree of down-regulation reflective of GC response, was used as
a control in our study. IRF1 shows more consistent down-regulation across tissue types when
compared to NFKBL1. Our results suggest GC induced IRF1 gene expression changes in peripheral
blood could be used as a marker to reflect GC response in the airway.
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INTRODUCTION

Asthma is a chronic condition that affects approximately 300 million people globally and
kills 250,000 people annually [1]. Inhaled glucocorticoids (GCs) are the most effective
medication for the control of persistent asthma, and oral GCs are the first line treatment for
acute asthma exacerbations [2]. Despite the broad utility of these agents and the proven
efficacy in the general population, individual patient’s responses to GC treatment vary
significantly. For example, estimates of asthma cases exhibiting GC insensitivity range from
10% (in all patients with asthma) to 25% (in adolescents with severe asthma) [3, 4], making
GC insensitivity a significant cause of asthma morbidity and mortality. Further, large inter-
individual differences have been observed for the time/dosage needed to achieve disease
exacerbation control. In addition to the negative effects on patient health, it is estimated that
2/3 of the $14 billion spent on asthma in the U.S. annually is for the sickest 15% of patients
in emergency room and hospital settings. Many of these visits could be prevented by early
identification of GC resistant patients and the use of an alternative therapy [5].

Like asthma, GC insensitivity is a complex human trait mediated by diverse mechanisms,
including genetics [4, 6-14]. Considerable efforts have been dedicated to identify genes
whose expression can be used as a marker of GC sensitivity. For example, one recent study
used a 6-gene expression signature from sputum samples to predict inhaled corticosteroid
sensitivity [15]. While it is ideal to evaluate gene expression at the site of GC action, e.g.,
airway tissues, direct airway sampling via sputum induction or bronchoscopy is technically
challenging, uncomfortable for patients and often impractical in clinical practice [16].
Human peripheral blood on the other hand is readily accessible. A recent study in patients
with idiopathic pulmonary fibrosis found that four gene expression levels quantified in
patients’ peripheral blood mononuclear cells (PBMCs) were predictive of poor outcome
from the disease [17]. Asthma researchers are beginning to use PBMCs as a surrogate model
system for GC response marker discovery [5, 18, 19]. Indeed, Hakonarson et al. reported
that baseline expression of 11 genes in PBMCs correctly predicted GC response phenotype
in 84% of patients in an independent sample, with baseline expression of NFKB1 alone
making an accurate prediction in 81.25% of patients [5].

Despite the easy access of PBMCs from patients, tissue specific gene expression remains a
major concern when using this model for drug response prediction in the airway. In this
study, we proposed to study gene expression changes in response to GC treatment in
PBMCs. Our hypothesis is that certain gene expression changes are drug specific and tissue
independent; while baseline gene expression levels often differ among tissue types, GC-
induced expression changes can be shared among different tissues for certain genes/
pathways. This hypothesis is supported by a previous report that change in NFKB1
expression following ex vivo dexamethasone treatment was significantly correlated with
lymphocyte GC sensitivity, and that individuals with greater NFKB1 down-regulation
showed a greater lymphocyte GC sensitivity [19].

In this study, we evaluated gene expression changes in multiple tissue types using existing
genome level high throughput datasets to identify candidate markers. Furthermore, we
evaluated these markers in airway derived primary cells and cell lines as well as peripheral
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blood derived material to confirm that expression changes in peripheral blood were
reflective of expression changes in the airway and to elucidate the potential predictive value
of these markers.

METHODS

Gene target selection

We examined publically available high throughput data sets (from gene expression omnibus
(GEQ)) that assayed gene expression in control and dexamethasone treated samples using
microarray. Three data sets were evaluated. They are airway smooth muscle (ASM) cells
(treated with 1uM dexamethasone for 4 and 24 hours; GSE34313), normal human bronchial
epithelial (NHBE) cells (treated with 1uM dexamethasone for 8 and 24 hours; GSE1815),
and lymphoblastoid cell lines (LCLS) (treated with 1uM dexamethasone for 8 hours;
GSE29342). A two-tailed Student t-test was performed between control and dexamethasone
treated samples at each time point in the datasets. Genes that show potentially differential
expression between dexamethasone treated and control sample (p<0.05) were then compared
between the three GEO data sets to identify genes whose expression are affected by
dexamethasone treatment at all time points and in all cell types. Note that the use of p<0.05
as a threshold is for filtering purpose only. In addition, we selected NFKBL, a gene that has
rich literature support for its role in GC sensitivity, as a reference.

Cell lines, primary cells and drugs

Human airway epithelial cell lines (LHAEo- and 16HBE140-) were obtained from Dr.
Gruenert at University of California San Francisco. These cell lines were cultured in plates
coated with LHC basal medium, (Cat# 12677-019;Invitrogen, CA), bovine serum albumin
(Cat# A9647; Sigma, MO), Vitrogen 100 (Cat# 354231; BD Biosciences, NJ), human
fibronectin (Cat# 354008; BD Biosciences, NJ) and maintained using MEM with Earle’s
salts supplemented with 10% heat inactivated fetal bovine serum (FBS), 1% L-glutamine
and 1% pencillin/streptomycin. Primary airway epithelial cells were obtained from lungs
donated for research use by the Regional Organ Bank of Illinois. Lungs were collected from
subjects for purposes of transplantation but rejected for this use. The use of these lungs was
considered to be exempt by the University of Chicago Biological Sciences Division IRB.
We have previously described their collection and culture [20, 21]. HapMap LCLs were
purchased from the Coriell Institute of Medicine (Camden, NJ). Peripheral blood
mononuclear cells (PBMCs) were obtained from two healthy donors at three independent
time points. Collection and use of these samples was performed under the approval of the
University of Chicago Biological Sciences Division IRB (#14911). From each of the donors,
10 mL whole blood was collected at each of the three time points. PBMCs were isolated
through density gradient separation method using ACCUSPIN™ System-Histopaque®-1077
(Cat# A7054; Sigma, MO). Dexamethasone, a synthetic GC, was purchased from Sigma
(Cat# A4902; St. Louis, MO) and dissolved in 100% filtered ethanol and RPMI media to
100 pM stock solution.
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Dexamethasone treatment effect on selected genes in primary human airway epithelial
cells and cell lines

1HAEo- and 16HBE14o0- cells were plated at a concentration of 0.5 million and 0.7 million
cells per well respectively, in a 6-well plate and were treated with 1 M dexamethasone
solution or control solution (RPMI containing 0.04% ethanol v/v). Cells were harvested for
RNA isolation using QIAzol lysis reagent (Cat# 79306; Qiagen, MD) at baseline, 6 hours, or
24 hours after treatment. Primary NHBE cells were treated with 10 pM dexamethasone
solution for 24 hours prior to RNA isolation.

Dexamethasone treatment effect on gene expression in LCLs and PBMCs

Six randomly selected HapMap cell lines (GM07029, GM11823, GM19200, GM19210,
GM18521, GM19221) were cultured in RPMI media with 15% FBS and 1% L-glutamine.
Each LCL was plated at a concentration of 1x106 cells/mL. After overnight incubation, cells
were pelleted for the zero hour control, or treated with control or dexamethasone solutions,
such that final concentration of 1 pM dexamethasone was achieved. Six and 24 hours after
addition of dexamethasone/control, cells were pelleted for subsequent RNA isolation, cDNA
synthesis, and gene expression quantification. Following PBMCs isolation, cells were
treated with control or 1 uM dexamethasone for 6 hours.

Total RNA was isolated from cells according to the manufaturer’s protocol using the
RNeasy Mini Kit (Cat# 74104; Qiagen, CA). Reverse transcription was performed using a
high capacity cDNA reverse transcription kit (Cat# 4368819; Applied biosystems, CA).
Gene expression was quantified through quantitative PCR (gPCR) using TagMan Fast
Advanced Master Mix (Cat# 4444557; Applied Biosystems, CA). Primers specific to IRF1
(Hs00971960_m1), NFKB1 (Hs00765730_m1), B2M (4326319E) and ACTB
(Hs99999903m1) were purchased from Applied Biosystems and were used in the
appropriate reactions. We selected ACTB for the housekeeping gene for experiments in the
1HAEo- cell line and B2M for all other experiments. All PCR reactions were performed in
triplicate per sample using ViiA7 PCR cycler and detection system (4453536, Applied
Biosystems).

Data Analysis
Quantity of each gene expressed was normalized to ACTB for experiments in the 1HAEo-
cell line and to B2M in all other cell lines. Normalized expression of control and
dexamethasone treatment groups were compared using a two-tailed Student’s t-test with
a=0.05.

RESULTS

Identification of gene targets
Upon examining three independent GEO datasets for dexamethasone induced gene
expression changes in ASM [22] (GSE34313) and NHBE [23] (GSE1815) and LCLs [24]
(GSE29342), we found 8 genes whose expression was changed in all 3 tissues: KLF9, IRF1,
FKBP5, HBEGF, PPAT, ARHGEF2, MT1E and PLAU (Table 1). We chose to follow up on
IRF1 gene, given the significant effects of dexamethasone treatment on this gene at all time
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points in all 3 tissue types (ASM, NHBE and LCLs) (Table 1). NFKBL, the reference gene
with extensive literature support in the GC sensitivity, did not show significant down-
regulation with dexamethasone treatment at all time points. However, it was significantly
down-regulated at 4 hours and at 24 hours (in 4 of the 5 probe sets evaluated) in ASM cells;
but only 1 of the 3 probe sets showed significant down-regulation at 8 hours in NHBE cells.

Evaluating expression changes in airway epithelial cell lines and primary NHBE cells

In the 1HAEo- cell line (Figure 1, Supplemental Figure 1A, 1B), both NFKB1 (p=0.009,
0.039) and IRF1 (p=0.0001; 0.0050) showed significant down-regulation at 6 and 24 hours,
respectively, with 1 uM dexamethasone treatment. In the 16HBE14o0- line (Figure 2,
Supplemental Figure 1C, 1D), NFKB1 was significantly down-regulated at 6 hours
(p=0.024), but was significantly up-regulated at 24 hours (p=0.008) by dexamethasone
treatment. IRF1 was similarly significantly down-regulated at 6 hours (p<0.0001), but
showed no difference at 24 hours (p=0.9014) with dexamethasone treatment. In primary
NHBE cells, we observed a clear inter-individual variability in gene expression response to
dexamethasone treatment (10 uM 24h, Figure 3). Specifically, IRF1 was significantly down-
regulated in subjects 198 (p<0.0001) and 266 (p=0.008), but it was significantly up-
regulated with dexamethasone treatment in subjects 286 (p=0.008) and 242 (p=0.0004).
NFKB1 was down-regulated with dexamethasone treatment in NHBE cells collected from
subjects 198 (p=0.005) and 266 (p=0.035); it underwent no change in subject 286 (p=0.247)
and was up-regulated in subject 242 (p<0.0001).

Gene expression changes in LCLs and PBMCs

In six randomly selected LCLs, we observed significant decreases in IRF1 expression in the
dexamethasone treatment group at 6 hours (p=0.015) and at 24 hours (p=0.008) when
compared to those of control group (Figure 4). Significant decrease in NFKB1 expression
was observed after 6 hours of dexamethasone treatment (p=0.03), however, there is no
significant difference in NFKBL1 expression at 24 hours in the same six cell lines (p>0.05).
The degree of IRF1 and NFKB1 expression change varied among samples.

PBMCs were obtained from three independent blood draws from 2 healthy volunteers.
Followed by dexamethasone (1 M) or control treatment for 6 hours, gqPCR was performed
to quantify NFKB1 and IRF1 expression (Figure 5, Supplemental Figure 2). In both
individuals, no significant difference was observed between the control group and
dexamethasone treatment group in NFKB1 expression (p>0.05 for both healthy donors). On
the other hand, expression of IRF1 was significantly reduced after dexamethasone treatment
when compared to the control (p = 5.4x107° and p=7.5x107° for subject 14911-06 and
14911-18, respectively). Furthermore, the dexamethasone induced IRF1 down-regulation is
fairly consistent among independent experiments for a given donor’s PBMCs (Supplemental
Figure 2); while the degree of IRF1 down-regulation varies between the two donors.

DISCUSSION

As GC insensitivity may affect up to 10% of the world’s 300 million asthmatics, the ability
to predict which patients will be resistant to GC and initiate alternative therapies would
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benefit both patients and society as a whole [1, 4]. Previous studies estimate that ~2/3 of the
$14 billion spent annually on asthma treatment in the U.S. annually goes to the 15% of
patients with the most severe asthma for care in emergency and hospital settings [5].
Accordingly, significant effort has been dedicated to the identification of biomarkers that
predict inter-individual variability in gene response. Previous work has focused on
predicting GC response using baseline gene expression [5], but we tested whether we could
use changes in drug stimulated gene expression as a predictor of response. Our rationale
were that 1) baseline expression varies among tissues and is affected by collection
conditions; and 2) smaller expression variability associated with baseline gene expression
limits its predictive power, since it has been reported that there is an average 2-fold
expression difference among baseline expression of all genes in humans [25]; while the drug
induced gene expression changes could vary to a much larger degree(e.g., 92-fold MDR1
transcript expression induction by digoxin in human intestine epithelial cell line [26]). With
prediction in mind, it is important to develop a model system to quantify expression changes
that can be evaluated prior to administering the drug to patients. Based on prior research
which suggests that gene expression and expression changes in peripheral blood may be
reflective of airway tissues, [5, 18, 19], we chose to evaluate expression changes in
peripheral blood-derived cells.

Our work started by establishing links between drug-targeted tissues, in this case ASM and
NHBE cells, and peripheral blood derived materials. We used three independent GEO data
sets [22—24] to select GC responsive genes. We identified 8 such genes whose expression
levels were significantly affected by dexamethasone treatment in all three tissue types.
Among them, genetic variants in PLAU have been reported to associate with asthma and
with airway hyperresponsiveness [27]. Further, multiple studies have indicated the role of
IRF1, interferon regulator factor 1, in asthma risk in several ethnicities [28-32]. As a proof
of concept, our work followed up on IRF1, however, all other genes could be further
examined as peripheral gene expression changes markers for GC sensitivity.

In airway epithelial cell lines, we confirmed that NFKB1 and IRF1 were consistently down-
regulated by dexamethasone treatment at 6 hours. We observed large inter-individual
variability in response to GC treatment showed by IRF1 or NFKBL1 expression changes in
NHBE cells obtained from normal subjects. Furthermore, we demonstrated that although
down-regulation is the general trend of IRF1 and NFKB1 expression after dexamethasone
treatment in LCLs and PBMCs, the degree of expression change also varies among
individuals.

NFKBL1 is strongly expressed as a subunit of NF-xB in all cell types of interest and has a
well-documented association with asthma and GC insensitivity. Baseline expression of NF-
kB alone has been shown to correctly predict GC response phenotype in 81.25% of
asthmatic cases, [5] and fold change in NFKB1 expression following in vitro dexamethasone
treatment was reported to significantly correlate with lymphocyte GC sensitivity [19].
Additionally, it has been well established that a large number of genes are transcribed
following NF-kB activation, many of which have been associated with airway inflammation
in asthma [5]. While it is predicted that down-regulation of NFKBL is just one of several
important mechanisms influencing down-regulation of inflammatory cytokines with GC
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treatment, Newton et al. demonstrated that NFKB1 expression was significantly reduced 6
hours post treatment with a 1 pM concentration of dexamethasone in both the A549 alveolar
lung adenocarcinoma cell line and in the BEAS-2B lung epithelial cell line [33]. We
observed this same down-regulation at 6 hours in LCLs and PBMCs, demonstrating the
utility of measuring changes in gene expression in PBMCs for reflecting gene expression
changes occurring in the airway, at least for major GC responsive genes such as NFKBL. In
addition, we noticed considerable inter-individual variation in the gene expression change in
response to dexamethasone treatment in both the airway cells and in PBMCs, which could
reflect different clinical responses to GCs in patients.

As noted in our results, we carefully examined IRF1 because the observed down-regulation
after in dexamethasone treatment at multiple time points and in all cell types examined from
GEO data sets. While not as studied as NFKBL1, we observed a larger drug treatment effect
on IRF1 expression compared to that of NFKBL. It has been shown that IRF1 expression
may be regulated by NFKB1 and a significant association has been observed between
NFKB1 genotype and IRF1 expression levels [34]. This suggests that assaying gene
expression at a different point in the NF-xB signaling pathway, for example at IRF1, may be
a better measure of GC response than changes in NFKBL1 expression levels.

Genetic variants in IRF1 have been shown to influence IgE regulation, atopy [30] and are
associated with development of asthma in various ethnic groups [28, 29, 31, 32]. A recent
study has reported male-specific asthma risk associations in European Americans at the
IRF1 locus [35]. It is worth noting that although genetic variants at IRF1 locus have been
linked to asthma risk, the discovery that IRF1 expression changes may be an indicator of GC
sensitivity and that the change of IRF1 expression in response to GC treatment can be seen
in ASM, NHBE and peripheral blood cells are unique findings in our study. Tliba et al
elegantly demonstrated an interaction between IRF1, the glucocorticoid receptor (GR) and
fluticasone (an inhaled GC) in ASM cells [36]. In addition, IRF1 is up-regulated in GC
resistant cells [37] and acts to reduce GC signaling by sequestering GRIP-1, a co-activator
protein necessary for the transactivation activity of the glucocorticoid receptor [37]. Taken
together, these studies support a role of IRF1 expression in GC sensitivity.

The strength of our work lies in the incorporation of multiple modalities (in silico
independent datasets integration, candidate genes replication in blood cell lines/primary cells
as well as airway epithelial cells). However, one limitation is that the numbers of different
biological samples evaluated were small. Furthermore, the NHBE samples were derived
from healthy donors rather than asthma patients. Therefore, larger studies in asthma patients
are warrantied and will provide additional evidence whether markers identified from this
study can be of use in the clinic.

In summary, our systematic evaluation of GEO data sets for ASM cells, NHBE cells and
LCLs identified IRF1 as a candidate GC responsive gene whose expression change could be
predictive of GC response. Our findings support future research into the development of an
ex vivo assay of gene expression changes in PBMCs in response to GC treatment for the
prediction of clinical GC response.
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Figure 1.

The effect of dexamethasone treatment on NFKB1 (A) and IRF1 (B) in the 1HAEo- cell
line. IHAEo- cells were treated with 1 pM dexamethasone for 6 and 24 hours. Gene
expression was normalized to ACTB and each experiment was performed in triplicate. *
represent p<0.05 a two-tailed unpaired Student’s t-test.
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Figure 2.
The effect of dexamethasone treatment on NFKBL1 (A) and IRF1 (B) in the 16HBE140- cell

line. 16HBE140- cells were treated with 1 uM dexamethasone for 6 and 24 hours. Gene
expression was normalized to B2M and each experiment was performed in triplicate. *
represent p<0.05 a two-tailed unpaired Student’s t-test.
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Figure 3.
The effect of dexamethasone treatment on NFKB1 (A) and IRF1 (B) in primary NHBE cells

from four donors. Normal primary NHBE cells were treated with 10 pM dexamethasone for
24 hours. Gene expression was normalized to B2M and each experiment was performed in
triplicate. * represent p<0.05 a two-tailed unpaired Student’s t-test.
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Figure 4.

Gene expression in response to dexamethasone treatment in six randomly selected LCLs. A
box represents the median and interquartile range of normalized gene expression for: A)
NFKB1, and B) IRF1. Whiskers extend to the minimum and maximum values of normalized
gene expression for each treatment group. Gene expression level was measured at 6 and 24
hours after 1uM dexamethasone treatment. Expression was normalized to housekeeping
gene B2M. * represent p<0.05 a two-tailed unpaired Student’s t-test.
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Gene expression in response to dexamethasone treatment in PBMCs from two apparently
healthy volunteers for A) NFKB1 and B) IRF1. The two subjects’ IDs are 14911-06 and
14911-18. Independent blood collections were performed at three time points from the same
donors, followed by dexamethasone treatment (1 uM, 6 hours) and qPCR. Each bar
represents 9 data points collected in triplicate from each experiment at three separate time
points. CTR stands for control; while DEX stands for dexamethasone treatment. Gene
expression is normalized to B2M. * represent p<0.05 a two-tailed unpaired Student’s t-test.
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