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Abstract

Lung inflammation in premature infants contributes to the
development of bronchopulmonary dysplasia (BPD), a chronic lung
disease with long-term sequelae. Pilot studies administering
budesonide suspended in surfactant have found reduced BPD
without the apparent adverse effects that occur with systemic
dexamethasone therapy. Our objective was to determine budesonide
potency, stability, and antiinflammatory effects in human fetal lung.
We cultured explants of second-trimester fetal lung with budesonide
or dexamethasone and used microscopy, immunoassays, RNA
sequencing, liquid chromatography/tandemmass spectrometry, and
pulsating bubble surfactometry. Budesonide suppressed secreted
chemokines IL-8 and CCL2 (MCP-1) within 4 hours, reaching a 90%
decrease at 12 hours, which was fully reversed 72 hours after removal
of the steroid. Half-maximal effects occurred at 0.04–0.05 nM,
representing a fivefold greater potency than for dexamethasone.
Budesonide significantly induced 3.6% and repressed 2.8% of 14,500
sequenced mRNAs by 1.6- to 95-fold, including 119 genes that
contribute to the glucocorticoid inflammatory transcriptome; some
are known targets of nuclear factor-kB. By global proteomics, 22
secreted inflammatory proteins were hormonally regulated. Two
glucocorticoid-regulated genes of interest because of their association
with lung disease are CHI3L1 and IL1RL1. Budesonide retained
activity in the presence of surfactant and did not alter its surface
properties. There was some formation of palmitate-budesonide in
lung tissue but no detectable metabolism to inactive 16a-hydroxy
prednisolone. We concluded that budesonide is a potent and stable

antiinflammatory glucocorticoid in human fetal lung in vitro,
supporting a beneficial antiinflammatory response to lung-targeted
budesonide:surfactant treatment of infants for the prevention of
BPD.
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Clinical Relevance

Bronchopulmonary dysplasia (BPD) is a chronic lung disease
of premature infants that is associated with later asthma and
adverse neurodevelopmental outcome. Postnatal systemic
dexamethasone therapy reduces the incidence of BPD, in part
because of its antiinflammatory action; however, this therapy
increases the risk of neurodevelopmental impairment. Pilot
studies instilling budesonide suspended in surfactant have
found reduced BPD without apparent adverse effects, but gene
responses and the optimal treatment regimen are not known.
In explants of human fetal lung, budesonide at low
concentrations rapidly and reversibly suppressed chemokines
and other inflammatory mediators acting at the level of
transcription. Budesonide retained activity in the presence of
surfactant and did not alter the surface properties of surfactant,
supporting this approach to lung-targeted glucocorticoid
therapy.
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Bronchopulmonary dysplasia (BPD) is a
chronic lung disease in premature infants
that is associated with later respiratory
disease, including asthma, and adverse
neurodevelopmental outcome (1, 2). The
pathogenesis of this disorder involves an
immature lung with inadequate defense
mechanisms, plus exposure to hyperoxia,
barotrauma, and often infection leading to
an inflammatory process, respiratory
failure, arrested lung development, and
airway abnormalities (3). Currently, there is
no safe and highly effective preventative
therapy.

Postnatal systemic dexamethasone
therapy reduces the incidence of BPD, likely
because of its antiinflammatory action and
because it promotes lung maturation.
However, this therapy increases the risk of
long-term neurodevelopmental impairment
and currently is used generally for short
durations only in selected infants to improve
respiratory status (4, 5). Because of safety
issues with systemic dexamethasone, lung-
targeted alternatives to corticosteroid
therapy have been explored.
Administration of inhaled budesonide has
generally been ineffective (6), likely because
of inefficient delivery to the lung
parenchyma, although a recent trial with
prolonged treatment demonstrated reduced
BPD occurrence (7). Pilot studies
performed by Yeh and colleagues (8, 9)
used intratracheal instillation of budesonide
suspended in surfactant to improve the
delivery of budesonide to the lung
periphery. They reported a substantially
reduced incidence of BPD with no observed
immediate or long-term adverse effects
(8–10).

Budesonide is a nonfluorinated
synthetic glucocorticoid that is used
extensively via inhalation for asthma
control. Budesonide can be conjugated with
fatty acids to form an ester that subsequently
is hydrolyzed to release free budesonide
(11, 12); this reservoir effect occurs in adult
lung tissue and likely improves the duration
of local glucocorticoid action.

To explore budesonide’s
antiinflammatory effects in fetal lung, as
well as to inform the most appropriate
dosing regimen for budesonide:surfactant
in human trials, we performed studies using
explants of human fetal lung. We
characterized budesonide suppression of
chemokines IL-8 and CCL2 (MCP1) and
determined the profile of inflammatory
genes that are transcriptionally regulated by

budesonide. Our results also provide new
information on budesonide metabolism in
fetal lung and its interactive effects with
surfactant.

Materials and Methods

Tissue
Midgestation (19- to 23-wk-old) human
fetal lungs were collected with institutional
review board approval from elective
pregnancy terminations in healthy
consenting women. Explants were prepared
as described previously (13) and treated
with dexamethasone (Sigma-Aldrich,
St. Louis, MO), budesonide (Sigma-Aldrich),
or diluent (control) added to the medium
after 24 hours of culture. In some
experiments, budesonide at various
concentrations was combined with
calfactant, and the mixture was added to
explants (10 ml surfactant/ml of medium).
Fresh medium was added every 24 hours in
most experiments, unless noted. Tissue and
medium were harvested at various times
during culture.

Protein Analysis
Western analyses were performed and
quantitated as described previously (14).
Chemokines were quantified by ELISA
using Human CCL2/MCP-1 and
CXCL8/IL-8 Quantikine ELISA Kits (R&D
Systems, Minneapolis, MN) per
manufacturer’s protocols and a Victor 3
multiwell plate reader (Perkin Elmer,
Waltham, MA). The limit of detection was
10 pg/ml for CCL2 and 7.5 pg/ml for IL-8.
Proteomic studies of explant culture
medium analyzed digested peptides by
liquid chromatography and tandem mass
spectrometry (LC-MS/MS) (Thermo Q
Exactive plus; Thermo Scientific, Waltham,
MA) at the University of California, San
Francisco (UCSF) Mass Spectrometry
Facility, with spectral data analysis
performed using Protein Prospector (15)
software.

mRNA Analysis
Total RNA was extracted from three
different lungs before culture (preculture)
and after 96-hour culture (control and
budesonide, 30 nM) using RNeasy kits
(QIAGEN, Valencia CA) and was
quantified and quality checked using the
Bioanalyzer 2100 (Agilent Technologies
Inc., Santa Clara, CA) and the Nano Drop

(Thermo Scientific). mRNA sequencing
was performed by the UCSF SABRE
Functional Genomics Core using HiSeq
2500 machines (Illumina, San Diego, CA)
and multiplexing four samples per lane
with100 base-paired end reads.
Quantitative polymerase chain reaction
for selected mRNAs was performed as
described (14).

Per gene differential expression on
the basis of RNA-Seq read counts was
performed using the R/Bioconductor
package limma (16) and the voom method
(17). Control of false discovery rates
(FDRs) for multiple comparisons was
performed via the Benjamini-Hochberg
correction (18). Prefiltering to exclude
genes possessing <5 counts per million
when summed over all experiments was
performed. Post-processing of the top
differentially expressed genes (FDR, 0.05;
fold change .1.6) used enrichment
analyses by Database for Annotation,
Visualization, and Integrated Discovery
(DAVID) (19) and the Ingenuity Pathway
Analysis platform (QIAGEN). Complete
RNA sequencing (RNA-seq) data are
available at Gene Expression Omnibus
(accession number GSE83888) of the
National Center of Biotechnology
(www.ncbi.nlm.nig.gov/geo/).

Metabolism
We used LC-MS/MS and positive
electrospray ionization detection as
described (20) to investigate the levels of
budesonide and selected major metabolites
in the explants and culture medium.
Medium was extracted as described
previously (20); for tissue extraction, 30 mg
lung was sonicated in ethanol and shaken
for 5 hours at 48C. Samples were
reconstituted in 30:70 MeOH:H2O for
analysis. The limit of quantification was
0.5 ng/ml for budesonide palmitate and
16a-hydroxyprednisolone, and 2.0 ng/ml
for budesonide.

Surface Tension Measurements
Surface activity of calfactant
supplemented with budesonide (at 0.5
and 1% of phospholipid by weight)
was assayed in a pulsating bubble
surfactometer (Electronectics Corp.,
Buffalo, NY) as described (21). Pulsation
was at 20 cycles per minute, and an
equilibrium surface tension of 23–25
mN/m was reached instantaneously for
all samples.
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Results

Chemokine Secretion
To characterize the antiinflammatory effects
of budesonide in fetal lung, we chose two
secreted chemokines, IL-8 and CCL2, which
are known to be both glucocorticoid
responsive and elevated in infants with early
respiratory failure (13, 22). Explants were
treated with serum-free control medium or
medium containing 30 nM budesonide or
dexamethasone, which resulted in similar
morphological changes of epithelial cells by
light microscopy (see online supplement).
Figure 1A shows a representative Western
blot for secreted CCL2, which was markedly
suppressed by both corticosteroids at all three
24-hour time points, whereas there was no
significant change for controls; in the
same experiments, neither chemokine was
detected in explant tissue (not shown). To
further define the kinetics of budesonide
response, media were collected and
replaced every 4 hours. By 12 hours, both
chemokines were suppressed by z90%
compared with control samples, with a
faster initial response observed for CCL2
(Figure 1B).

To examine the reversibility of
hormone treatment, explants were cultured
with 3 nM budesonide or dexamethasone;
this lower concentration was chosen to
facilitate the removal of steroid when
changing to the control medium. After
4 hours of exposure to hormone, the
glucocorticoid-containing media of some
culture dishes were collected and replaced
with hormone-free control media for
20 hours (washout); this procedure was
repeated at 24, 48, and 72 hours. As shown
in Figure 1C (CCL2) and Figure 1D (IL-8),
suppression was maintained in the
continuing presence of corticosteroid and
was partially reversed at 24 hours (CCL2)
or 48 hours (IL-8); at 72 hours after
hormone washout, levels were similar to
those of the control. There was a trend
toward more rapid reversibility for
dexamethasone compared with budesonide
(e.g., CCL2 at 24 h).

We determined the potency of
budesonide and dexamethasone in
dose–response experiments using 10
concentrations of steroid (0.02–100 nM)
with media collection and replacement
every 24 hours. Results were similar at each
time point, and summary half-maximal
data are presented in Table 1. For both
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Figure 1. Time course of chemokine release from fetal lung explants cultured in Bud or Dex. (A)
Representative CCL2Western blot of culture media6 30 nM Bud or Dex collected every 24 hours. At this
concentration of corticosteroid, CCL2 was similarly suppressed by both Bud and Dex at all time points
(7.5 and 15 kD bands) with minimal effect on the upper nonspecific band. (B) IL-8 and CCL2 levels by
ELISA in culture media collected and changed every 4 hours, maintaining the original treatment
conditions. Bud reduced levels by 4 hours with z90% suppression within 12–16 hours and 8–12 hours
for CCL2 and IL-8, respectively (n= 4, 30 nM Bud). (C and D) Effect of removing corticosteroid after
4 hours of exposure. Explants were exposed to 3 nM Bud or Dex continuously (solid bars) or for 4 hours
only (gray bars) followed by a saline rinse and replacement with steroid-free medium. For CCL2, the
differences between washout levels and continuous exposure were statistically significant at all time
points for both steroids, whereas IL-8 levels were significantly different at 48 and 72 hours. Dashed line

indicates control level. Data are presented as mean6 SE (n= 4). Bud, budesonide; Dex,
dexamethasone; wo, steroid washout. CCL2, C-C motif chemokine ligand 2.
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CCL2 and IL-8, budesonide caused
half-maximal suppression at 0.04–0.05 nM
and was five- to six-fold more potent than
dexamethasone (P, 0.003). There was
no difference in half-maximal values
for the two chemokines. In separate
dose–response experiments, we tested
responses to budesonide suspended in
calfactant, which gave results equivalent
to those of budesonide alone (data not
shown).

Expression Profiling
We performed RNA-seq studies to evaluate
the global effects of budesonide on gene
expression. In three experiments examining
the mRNA content of explants after 4 days
of culture, we found a significant signal for
z14,500 genes using a statistical limit of
,0.05 for FDR. There were 530 (3.6%)
mRNAs induced and 400 (2.8%) genes
repressed with fold changes of >1.6-fold.
Genes with highly increased expression
(.25-fold) included PGC, APOD, IL1RL1,
SULT1E1, FKBP5, F13A1, DIP3, FCN3,
SFTPC, PEBP4, and eight surfactant-related
genes, confirming previous observations in
fetal lung epithelial cells treated with
dexamethasone plus cAMP (23). Highly
repressed genes (.25-fold) included
ANXA10, SERPIND1, IL6, CCL7,
B3GNT6, and TDO2.

Further analysis of the RNA-seq data
focused on budesonide’s effects on the
inflammatory process, which is likely the
major domain of action of postnatal
corticosteroid treatment for infant lung
disease. By functional annotation, induced
genes were enriched for the categories
Acute Inflammatory Response (P = 1.23
1025) and Response to Wounding
(P = 4.73 1024), and repressed genes were
enriched for categories Regulation of
Apoptosis (P = 5.13 1027), Immune
Response (P = 4.83 1025), and
Inflammatory Response (P = 5.83 1025).
By pathway analysis (KEGG) the most

highly significant category was Cytokine-
Cytokine Receptor Interaction (P = 1.33
1026) with 24 genes; using the category
“upstream regulator” (Ingenuity) to
evaluate all regulated genes, the five most
significantly enriched categories (all with
P, 10215) were TNF, dexamethasone,
LPS, TGFb1, and IL1b. We identified 81
repressed genes with inflammatory
biological function by gene ontology
annotation (24), as presented in Table 2.
Repression by budesonide ranged from 1.6-
to 39.6-fold. This list includes IL-8 (CXCL8,
11.5-fold repression) and CCL2 (5.4-fold),
findings that were confirmed by
quantitative polymerase chain reaction
analysis (6.46 3.6-fold and 3.76 2.2-fold,
mean6 SD, respectively); these results
indicate that budesonide acts primarily at
the level of transcription to decrease
production of these chemokines. Of the 81
repressed genes, 14 are known to be nuclear
factor-kB (NF-kB) targets, including three
components (NFKB1, REL, and RELB) of
the NF-kB complex.

There were 40 budesonide-induced
genes with assigned inflammatory function
by gene ontology (Table 3). Induction by
budesonide ranged from 1.6- to 95-fold. Of
the 40 induced genes, 12 are known to be
antiinflammatory, and 2 (AGER and
BCL2L1) are targets of NF-kB.

Figure 2 is a schematic overview of
cytokine-related inflammatory genes that
were regulated by budesonide in fetal lung.
Of the 28 genes shown, mRNA levels for 23
were repressed and 5 were increased;
however, the functional impact was
antiinflammatory, with one apparent
exception (IFNW1 signaling). The listed
proinflammatory cytokines are chemotactic
for circulating immune cells, promote
diapedesis, activate T and B cells, stimulate
other cytokine production, and/or increase
angiogenesis. It is of interest to note that
most of the identified genes with known
inflammatory action are either cytokines or

their receptors rather than downstream
signaling molecules.

In the same experiments, we also
performed RNA-seq analysis of explants
before culture. Using the same cutoffs for
fold-change and FDR, the expression of only
14 genes changed significantly during 4 days
of control culture: 5 genes (PDE4A, LRP2,
RGCC, COMP, and SFTPA1) were induced
2.2- to 16.4-fold, and 9 genes (GPCPD1,
DUSP4, STAT4, CPM, RASGRF1, ABCG2,
RARRES1, IL1RL1, and DMBT1) were
repressed 2- to 16.7-fold. This list includes
two genes that were induced by budesonide
(CPM and IL1RL1) and one (DMBT1) that
was repressed by budesonide. Thus, there
was a very limited response to explant
culture (0.1% of genes had altered
expression) compared with budesonide
treatment.

We used LC-MS/MS to evaluate
secreted proteins regulated by budesonide.
On proteomic analysis of culture medium,
we found that 564 total proteins were
detected reliably. With budesonide
treatment, content was decreased for 14
inflammatory-related proteins as listed in
Table 2 and was increased for 8 proteins as
listed in Table 3. Most proteins in both
tables were not detected likely because of
either low expression levels or lack of
secretion. These results identify candidate
proteins (e.g., IL6, IL8, CCL2, IL1RL1, and
CHI3L1) for assessing antiinflammatory
responses to budesonide using lung fluid
from treated patients.

Surface Tension
The effect of budesonide supplementation
on calfactant surface tension properties
in vitro was examined by pulsating bubble
surfactometry at 3.5 and 1.75 mg PL/ml
and with budesonide at 0.5 and 0.25% by
weight; results were equivalent under both
sets of conditions, and combined data are
shown in Table 4. Minimal surface tension
(STmin) (,5 mN/m) and time to STmin
(,13 s) were in the normal range as
reported for unsupplemented calfactant
(21). With storage of supplemented
calfactant at room temperature for 24 or
48 hours, STmin increased slightly but
significantly, but remained in the normal
range, whereas there was no significant
change in time to STmin. Thus, there was
no apparent adverse effect of budesonide
on calfactant activity, in agreement
with other observations (8, 25), or on
stability.

Table 1. Half-Maximal Repression

Chemokine
Budesonide

(nM)
Dexamethasone

(nM) P Value

IL-8 0.046 0.02 0.276 0.11 0.003
CCL2 0.056 0.02 0.246 0.04 0.001

Half-maximal repression values were calculated from dose–response experiments (mean6 SD
(n = 7). Budesonide is five- to sixfold more potent than dexamethasone. There are no significant
differences between IL-8 and CCL2 for half-maximal values. CCL2, C-C motif chemokine ligand 2.
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Budesonide Metabolism
In vivo, budesonide is metabolized in the
liver to 16a-hydroxyprednisolone and
other minor metabolites and has a half-life
of z4 hours in both infants and lambs (8,
20, 26). We used LC-MS/MS to examine
the metabolism of budesonide in cultured
fetal lung, testing both the culture medium
and tissue after exposure to 30 nM
budesonide for 48–72 hours. In the
medium, concentration levels of both
16a-hydroxyprednisolone and the fatty
acid derivative of budesonide were below
the limits of detection. In tissue, budesonide
was present at 0.03–0.08 ng/mg and fatty
acid ester was detected at low levels, but
16a-hydroxyprednisolone was not detected.
These results indicate low metabolism of
budesonide by fetal lung cells and some
esterification with fatty acid.

Discussion

Inflammation is a key component of the
pathogenesis of chronic lung disease in
premature infants. In this study, we
examined issues related to the instillation of
budesonide in surfactant to provide lung-
targeted antiinflammatory treatment, which
is a promising approach for the prevention
of BPD in pilot clinical studies. We
found that budesonide is a potent
antiinflammatory glucocorticoid in second-
trimester fetal lung tissue acting at the level
of transcription. Although there is
considerable information on the
maturational effects of glucocorticoids in
fetal lung, to our knowledge, the current
results using next-generation RNA-seq
provide the first comprehensive data on the
glucocorticoid inflammatory transcriptome
in the human fetal lung and identify new
putative glucocorticoid target genes. The
results establish that fetal lung cells
synthesize a variety of glucocorticoid-
responsive inflammatory mediators.

Glucocorticoids act by multiple
mechanisms to restrain inflammation.
There are nongenomic effects on second
messenger pathways, direct suppression of
inflammatory genes by glucocorticoid
receptor (GR) interaction with a negative
glucocorticoid response element (GRE),
induction of antiinflammatory genes via a
positive GRE, and GR-mediated repression
of proinflammatory genes by interfering
with the NF-kB pathway. Within our limits
for statistical significance of gene profiling,

Table 2. Inflammatory Genes Repressed by Budesonide

Gene
Symbol

Gene Expression Secreted Protein

Fold
Decreased

Expression
(log2 cpm)

Fold
Decreased P Value

IL6* 39.6 5.35 33.3 0.007
CCL7 31.8 0.15 ND
DMBT1 20.4 2.97 BLQ
BDKRB1* 18.6 1.16 ND
CXCL5* 14.3 4.80 3.2 0.05
CHI3L1 12.1 7.26 2.1 0.004
CXCL8* 11.5 7.56 2.7 0.001
FGF23 8.8 0.14 ND
PTPRN 8.5 1.80 ND
IL1B* 7.9 2.85 ND
CCL22 6.7 2.07 ND
MYCN 5.8 2.40 ND
APLN 5.6 6.85 ND
IL13RA2 5.4 2.04 ND
CCL2* 5.4 6.18 6.7 0.14
EGF 4.9 1.94 ND
ADORA1 4.6 1.68 ND
CFI 4.5 7.64 1.8 0.01
CFTR 4.5 7.21 ND
CARD11 4.4 2.25 ND
TNFSF11 4.4 2.13 ND
IER3* 4.4 7.47 ND
VCAM1* 4.1 4.71 BLQ
PIK3CG 4.0 3.00 ND
FGF7 3.8 5.90 ND
CCL21 3.6 3.43 1.9 0.01
TGFB3 3.4 5.79 ND
AMBP 3.4 0.07 BLQ
KITLG 3.4 8.18 ND
TLR7 3.3 0.19 ND
TGFB2 3.3 6.06 ND
TNFSF15 3.3 1.92 ND
TNFSF14 3.2 3.23 ND
ITGA2 3.2 7.34 ND
C3 3.1 11.37 1.6 0.01
TRIM22 3.0 5.93 ND
GJA1 3.0 9.10 ND
ITGB6 3.0 8.16 ND
JAK3 3.0 3.99 ND
C5 2.9 6.78 1.6 0.02
HBEGF 2.8 6.05 ND
IL1RAP 2.8 6.49 1.4 0.08
HRH1 2.7 4.56 ND
TNFRSF21 2.7 6.78 ND
CCR7* 2.7 0.92 ND
CD74* 2.6 6.40 ND
IFITM1 2.6 5.87 ND
ICAM1* 2.5 8.16 1.4 0.12
RELB* 2.5 3.93 ND
PVRL1 2.5 4.65 ND
MAP2K6 2.4 1.51 ND
CASP1 2.3 4.06 ND
NEK6 2.2 6.01 ND
ROBO1 2.2 5.89 ND
ULBP1 2.2 4.07 ND
SEMA3C 2.2 6.57 BLQ
PCSK5 2.1 4.53 ND
IL33 2.1 5.32 ND
VEGFA 2.1 10.02 ND
CLU 2.1 7.90 1.5 0.05
BCL3* 2.0 5.04 ND
SEMA7A 2.0 4.96 1.3 0.07

(Continued )
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we found evidence for budesonide action
via the last two mechanisms and only one
example of suppression of a fetal lung gene
known to have a negative GRE (IL1B,
sevenfold decrease, FDR = 0.16) (27).
Among the repressed genes, some are
known targets for the transcription factor
NF-kB (Table 2); the inhibitory mechanism
of corticosteroids related to NF-kB target
genes involves direct interaction of the GR-
glucocorticoid complex with NF-kB and
the inhibition of its transcriptional
activation activity at promoter regulatory
sites (27, 28).

The list of budesonide-repressed genes
(Table 2) includes 15 chemokines/cytokines
(IL1B, IL6, CCL7, CXCL5, CXCL8, CCL2,
CCL21, CCL22, TGFB2, TGFB3, IL33,
CHI3L1, TNFSF11, TNFSF14, and
TNFSF15), some of which activate NF-kB.
Of interest, budesonide inhibition of IL1,
which is a key initiator of inflammation,
involves suppression of the cytokine and of
CASP1 but not of NOD-like receptors that
complex with procaspase1 to form the
NLRP3 inflammasome that is critical in the
pathogenesis of BPD (29). IL6 mRNA was
repressed 40-fold, and this effect likely

results in decreased IL6 signaling despite a
twofold increase in its receptor mRNA.
Other categories of repressed genes in the
inflammatory process include components
of NF-kB (NFKB2, REL, and RELB),
receptors and accessory proteins of
inflammatory mediators (IL1RAP, CCR7,
BDKRB1, ADORA1, TRAF3, IL13RA1, and
IFNAR2), components of signaling
pathways (SMAD6, PTPRN, APLN,
KITLG, ITGB6, and MAP2K6), molecules
involved in apoptosis and activation of pro-
cytokines (EGF, IER3, CASP1, NEK6,
CARD11, and CARD16), three members of
the complement system, and molecules that
promote inflammatory cell influx (ICAM1,
VCAM1, and PIK3CG). Although most of
these responses to glucocorticoid are
antiinflammatory, some repression may
represent a proinflammatory effect (e.g.,
SMAD6, which inhibits NF-kB action [30]
and the receptor for antiinflammatory IL13
and IL4). Although we focused our analysis
on inflammatory-related functions of
regulated genes, it should be pointed
out that some of these repressed genes may
also influence lung differentiation. For
example, TGFb suppresses surfactant

components in fetal lung, and VEGFA,
GPI, and NF-kB promote the angiogenesis
that is essential for alveogenesis in lung
development. Clearly, the spectrum
of inflammatory effects of glucocorticoids
in the fetal lung is broad and
complex.

A target gene of interest is chitinase 3-
like 1, cartilage glycoprotein-39, YKL-40
(CHI3L1), which was repressed 12-fold by
RNA-seq and 2.1-fold by protein analysis.
CHI3L1 lacks chitinase activity and is
expressed in numerous cell types including
macrophages, endothelial cells, and airway
epithelium. It is induced by IL-6, IL-13,
and IFNg and mediates some of the
proinflammatory effects of these cytokines.
Other than clinical observations related to
corticosteroid therapy, suppression by
glucocorticoid has not been reported
previously, to our knowledge. Dysregulated
levels of CHI3L1 are associated with a
variety of chronic inflammatory diseases
including asthma, and studies of variants in
the gene support a disease susceptibility
role. Studies in transgenic mice indicate
that the effects of CHI3L1 in the lung are
highly dependent on levels, with injury
occurring at both low levels (with
hyperoxia) and with overexpression
(31). These observations support a potential
role of CHI3L1 as a causative agent
in asthma and premature infant
lung disease and as a target for the
beneficial effects of glucocorticoid
therapy.

Examples of induced antiinflammatory
genes (Table 3) include SFTPB, a surfactant
protein with antiinflammatory action (32,
33) and PGC, an aspartic protease involved
in SFTPB processing (34). CEACAM6,
which is induced fourfold, is a secreted
protein that protects surfactant and reduces
inflammation by promoting clearance of
gram-negative bacteria (35). As in our
previous report (23), budesonide strongly
up-regulated mRNA and protein levels of
IL1RL1 (ST2), which is a receptor for IL33.
Production of proinflammatory molecules
induced by IL33 is considered to be a
critical event in atopic diseases including
asthma. The secreted B form of IL1RL1,
which is elevated in inflammatory disease
(e.g., asthma), acts as a decoy for IL-33 and
decreases signaling via form A receptor
(36). These observations suggest that
IL1RL1 may represent a clinically
important target for corticosteroid therapy
in lung disease. Apolipoprotein D (APOD),

Table 2. (Continued )

Gene
Symbol

Gene Expression Secreted Protein

Fold
Decreased

Expression
(log2 cpm)

Fold
Decreased P Value

CARD16 2.0 2.97 ND
APOBEC3C 2.0 2.58 ND
CFH 1.9 7.60 1.4 0.11
DDX60 1.9 4.61 ND
ERAP2 1.9 5.32 ND
DUSP10 1.8 3.76 ND
NFKB2* 1.8 5.95 ND
BTN3A3 1.8 4.91 ND
IL13RA1 1.8 7.59 ND
MALT1 1.8 5.79 ND
ETV6 1.8 3.49 ND
REL 1.7 2.98 ND
RUNX1 1.7 7.01 ND
SMAD6 1.7 4.13 ND
GPI 1.7 7.73 0.9 NS
IGFBP4 1.7 8.68 1.2 0.12
TRAF3 1.7 4.55 ND
IFNAR2 1.7 4.37 ND
BTN2A2 1.6 4.31 ND

Definition of abbreviations: BLQ, below limit of quantitation (mean peptide count, 5); cpm, counts
per million; ND, not detected; NS, nonsignificant.
Repressed genes are classified as inflammatory related on the basis of gene ontology annotation as
inflammatory process, cytokine, chemokine, and/or immune process. Data are presented as the
mean from three experiments using RNA sequencing for tissue and liquid chromatography and
tandem mass spectrometry for culture medium of explants cultured for 72 hours with or without
30 nM budesonide. All RNA sequencing data are P, 0.05 and false discovery rate , 0.05. Full
proteomic results will be published separately.
*Nuclear factor-kB target gene designation from compilation at http://bioinfo.lifl.fr/NF-KB/.
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which was the second highest induced, is a
negative regulator of cytokine production,
including CCL2. Ficolin (FCN2), which is
induced 28-fold, may activate the
lectin/complement pathway and may
enhance innate immunity in the lung (37).
IL6R, a component of the IL6 receptor, is
induced but appears to be proinflammatory
as a mediator of IL6 signaling. The
specific role of IL6R and other induced genes
in pro- versus antiinflammatory effects
will require additional understanding of
function.

A strength of our approach is that the
gestational age of the fetal lung studied was
comparable to those of extremely premature
infants who are at highest risk of BPD. The
use of explants allows profiling of
budesonide responses in all tissue cell types,
but likely not in circulating immune cells
that leach from the tissue during culture. A
corresponding limitation is the inability to
assign responses to specific lung cell types.
Using RNA-seq of airway smooth muscle
cells from adults with asthma, Yick and
colleagues (38) found differential

expression of 15 genes with prednisolone
therapy. Most of these genes were
expressed in fetal lung with significant
repression for one (GRB14, 4.7-fold
decrease). Himes and colleagues (39)
cultured airway smooth muscle cells from
adult lung with/without dexamethasone;
of the top 15 up-regulated genes, of which
10 were related to inflammation, 11 were
significantly induced in fetal lung. In our
previous study with adult lung type 2 cells,
dexamethasone plus cAMP repressed six of
the genes listed in Table 2 (14). It is likely
that a number of lung cell types respond
to the antiinflammatory action of
glucocorticoids.

It is known that infants with more
severe early lung disease have elevated levels
of a variety of inflammatory mediators (22),
and that postnatal instilled budesonide
suppresses several cytokines and
chemokines (IL1B, IL6, and CXCL8) in
lung fluid (9). Our findings confirm the
in vivo suppression of these three cytokines;
however, additional studies in infants are
required to document other responses that
we observed in explant cultures. Because of
the limited sample size in our study, the
list of suppressed inflammatory genes likely
underestimates the number of budesonide-
regulated genes; for example, expression
of LCN2, CCL20, CXCL1, CXCL3, and
C4BPA were decreased in each of the
three lungs but did not meet the cutoff
for statistical significance because of
variable levels of basal expression. In our
studies, it is uncertain whether the level of
inflammatory-related gene expression in
explants represents basal (nonstressed)
conditions or an elevated inflammatory
state secondary to tissue acquisition.
Our RNA-seq data with preculture tissue
appear to rule out an inflammatory
response induced by in vitro culture.
Future studies must address gene
responses in the presence of inflammatory
stimuli such as infection (e.g., LPS and
bacteria), hyperoxia, and stretch, and
must also evaluate genetic factors (e.g.,
race and sex and future identified BPD-
associated gene variants) that contribute
to the severity of lung injury in vivo.
Another limitation of our experimental
model is the uncertainty about
extrapolating all findings to in vivo
treatment of infants where other
physiological factors may affect
budesonide delivery, clearance, and
responses.

Table 3. Inflammatory-Related Genes Induced by Budesonide

Gene
Symbol

Gene Expression Secreted Protein

Fold
Increased

Expression
(cpm)

Fold
Increased P Value

PGC* 95.0 19.9 3.7 0.01
APOD* 72.6 5.3 5.0 0.23
IL1RL1* 56.6 23.4 24.6 0.001
FCN3 28.3 1.6 ND
DUOX1 20.1 17.4 ND
VSIG4* 10.1 3.6 2.4 0.04
SERPINA3* 9.2 27.9 6.6 0.001
C1QA 7.7 4.9 BLQ
CD163 7.2 15.4 4.7 0.005
SCGB3A2* 6.3 589.5 3.9 0.08
CMKLR1* 4.2 5.9 ND
CFD 4.1 2.4 3.4 0.05
CEACAM6* 4.0 55.9 ND
MASP1* 3.8 1.1 ND
PER1* 3.8 48.5 ND
TNFRSF4* 3.7 1.5 ND
PDE2A 3.6 12.1 ND
ADCY5 3.4 4.9 ND
AGER 3.3 46.8 2.5 0.01
FGFR4 3.3 5.3 ND
CORO1A 2.8 1.4 ND
PDGFRA 2.8 215.3 ND
GIMAP1 2.7 6.5 ND
CAMK1D 2.6 9.8 ND
IGF2* 2.6 240.4 BLQ
LRRC32* 2.6 40.8 ND
AIF1 2.4 3.2 ND
BCL2L1 2.4 88.6 ND
HYAL2 2.4 53.4 ND
IL6R* 2.4 57.5 ND
IRS2 2.4 41.9 ND
SERPINF1* 2.4 65 1.1 NS
ISG20 2.3 14.5 ND
ADARB1 2.1 38.6 ND
MGLL 2.1 96.9 ND
SFTPB* 2.1 7129 1.1 NS
ALDH1A2 2.0 14.6 ND
ALOX5AP 2.0 2.6 ND
CTNNBIP1 2.0 27.4 ND
RPS6KA2 1.7 200 ND

For a list of abbreviations, see Table 2.
Induced genes are classified as inflammatory related on the basis of gene ontology annotation as
inflammatory process, cytokine, chemokine, and/or immune process, or by literature search. Data are
from experiments as described in Table 2.
*Genes reported to have antiinflammatory action.
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We found that budesonide is
zfivefold more potent for repression of
IL-8 and CCL2 than is dexamethasone,
which is in general agreement with most
previously reported studies in other
human cell types (40–42). The half
maximal value of dexamethasone for
repression of chemokines is lower than
that which we found for the induction of
surfactant-related genes in fetal lung
epithelial cells (43, 44) but similar to the
potency reported for a human fetal lung
fibroblast cell line (45). The difference in

potency for induction versus repression
effects may reflect, at least in part, a
higher affinity of GR for NF-kB and
c-jun/c-fos (activator protein 1)
transcription factors than for the
GRE in promoters of induced genes
(46, 47).

The time course experiments
indicated that budesonide repression
began by 4 hours, which is consistent with
the time required for cellular uptake of
steroid, inhibition of chemokine mRNA
synthesis, and degradation of previously

secreted chemokine. Consistent with the
high potency of budesonide, a lag
period (z20 h) for reversibility was
observed on removal of the steroid.
These latter results suggest that the
antiinflammatory effects of budesonide
in vivo after a single dose will last
considerably longer than predicted by the
observed plasma half-life of 4.3 hours (8).
Esterification of budesonide by fatty
acids in the lung, which we observed but
could not quantitate with our LC-MS/MS
approach, is consistent with previous
studies in adult lung in vitro (48) and
fetal lamb in vivo (20) and could
provide a reservoir of budesonide that
would extend the biological effect in
lung cells.

Our studies with mixtures of
budesonide and calfactant indicate a lack of
interaction, supporting the use of this
approach to lung-targeted delivery of
corticosteroid. Delivery of glucocorticoid to
infants by aerosolization has been studied
extensively, with only one report of
decreased BPD after prolonged therapy
(6, 7). These largely negative results may
reflect the doses used, duration of therapy,
and ineffective delivery of steroid to the
lung periphery because of both droplet size
and atelectasis. The major advantages of
budesonide suspended in surfactant are
the high solubility of lipophilic steroid in
surfactant lipids and the ability of instilled
surfactant to disburse throughout the lung
parenchyma because of its surface-active
properties, providing delivery of steroid to
both aerated and atelectatic regions. The
improved distribution and retention time
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Figure 2. Cytokine-related genes regulated by budesonide. Twenty-eight budesonide-regulated
genes for cytokines, their receptors, or interacting proteins from Tables 2 and 3 are shown.
Ovals designate cytokines (n = 13), boxes indicate membrane receptors (11), green designates
up-regulation of mRNA by budesonide (5), and red represents suppression (23). Related
proteins include CARD16 and BCL2L1, which both inhibit CASP1 and its activation of IL1,
and CHI3L1, which mediates some effects of IL6 and IL13. Some of the known inflammatory-
related functions of each cytokine are listed to the right; with two possible exceptions
(down-regulation of IFNAR2 [receptor for IFNW1] and inhibition of CARD16), budesonide
effects are antiinflammatory.

Table 4. In Vitro Surface Tension
Properties of Calfactant Supplemented
with Budesonide

Time (h)
STmin
(mN/m)

Time to
STmin (s)

0 0.36 0.7 10.56 1.6
24 1.66 0.3* 12.76 3.3
48 1.26 0.5* 12.66 2.4

Definition of abbreviation: STmin, minimal
surface tension.
Calfactant supplemented with budesonide was
tested in a pulsating bubble surfactometer. Data
are presented as mean6 SD (n = 6 for time 0,
and n = 12 for 24 and 48 hours of exposure at
room temperature). All values are within the
normal range for unsupplemented calfactant (21).
*P, 0.01 versus time 0.
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of budesonide in surfactant, compared
with budesonide suspended in saline,
has been demonstrated in the rat (9).
If more effective nebulization is
developed eventually, it is possible that
an inhaled, rather than an instilled,
surfactant:budesonide mixture will
provide an effective and less invasive
approach to delivery of steroid to the
injured lung.

On the basis of our in vitro findings
of high budesonide potency and slow
reversibility, we suspect that the dose of
instilled budesonide used by Yeh and
colleagues (9) (0.25 mg/kg) is excessive.
This dose in infants resulted in a peak
plasma concentration of 20 ng/ml
(47 nM), compared with a half-maximal

concentration of 0.05 nM for chemokine
suppression, and it is reported that
lung levels of inhaled budesonide
exceed plasma levels (49). We are
planning a dose escalation pilot study of
budesonide:surfactant in premature
infants at high risk of chronic lung
disease to address the issues related to
dose–response and the timing of
antiinflammatory effects in vivo. Large
randomized clinical trials are needed in
extremely premature infants, who are at
highest risk of BPD, to document that
lung-targeted delivery of budesonide
using surfactant is both beneficial
and safe. This form of corticosteroid
therapy also has potential application
in children and adults with acute

respiratory distress syndrome or severe
asthma. n
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