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Introduction

Human lungs constantly interact with the environment. In some
individuals, various environmental exposures cause chronic
mucus hypersecretion, leading to disability and reduced quality
of life (1-3). Goblet cell metaplasia is the accumulation of mucin-
secreting goblet cells in the airway (reviewed inref. 4) and is a hall-
mark of lung diseases with mucus hypersecretion (5).

Lung disease with goblet cell metaplasia can be caused by var-
ious triggers: smoke from cigarettes or biomass fuels can trigger
chronic bronchitis; environmental allergens can trigger asthma; and
mutations of cystic fibrosis transmembrane conductance regulator
(CFTR) can trigger infection and inflammation in cystic fibrosis.
These triggers affect epithelial, immune, and other cells types in the
airways. Multiple cellular pathways modulate goblet cell metaplasia,
including the IL-4/IL-13 pathway (6-11), the NOTCH pathway (4,
12-18), the IL-17 neutrophilic inflammation pathway (19-24), and the
EGFR/ERBB protein family pathway (25). In addition, inflammatory
pathways may complement or counteract each other (26-28).

Various pathways may drive distinct asthma endotypes
(29-32). In 50% of individuals with asthma, IL-4/IL-13 signal-
ing drives the Th2-high asthma endotype (33-36), which is the
best-characterized chronic lung disease associated with goblet
cell metaplasia. In contrast, in individuals with Th2-low asthma,
chronic bronchitis, or cystic fibrosis, the mechanisms of goblet cell
metaplasia are poorly understood. Targeted asthma therapy trials
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Goblet cell metaplasia, a disabling hallmark of chronic lung disease, lacks curative treatments at present. To identify novel
therapeutic targets for goblet cell metaplasia, we studied the transcriptional response profile of IL-13-exposed primary
human airway epithelia in vitro and asthmatic airway epithelia in vivo. A perturbation-response profile connectivity approach
identified geldanamycin, an inhibitor of heat shock protein 90 (HSP90) as a candidate therapeutic target. Our experiments
confirmed that geldanamycin and other HSP90 inhibitors prevented IL-13-induced goblet cell metaplasia in vitro and in vivo.
Geldanamycin also reverted established goblet cell metaplasia. Geldanamycin did not induce goblet cell death, nor did it solely
block mucin synthesis or IL-13 receptor-proximal signaling. Geldanamycin affected the transcriptome of airway cells when
exposed to IL-13, but not when exposed to vehicle. We hypothesized that the mechanism of action probably involves TGF-§,
ERBB, or EHF, which would predict that geldanamycin would also revert IL-17-induced goblet cell metaplasia, a prediction
confirmed by our experiments. Our findings suggest that persistent airway goblet cell metaplasia requires HSP90 activity and
that HSP90 inhibitors will revert goblet cell metaplasia, despite active upstream inflammatory signaling. Moreover, HSP90
inhibitors may be a therapeutic option for airway diseases with goblet cell metaplasia of unknown mechanism.

involving antibodies against IgE, IL-4/IL-13, IL-4R, IL-5, IL-5R,
IL-17, and others (37) have had variable outcomes (38), probably
because they target inflammatory pathways that interact with
each other in complex ways.

The treatment of chronic mucus hypersecretion is challenging.
Mucus hypersecretion may last a few weeks in upper respiratory
infections (39, 40) or over a decade in chronic bronchitis, even
after smoking cessation (41). Inflammatory cytokines may con-
tribute to chronic mucus hypersecretion by inducing epigenetic
changes that perpetuate goblet cell metaplasia (42, 43). Mucolytics
and expectorants target the viscoelastic properties of mucus and
improve symptoms, but they do not treat goblet cell metaplasia. On
the other hand, inhaled corticosteroids improve asthma and can
prevent goblet cell metaplasia (44). However, corticosteroids have
limited efficacy in Th2-low asthma and chronic bronchitis. Other
therapies, such as those involving MAPK inhibitors, are being stud-
ied (45, 46). There are currently no curative treatments for chronic
goblet cell metaplasia and mucus hypersecretion.

We used a perturbation-response profile connectivity app-
roach to identify novel treatments for goblet cell metaplasia.
Perturbation-response connectivity databases track how the tran-
scriptional response of cell lines changes in response to drug expo-
sure and can identify drugs that mimic or revert a transcriptional
response of interest (47-51). The perturbation-response connec-
tivity approach can be useful despite incomplete knowledge about
the mechanism driving the disease and has identified the heat
shock protein 90 (HSP90) inhibitor geldanamycin as a candidate
for reverting airway goblet cell metaplasia. Our tests determined
that geldanamycin prevented IL-13-induced goblet cell meta-
plasia in human airway epithelia in vitro and in murine airway
epithelia in vivo. Moreover, geldanamycin reverted established
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IL-13-induced goblet cell metaplasia in human airway epithelia.
We predicted that the mechanism of action involves TGF-f, ERBB,
or EHF, which may act as downstream checkpoints for goblet cell
metaplasia, and also suggests that the drug should revert IL-17-
induced goblet cell metaplasia. We experimentally confirmed
that geldanamycin reverted IL-17-induced goblet cell metaplasia.
Taken together, our findings suggest that persistent airway goblet
cell metaplasia requires HSP9O activity and that HSP9O0 inhibitors
will revert goblet cell metaplasia, despite active upstream inflam-
matory signaling. Moreover, HSP90 inhibitors may be a thera-
peutic option for airway diseases with goblet cell metaplasia of an
unknown mechanism of action.

Results

IL-13 induces donor-dependent goblet cell metaplasia in primary
cultures of human airway epithelia. To measure variability in the
IL-13 response among 12 different donors, primary airway epi-
thelia were cultured from the lungs of the donors, and cells were
grown in vitro for 21 days at an air-liquid interface and exposed
to 20 ng/ml IL-13. This dosage was used in all experiments. Gob-
let cells were quantified by diastase periodic acid-Schiff (dPAS)
staining and MUC5AC immunofluorescence (Figure 1, A-F),
which showed that the IL-13 exposure had no effect on total cell
numbers (data not shown) but increased the relative proportion
of goblet cells (Figure 1G), findings consistent with goblet cell
metaplasia. The magnitude of each donor’s IL-13 response was
reproducible in many epithelia from the same donor (Supple-
mental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI123524DS1). In contrast, the
response among different donors varied and was not explained
by age, sex, or history of smoking (Supplemental Figure 2). We
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Figure 1. IL-13 induces goblet cell metaplasia in

E . primary cultures of human airway epithelia. Pri-
9§°, mary human airway epithelia grown at the air-liquid
£60 interface were exposed to vehicle (A-C) or 20 ng/
840 ml human recombinant IL-13 (D-F) for 21 days. dPAS
[9) staining (A and D) was performed to quantify goblet
- 1
1620 cells and other cell types. Immunofluorescence
8 (B and E show orthogonal reconstruction, C and
=0 Vehicle I1L-13 F show en face stack) was performed to quantify

1 days goblet (MUCSAC-positive) and ciliated (acetylated
H a-tubulin-positive) cells. Intracellular localization
o of MUCSAC was confirmed with phalloidin staining.
g\ieo ¥ (G) Percentage of MUCSAC-positive cells after 21
K] days of exposure to IL-13; each point corresponds
840 to epithelia from a different donor (n = 12 biological
O 13 replicates). (H) To determine the persistence of
f(() 20 *° 325621;”1 goblet cells, IL-13 exposure was terminated after 21
(:',) 0 days, and goblet cells were quantified 10, 21, and
= 213142 72 50 days after IL-13 treatment (experimental days

Time (d)

31,42, and 71, respectively). Scale bars: 20 pm.n =6
biological replicates. Pooled data are shown as the
mean * SEM. *P < 0.01 versus the corresponding
vehicle-treated group; #*P < 0.05 versus 21-day IL-13
treatment group; 2-tailed, paired t test.

conclude that IL-13 exposure results in an in vitro organotypic
experimental model of goblet cell metaplasia.

Goblet cell metaplasiainduced by IL-13 in human airway epithelia
is long lasting but reversible. Mucus hypersecretion can persist for
years, even after the initial trigger is removed (e.g., smoking ces-
sation) (39-41). Since mucus hypersecretion in Th2-high asthma
can be alleviated by Th2 pathway blockade (52), we hypothe-
sized that removing IL-13 would alleviate IL-13-induced goblet
cell metaplasia. To test this, goblet cell metaplasia was induced
in airway epithelia by exposure of the epithelia to IL-13 for 21
days, so that by day 21, goblet cells comprised 16% * 3.5% of the
epithelium. IL-13 exposure was then stopped, and epithelia were
examined at 3 later time points (Figure 1H). Ten and twenty-one
days after IL-13 discontinuation, we found that 13.3% * 3.8% and
7.4% * 2.3% of cells, respectively, were MUC5AC positive. By day
51 after withdrawal of IL-13 (and 72 days after the IL-13 exposure
was initiated), MUCS5AC-positive cells were absent in cultures
from all but 1 donor. In contrast, we observed that continuous
exposure to IL-13 further induced MUC5AC-positive cells, which
had reached 50.9% * 10.4% by day 72 of exposure. Importantly,
these data show that IL-13-induced MUC5AC accumulation in
goblet cells is long lasting but reversible.

The response to IL-13 in vitro partially recapitulates the transcrip-
tional profile of bronchial epithelia from asthmatic patients. To test
whether the transcriptional response to IL-13 in vitro mirrors the
in vivo asthma transcriptome, we compared the gene expression
signatures of airway goblet cell metaplasia in vitro and in vivo.
For these studies, we exposed in vitro cultured primary human
bronchial epithelia to IL-13 or vehicle and analyzed the transcrip-
tome by microarray. The assay generated a list of gene expression
values, which we analyzed along with 2 data sets from the Gene
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Data set, GEO no., author, sample, treatment

A) GSE106812: this work, bronchial epithelia in vitro, IL-13

B) GSE37693 Alevy et al, bronchial epithelia in vitro, IL-13

C) GSE19190 Giovannini-Chami et al, nasal epithelia in vitro, IL-13
D) GSE41649 Chamberland et al, bronchial biopsy, asthma

E) GSE43696 Voraphani et al, bronchial biopsy, asthma

F) GSE4302 Woodruff et al, bronchial biopsy, asthma
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Figure 2. The response to IL-13 in vitro partially recapitulates the in vivo
transcriptional profile of asthma in human airway epithelia. A microarray
data set of primary human airway epithelia exposed to IL-13 (vs. vehicle) for
21days (data set A) was generated. Characteristic direction (CD) analysis
was performed to facilitate comparisons with other microarray data sets
publicly available in the GEO database. A cutoff of the top-500 genes was
used for the characteristic direction analysis. Two data sets were derived
from bronchial (data set B) and nasal (data set C) epithelia exposed to IL-13
(vs. vehicle) in vitro, and three data sets (data sets D-F) were derived from
bronchial biopsies from patients with asthma and their controls. Heatmaps
show the top-25 upregulated and downregulated genes compared with
controls. Genes are ranked as the sum of characteristic directions from all
data sets. Blank squares represent genes that did not pass the 500-gene
cutoff for the respective data set. The analysis is publicly available at: amp.
pharm.mssm.edu/gen3va/report/497/Pezzulo_IL13.

Expression Omnibus (GEO) that tracked expression in (a) cul-
tured primary human bronchial epithelia exposed to IL-13 for 21
days (45) and (b) primary human nasal epithelia exposed in vitro
to IL-13 for 48 hours (53). We compared these expression profiles
with in vivo data sets from asthma patients (collected by 3 differ-
ent research groups; refs. 54-56). Each in vivo data set compared
bronchial biopsies from individuals with asthma and their controls
(GEO accession numbers are listed in Methods and Figure 2).

To analyze our gene expression data, we chose the characteris-
tic direction method (57) because (a) it is multivariate, accounting
for gene-gene statistical dependencies; (b) its magnitude accounts
for variance, whereas fold change calculations do not; (c) it outper-
forms other methods applied to cellular perturbation data; and (d)
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it facilitates comparisons between data sets. We performed charac-
teristic direction analysis for each data set using the GEO2Enrichr
tool (58). The results of this analysis show that many genes were
upregulated in response to both IL-13 in vitro and in asthma in vivo
(Figure 2). (This information has been uploaded for public access to
the GENE Expression and Enrichment Vector Analyzer (GEN3VA)
(amp.pharm.mssm.edu/gen3va/report/497/Pezzulo_IL13)  (59).
Some genes identified were proposed biomarkers of Th2-high
asthmatic airway inflammation (60), including periostin (POSTN),
calcium-activated chloride channel regulator 1 (CLCAI) (45, 61),
cystatin SN (CST1I) (62), nitric oxide synthase 2 (NOS2), and ara-
chidonate 15-lipoxygenase (ALOX15) (26, 63, 64). Downregulated
genes (in vitro and in vivo) include secretoglobin family 1A member
1(SCGBIA1, also known as CC10), retinoic acid receptor responder
1 (RARRES]I), transferrin (TF), and the WNT signaling antagonist
shisa family member 2 (SHISA2) (65). Some genes modulated by
IL-13 in vitro were not differentially expressed in asthma bronchial
biopsies and vice versa (Figure 2).

In our analysis, the transcriptional response of human airway
epithelia to IL-13 in vitro was reproducible. Moreover, the tran-
scriptional response to IL-13 in vitro partially recapitulates the
transcriptome of airway epithelia from individuals with asthma.
This suggests that we may be able to use transcriptome-based
strategies, such as perturbation-response connectivity mapping
(47-51), to find drugs that may revert goblet cell metaplasia in vivo.

Aggregated analysis of in vivo and in vitro data sets identifies
candidate compounds to modulate goblet cell metaplasia. We used
perturbation-response connectivity mapping (47-51) to identify
candidate compounds for reverting goblet cell metaplasia. Our
strategy for each of the in vitro (IL-13-stimulated) or in vivo
(asthma) expression profiles (6 data sets total) entailed 4 steps:
(a) selecting the set of genes that passed an arbitrary character-
istic direction cutoff (>0.03 or <0.03); (b) setting the Library of
Integrated Network-based Cellular Signatures (LINCS) charac-
teristic direction signature search engine (LI00O0OCDS?) (66) to
the “up” and “down” list mode; (c) entering the gene lists into
L1000CDS?% and (d) obtaining lists of compound signatures that
reversed our input.

The output list of LI000CDS? can contain multiple entries
of the same compound. Each entry shows its effect on a cell line
at a specific dose and time point. We assumed that compounds
appearing in the output lists multiple times were more likely to
induce a cellular response, and so we added the overlap score for
all instances of a compound, across all 6 output lists, to generate
an aggregated score (Figure 3). Most compounds at the top of the
list, including histone deacetylase (HDAC) inhibitors, HSP90
inhibitors, and cyclin-dependent and protein kinase inhibitors,
shared mechanisms of action.

Some compound classes were excluded because of potential
cytotoxicity. For example, vorinostat and trichostatin A (non-
specific HDAC inhibitors) induced flooding of the in vitro apical
compartment and epithelial debridement within 72 hours, and
the HDAC inhibitors may have had widespread effects on cel-
lular gene expression at the dose tested. Interestingly, 3 HSP90
inhibitor compounds (geldanamycin, radicicol, and NVP-
AUY922) were top candidates, suggesting that pharmacological
inhibition of HSP90 may modulate IL-13-induced goblet cell
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Figure 3. Aggregated analysis of asthma and IL-13 response tran-
scriptome data sets identifies candidate compounds to modulate
goblet cell metaplasia. A list of the top differentially expressed genes
based on characteristic direction was generated for each data set
included in the study. The lists were analyzed in the LINCS L1000
characteristic direction signature search engine (L1000CDS?). The 6
output lists from L1000CDS? were used to generate an aggregated
score for each compound returned. The compounds were ranked from
highest to lowest score (graph), and the top 10 are listed.

metaplasia. Unlike nonspecific HDAC inhibitors, geldanamycin
did not affect barrier function.

Geldanamycin prevents IL-13-induced goblet cell metaplasia in
human airway epithelia in vitro. HSP90 inhibitors (e.g., geldanamy-
cin) were among the top LI000CDS? query candidates for rever-
sion of the IL-13 transcriptional effect on human airway epithelia.
We first tested whether HSP9O is modulated during goblet cell
metaplasia. We hypothesized that IL-13 would upregulate HSP90
expression. Immunofluorescence confocal microscopy (Figure
4, A-D) revealed that IL-13 induced HSP9O expression in 77.2%
+ 3.2% of apical cells (rn = 4 biological replicates). Of the HSP90-
positive cells detected by immunofluorescence, 55.4% + 4.1% were
goblet cells (based on MUCSAC coexpression). We found that
HSP90 was detectable in 100% of goblet cells (Figure 4B). Inter-
estingly, HSP90 expression was low (undetectable in our assay)
in ciliated cells (based on acetylated a-tubulin coexpression) after
IL-13 stimulation (Figure 4D).

Next, we hypothesized that geldanamycin at the dose ranges
tested in the LI00OOCDS? analysis would prevent IL-13-induced
goblet cell metaplasia. Also, since specific HDAC6 inhibitors were
recently shown to prevent goblet cell metaplasia (67), we also tested
ISOX (a specific HDAC6 inhibitor) (68, 69). Human airway epi-
thelia from multiple donors (n = 4-6) were exposed for 3 weeks to
vehicle, IL-13, or IL-13 plus 25 pM geldanamycin (the dosage used
for all experiments described here) (Figure 5A). In a second set

Vehicle

MUC5AC

IL-13

of studies, epithelial cells were exposed to IL-13 and the HDAC6
inhibitor ISOX (10 pM). Doses of geldanamycin and ISOX were
based on the data sets analyzed in LIOOOCDS>

Our results showed that IL-13 increased the proportion of
PAS-positive cells, an effect that was diminished by geldanamy-
cin (Figure 5B). As previously reported, IL-13 exposure reduced
the proportion of ciliated cells (70), and our results showed that
geldanamycin prevented this effect (Figure 5C). Furthermore, we
observed thatthe HDAC6 inhibitor ISOX caused a dramatic reduc-
tion in the total number of cells and an increase in nonciliated/
nongoblet cells with decreased epithelial thickness (Figure 5, A,
D, and E) at the dose tested. In contrast, the appearance of the
HSP90 inhibitor-exposed epithelia was unchanged compared
with that of control epithelia. To further test whether HSP9O is
involved in IL-13-induced goblet cell metaplasia, we performed
dose-response experiments with the benzoquinone ansamycin
geldanamycin and its derivative 17-AAG (tanespimycin) (Supple-
mental Figure 3). We also included a structurally unrelated macro-
cyclic lactone HSP9O inhibitor (radicicol) (71-73). We found that
all of these drugs were able to reduce IL-13-induced goblet cell
metaplasia by at least 50%. Previous potency estimates range
from low-mid nanomolar to micromolars, suggesting possible cell
type- and context-specific potency for HSP90 inhibitors. These
results indicate that functional HSP90 may be required for IL-13-
induced goblet cell metaplasia. Moreover, HSP90 inhibition may

\
<

aTubulin

Figure 4. IL-13 induces HSP90 expression. Primary human airway epithelia in vitro were exposed to vehicle (A and C) or IL-13 (B and D) for 21 days. Immu-
nofluorescence was performed for HSP90, MUCSAC (goblet cells, A and B), and acetylated a-tubulin (ciliated cells, C and D). Scale bar: 20 pm.
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be used as a therapeutic approach to prevent mucus hypersecre-
tion in patients with a Th2-high endotype.

Geldanamycin reverts IL-13-induced goblet cell metaplasia in
human airway epithelia. In our in vitro studies, removal of IL-13
decreased the number of MUC5AC-positive cells (Figure 1H). In a
practical sense, however, removal of allergic triggers is difficult, so
IL-13 and its receptor complex have been therapeutically targeted,
resulting in partial clinical improvement (52, 74, 75).

Since geldanamycin may act downstream of the IL-13 receptor
(IL-13R) complex, it hypothetically might revert established gob-
let cell metaplasia, even when exposure to IL-13 continues. To test
this hypothesis, we exposed human airway epithelia to IL-13 for 21
days to generate goblet cells. On day 21, geldanamycin was added
to the IL-13 media for another 14 days (Figure 6, A-E). Here, despite
the continued IL-13 exposure, we found that the cultures exposed
to geldanamycin contained 50% fewer goblet cells. This result
matches the effect of IL-13 discontinuation depicted in Figure 1H,
which shows a reduction in the percentage of MUC5AC-positive
cells from 16% to 7.4% after 21 days. Furthermore, the proportion
of ciliated cells was inversely correlated with that of goblet cells.
Geldanamycin caused a decrease of roughly 12.5% in the total
number of cells. These data show that goblet cell metaplasia is
reversible with geldanamycin. It is likely that longer exposure to
geldanamycin would further decrease the proportion of goblet
cells. The inverse correlation between goblet and ciliated cells sug-
gests a possible transdifferentiation between the 2 cell types. Alter-
natively, goblet cell metaplasia might be reversed by goblet cell
death or inhibition of mucin synthesis.

HSP9O0 inhibition prevents IL-13-induced airway goblet cell meta-
plasia in mice in vivo. Our experiments in human airway epithelia
in vitro show that HSP9O inhibitors can prevent and revert IL-13-
induced goblet cell metaplasia. The environment of airway epithe-
lial cells in vivo differs from air-liquid interface culture conditions
in important ways (76). Therefore, we tested the effect of geldana-
mycin in a well-established mouse model of IL-13-induced
goblet cell metaplasia in vivo (77-80) (Figure 7). We found that
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IL-13 increased the proportion of airways with moderate or high
goblet cell abundance and that geldanamycin blocked this effect.
This result suggests that HSP9O0 inhibitors may prevent and revert
IL-13-induced goblet cell metaplasia when used as therapy in vivo.

Geldanamycin does not induce goblet cell death. HSP90 can
affect cell viability, so geldanamycin might, hypothetically, induce
goblet cell death. To evaluate cell death in primary human airway
epithelia, we performed propidium iodide (PI) viability assays and
cleaved caspase 3 apoptosis immunostaining of primary human
airway epithelia. Here, airway epithelia were first exposed to IL-13
for 21 days to induce goblet cell metaplasia and then cultures were
exposed to geldanamycin for 2 days.

Our results (Figure 8A) showed that human airway epithelia
had few (<1%) apoptotic cells at baseline, confirming previous
reports that IL-13 is antiapoptotic (81, 82), and further showed
that geldanamycin reverted the apoptosis rate to that of base-
line. The proportion of cells affected (<1%) is probably too low to
account for the magnitude of goblet cell metaplasia reversal by
geldanamycin. A PI cell viability assay provided further support
for this result (Figure 8B).

During or after cell death, human airway epithelial cells can
leave the epithelial layer in a process called anoikis (83-85), so we
performed an anoikis assay to microscopically check for extruded
cells (86). We found that no extruded cells were detectable in the
geldanamycin-treated human airway epithelia (Figure 8C), sup-
porting the notion that HSP9O inhibition by geldanamycin is
unlikely to induce goblet cell death.

Geldanamycin decreases the proportion of secretory cells in human
airway epithelia. We investigated whether geldanamycin primarily
inhibits mucin synthesis. Mucin synthesis inhibition may turn gob-
let cells into mucin-free cells with intact secretory machinery. We
performed immunostaining for the exocytic machinery protein
STXBP1 (referred to herein as MUNC18-1; the murine homolog is
Muncl8a) (80, 87-89) as a secretory goblet cell marker. MUNC18-1
participates in basal mucin secretion and is expressed in secre-
tory and goblet cells at several-fold-higher levels than in other
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Figure 6. HSP90 inhibition partially reverts IL-13-induced goblet cell
metaplasia in human airway epithelia in vitro. Primary human airway epi-
thelia in vitro were exposed to vehicle or IL-13 for 21 days to generate goblet
cells in the IL-13 group. Then, while continuing IL-13 exposure, the HSP90
inhibitor geldanamycin was added for 14 days (A). dPAS staining was per-
formed to quantify goblet cells (B), ciliated cells (C), and other nongoblet/
nonciliated cells (D), shown as a percentage of total cells. Total number

of cells shown in (E). Each data point corresponds to epithelia from a dif-
ferent donor (n = 6 biological replicates). Data represent the mean + SEM.
*P < 0.05, by Tukey-adjusted ordinary repeated-measures ANOVA with
Greenhouse-Geisser correction.

cells (90). The proportion of MUNC18-1-positive cells increased
markedly upon IL-13 exposure. Although we expected geldana-
mycin treatment to reduce MUC5AC staining without affecting
MUNC18, we found that it reduced the proportion of MUNC18-1-
positive cells (Figure 8D). These data suggest that geldanamy-
cin does not solely inhibit mucin synthesis to revert goblet cell
metaplasia. We speculate that geldanamycin induces the replace-
ment of the secretory machinery with ciliated cell components in
human airway epithelia.

Geldanamycin does not block receptor-proximal IL-13 signal-
ing. HSP9O interacts with many potential client proteins, and
geldanamycin induces ubiquitination and proteasomal degrada-
tion of HSP9O clients (91), including those important for IL-13
signaling in cancer cell lines (e.g., JAK/STAT and AKT, refs.
92, 93; IRS, refs. 94, 95; and NOTCH, ref. 96). To test whether
geldanamycin would affect gene modulation by IL-13 in airway
epithelia, we used quantitative PCR (qPCR) to measure the mod-
ulation of 4 genes relevant to goblet cell metaplasia (Figure 8,
E-H). This analysis showed that IL-13 upregulated the SPDEF
transcription factor (77, 97, 98) and the matricellular protein peri-
ostin (POSTN) (99) in both the absence and presence of geldana-
mycin. Also, geldanamycin had no effect on the expression of
the NOTCH target HESI but partially blocked IL-13 modulation
of the secreted type 3 cystatin fetuin B (FETUB). These results
show that geldanamycin does not affect HSP90-interacting pro-
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teins that are involved in IL-13R-proximal signaling, including
IL-13R/JAK/STAT and NOTCH.

Geldanamycin affects gene expression in IL-13-stimulated human
airway epithelia. Our results suggested that geldanamycin might
modulate gene expression downstream of HSP9O clients in
human airway epithelia. To test gene expression modulation by
geldanamycin, human airway epithelia were exposed to geldana-
mycin or IL-13 for 2 days. As a control, human airway epithelia
were exposed to the HDAC6 inhibitor ISOX. RNA-Seq analysis
(Supplemental Table 1) showed that IL-13 modulated 166 genes
(threshold log, fold change of 2, adjusted P < 0.1) (Figure 9A). In
comparison, ISOX modulated 1294 genes (Figure 9B). Surpris-
ingly, geldanamycin alone modulated only 5 genes (Figure 9C).
These data show that geldanamycin only minimally affects the
transcriptome of unstimulated human airway epithelial cells,
suggesting that HSP90 activity in these cells is low.

We hypothesized that geldanamycin would affect the expres-
sion of IL-13-modulated genes and thus compared human airway
epithelia exposed to IL-13 alone and in combination with geldana-
mycin (Figure 9D). After 2 days, RNA-Seq identified 32 genes as
modulated by geldanamycin in IL-13-exposed cells. Most genes
followed 3 patterns: (a) they were upregulated by IL-13, and this
effect was reverted by geldanamycin (Figure 10A, quadrant IV);
(b) they were downregulated by IL-13 and were further downregu-
lated by geldanamycin (Figure 10A, quadrant I1I); or (c) they were
downregulated by IL-13, and geldanamycin reverted the effect
(Figure 10A, quadrant I). Our data suggest that, in contrast to
unstimulated cells, HSP90 activity increases in IL-13-stimulated
airway epithelia.

Geldanamycin affects HSP9O clients important for both IL-13 and
IL-17 signaling. The group of IL-13-modulated genes affected by
geldanamycin (Figure 10A) might potentially share an upstream
regulator. This regulator would likely be the HSP9O client altered
by geldanamycin in airway epithelia. To identify upstream regula-
tors for the set of HSP90-affected genes, we used Ingenuity Path-
way Analysis (IPA) (QIAGEN; www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis/) (100) (Figure 10B). The
top hit predicts that modulation of NCOA3 function by geldana-
mycin may affect ERBB2, EGFR/ERBB1, PPARG, JNK, ESRI,
EHF, and/or TGF-B activity. These proteins potentially modulate
HSP90-affected genes in IL-13-stimulated airway epithelia (Sup-
plemental Table 2).

Interestingly, the upstream regulators predicted are not part
of canonical IL-13R-proximal signaling but are cellular differen-
tiation genes and may be relevant for goblet cell metaplasia in
response to any trigger. EGFR (101), EHF (102, 103), and TGF-
(104, 105) are also involved in IL-17 signaling, and NCOA3 could
affect the inflammatory response by interacting with AP-1 and
altering cytokine translation (106-108).

Geldanamycin reverts IL-17-induced goblet cell metaplasia. Since
IL-17 can drive goblet cell metaplasia in chronic bronchitis, cystic
fibrosis, and Th2-low asthma (34), we investigated whether geldana-
mycin can revert goblet cell metaplasia induced by IL-17. Pathway
analysis suggested that geldanamycin would revert IL-17-induced
goblet cell metaplasia. To explore this, human airway epithelia were
exposed to 20 ng/ml IL-17 for 21 days, followed by 14 days of incu-
bation with IL-17 plus geldanamycin. Cell types were quantified by
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Figure 7. HSP90 inhibition prevents IL-13-induced airway goblet cell
metaplasia in mice in vivo. Mice were exposed via intranasal delivery to
vehicle, geldanamycin, IL-13 (2.5 pg in 50 pl PBS, 50 pg/ml), or IL-13 plus
geldanamycin (25 uM) daily for 4 days. After exposure, lungs were fixed,
sectioned and stained with dPAS. Goblet cell abundance was scored

for individual airways. (A) Images of whole lung sections (red asterisks
indicate individual airways). (B-E) Representative airway images from
each treatment group. An average of 40 airways per mouse were scored.
(F) Goblet cell abundance. Data represent the mean + SEM (n = 6 mice per
group). *P < 0.05, by ordinary repeated-measures ANOVA with Tukey's
adjustment. Scale bars: 500 um (A) and 20 pm (B-E).

dPAS staining (Figure 11A), showing that IL-17 alone increased the
number of PAS-positive cells in the epithelia (Figure 11B). More-
over, geldanamycin decreased the proportion of PAS-positive cells
to baseline levels. Although geldanamycin affected neither the
proportion of ciliated cells nor total cell numbers (Figure 11C), we
found that it increased the proportion of cells classified as “other”
(Figure 11, D and E). These data show that IL-17-induced goblet cell
metaplasia is reversible by geldanamycin and that geldanamycin
can revert both IL-13- and IL-17-induced goblet cell metaplasia,
suggesting that HSP9O inhibitors may control mucus hypersecre-
tion in any asthma endotype as well as in other lung diseases.

Discussion

Here, we identified candidate compounds for human airway
chronic mucus hypersecretion therapy. We made use of the tran-
scriptional response of an in vitro organotypic model of IL-13-
induced airway goblet cell metaplasia. We combined our data with
previously published data sets and used the comparative transcrip-
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tomic data in a drug-repurposing approach. As suggested by our
analysis, the HSP90 inhibitor geldanamycin prevented the devel-
opment of goblet cell metaplasia and reverted goblet cell metapla-
sia that had been caused by exposure to IL-13 and IL-17. Geldana-
mycin did not kill goblet cells or solely block mucin synthesis but
rather affected the expression of genes downstream of proteins
essential for cellular differentiation. Moreover, geldanamycin only
affected stimulated airway epithelia.

Our approach provided several strengths that may improve
the generalizability of our findings to the clinical setting. Primary
human airway epithelial cells from many donors were included
in our analysis, which showed that the response to both IL-13
and geldanamycin is donor dependent. Also, we collected data
from both in vitro and in vivo human cells and used an a priori
knowledge-independent connectivity approach to discover novel
therapeutic targets (47-51, 66). Finally, we validated the findings
and tested further hypotheses in our model system and in an in
vivo mouse model of airway goblet cell metaplasia.

Our approach led us to important insights. To our knowl-
edge, our findings have not been reported before, despite exist-
ing literature about both goblet cell metaplasia and HSP9O.
The perturbation-response connectivity analysis pointed to
HSP90 inhibitors as goblet cell metaplasia therapy. Surprisingly,
although the data used for the connectivity approach included
IL-13-stimulated cells, geldanamycin did not affect canonical
IL-13R-proximal signaling. Moreover, the effects of HSP90 inhi-
bition in human airway cells became evident only upon exposure
to a cytokine. Our analysis predicted that geldanamycin affected
signaling by HSP90 clients including ERBB (ERBB1/EGFR and
ERBB2-4), TGF, NCOA3/SRC3, and EHF. These targets are rele-
vant in both IL-13- and IL-17-induced goblet cell metaplasia (101-
108). Finally, this prediction led us to hypothesize and confirm that
geldanamycin would modulate IL-17-driven goblet cell metaplasia.

Th17 and other cells secrete IL-17 in the airways in response
to environmental stimuli (reviewed in ref. 109). IL-17, TNF, IL-1,
IL-8, and others may drive neutrophilic airway inflammation in
chronic bronchitis, cystic fibrosis, viral respiratory infections
(110-112), and the Th2-low asthma endotype (31, 34, 113). Th2-
low asthma can be severe and corticosteroid resistant, and tar-
geted interventions for Th2-low asthma have been mostly unsuc-
cessful (reviewed in refs. 37, 114). The lack of success of IL-17 or
TNF-a blockade (38, 115-118) may be due to disease trigger het-
erogeneity. Alternatively, goblet cells may be resistant to block-
ade of a single signaling pathway. Blockade of inflammatory
signaling downstream of IL receptors may disrupt goblet cell
robustness. Moreover, we showed that IL-17-stimulated epithe-
lia responded to geldanamycin more uniformly than did IL-13-
stimulated epithelia. This finding suggests that geldanamycin
affects an HSP9O client more important for IL-17 than for IL-13-
induced goblet cell metaplasia.

HSP9O0 is one of the most abundant proteins in both stressed
and normal cells (119), and it interacts with many client proteins
and participates in steroid hormone receptor and protein kinase
signaling (reviewed in refs. 120, 121). HSP9O also interacts with
human E3 ubiquitin ligases, transcription factors, and proteins
such as NLRs, CFTR, calcineurin, and eNOS. A comprehensive
and updated list can be found on the website of the Didier Picard
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Figure 8. Effects of geldanamycin on human airway epithelia. Geldanamycin did not induce goblet cell death. (A-C) Primary human airway epithelia in
vitro were exposed to vehicle or IL-13 for 21 days to generate goblet cells in the [L-13-treated group. Then, the HSP30 inhibitor geldanamycin was added

for 2 days, and cleaved caspase 3 immunostaining (A), Pl viability staining (B), and washing of the apical surface were performed to detect cells extruded
from epithelia (anoikis, C). (D) Geldanamycin did not solely block mucin synthesis. Results of immunostaining for the exocytic machinery component
MUNC18-1. Geldanamycin did not affect canonical IL-13 signaling. (E-H) Primary human airway epithelia in vitro were exposed to vehicle and IL-13 with or
without geldanamycin for 2 days. gPCR of the IL-13-STAT6 target SPDEF (E), the NOTCH target HEST (F), and the secreted proteins periostin (POSTN) (G)
and fetuin B (FETUB) (H). Each data point corresponds to epithelia from a different donor. n = 4 (A and E-H), n = 6 (B), and n = 3 (C-D) biological replicates.
Data represent the mean + SEM. *P < 0.05 and **P < 0.01 by Tukey-adjusted ordinary repeated-measures ANOVA with Greenhouse-Geisser correction.

Laboratory (https://www.picard.ch/). The main isoforms of
HSP9O0 (reviewed in ref. 122) are HSP90 a (“inducible”), HSP9O
B (“constitutive”), the ER isoform GRP94, and HSP75 (also known
as TRAP]) in the mitochondrial matrix. HSP90 isoforms vary in
regulation and function. Whereas HSP90 0-KO mice are viable,
HSP90 B-KO mice die before birth (121, 123, 124). HSP90 a and
B have variable affinities for client proteins and small-molecule
inhibitors (125). HSP9O has cellular functions beyond those of a
protein chaperone, including in signal transduction and pausing
of RNA polymerase II (126-129).

Geldanamycin is a benzoquinone ansamycin that inhibits
HSP9O0 by interfering with its ATP-binding site (71, 73), the function
of which is essential for HSP9O function in vivo (130). Geldanamy-
cin may affect all 4 main isoforms of HSP90 (122). At high doses,
geldanamycin might also affect targets other than HSP9O (131).
Our dose-response experiments with 3 different HSP9O inhibi-
tors, including both benzoquinone ansamycins (geldanamycin and
17-AAG) and a macrocyclic lactone (radicicol), indicate that HSP9O
and its inhibition play a role in goblet cell metaplasia.

The decrease in goblet cell metaplasia induced by geldana-
mycin could be caused by isolated inhibition of mucin synthesis,
goblet cell death, goblet-to-other-cell-type transdifferentiation,
or any combination thereof. Our data suggest that geldanamycin
neither solely inhibits mucin synthesis nor causes significant gob-
let cell death above that observed at baseline.

HSP90 inhibitors selectively kill cancer cells that maintain
HSP90 in multichaperone complexes. These complexes have
a much higher affinity for inhibitors than do the inactive HSP90
counterparts in normal cells (132). Although HSP90 determines
cellular viability in cancer cells, its role is probably different in
noncancerous cells. Our data show that, when exposed to HSP90

inhibitors for 3 weeks, human airway epithelia maintain barrier
function and normal cellular composition. While we observed
a decrease of 12.5% in the total number of cells in the goblet cell
metaplasia reversion experiment, neither the apoptosis/viability
assays nor the anoikis assay detected significant cell death. It is
possible that in certain donors, geldanamycin-induced cell death
occurs at a daily rate below the detection level of the assays used in
this work. Moreover, at doses higher than those used here, geldana-
mycin and other HSP9O inhibitors are likely to induce cytotox-
icity. Our data suggest that unstimulated, well-differentiated
primary airway epithelial cells may not require high HSP9O0 activity
for normal function.

Our data suggest, but do not prove, that geldanamycin induces
the transdifferentiation of goblet cells into ciliated or other cell
types. In human cells in vitro, IL-13 induces ciliated cells to trans-
differentiate into goblet cells (82,133,134). In contrast, mouse club
cells transdifferentiate into goblet cells in vivo (15, 135-138). Inter-
estingly, heat shock-induced dissociation of HSP90 from cilia
leads to cilia resorption (95). Previous reports suggest but do not
demonstrate that goblet cells might transdifferentiate into ciliated
or other cell types (10, 139).

Clinical trials of HSP90 inhibitors for various diseases are
ongoing, and compounds with improved efficacy and side-
effect profiles are in active development (reviewed in refs. 71,
140). Our findings point to a promising therapeutic strategy,
but the goal of reducing chronic mucus hypersecretion must
be approached cautiously. Although chronic mucus hyper-
secretion is disabling, it may be a predominantly protective
response in chronic lung diseases. Therefore, normalization of
mucus production could potentially worsen clinical outcomes.
While our study showed that geldanamycin affected goblet cell
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Figure 9. Geldanamycin affects gene expression in human airway
epithelia only after IL-13 stimulation. Primary human airway epithelia
in vitro were exposed to vehicle or IL-13 (A), the HDACG inhibitor ISOX (10
uM, positive control) (B), or the HSPI0 inhibitor geldanamycin without
(C) or with (D) IL-13 for 2 days. RNA-Seq was performed to determine
the gene expression profile for each group, and volcano plots are shown.
Dashed lines represent arbitrary cutoffs of adjusted P < 0.05 or P < 0.1
and a log, fold change of 2 or less, 2 or greater, or greater than 2. Some
extremely small P values were arbitrarily cut to -100(log) to facilitate
visualization. Each data point corresponds to a gene. n = airway epithelia
from 8 donors. FC, fold change.

metaplasia, some aspects of the IL-13 response, including peri-
ostin upregulation, were not affected, which may continue to
have detrimental effects on the airways (99). Moreover, it may
be important to target specific mucin types to achieve clinical
improvement (reviewed in ref. 141).
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Goblet cell metaplasia is a significant feature of many chronic
lung diseases. We showed that an HSP9O inhibitor, geldanamy-
cin, reverts the goblet cell metaplasia that is induced by exposure
to IL-13 and IL-17. HSP9O inhibition reverts goblet cell metapla-
sia without affecting canonical IL-13 signaling, suggesting novel
alternative mechanisms in goblet cell differentiation. Importantly,
HSP90 inhibitors may modulate goblet cell metaplasia driven by
various mechanisms in chronic lung diseases that currently lack
effective therapies.

Methods

Differentiated primary cultures of airway epithelia

Cells were obtained from the University of Iowa Cells and Tissue
Core. Epithelial cells were isolated from the trachea and bronchi by
enzymatic digestion, seeded onto collagen-coated, semipermeable
membranes (0.6 cm? Millicell-PCF; MilliporeSigma), and grown at the
air-liquid interface as previously described (142). Culture medium,
a 1:1 mixture of DMEM/F12, was supplemented with 2% Ultroser G
(PALL Corp.). Differentiated epithelial cells were used at least 14 days
after seeding. All experiments were performed on passage-0 primary
cells obtained from fresh tissue. Media were changed every 2 days. At
every media change, 20 pl basolateral media were uniformly added
to the apical surface to allow basolateral and apical exposure to treat-
ment conditions. Treatment conditions included IL-13 (20 ng/ml),
IL-17 (20 ng/ml), geldanamycin (25 uM), and HDAC6 inhibitor ISOX
(10 uM). Treatment durations are indicated in the results section cor-
responding to each experiment. Reagent details are provided in the
Supplemental Methods.

Imaging assays
dPAS staining. dPAS staining was performed on sections of parafor-
maldehyde-fixed, paraffin-embedded human airway epithelia.
Immunofluorescence. Reagent details, including antibody cata-
log and lot numbers, are provided in the Supplemental Methods. Pri-
mary human airway epithelial cultures were gently washed with PBS
(Thermo Fisher Scientific), fixed with 4% paraformaldehyde (Electron
Microscopy Sciences) in PBS for 15 minutes, permeabilized with 0.3%
Triton-X (Thermo Fisher Scientific) in PBS for 20 minutes, blocked
with 2% BSA (Research Products International) in SuperBlock (Thermo
Fisher Scientific) for 1 hour at room temperature, incubated with

Figure 10. Geldanamycin blocks the modu-
lation of pathways relevant for both IL-13-
and IL-17-induced goblet cell metaplasia.
Differential regulation scatter plot (A) of
data from Figure 7D. Genes for which modu-
lation by IL-13 was affected at by least 1-fold
(log,) are shown. (B) IPA-predicted causal
network (NCOA3) and upstream regulators
for genes downmodulated by geldanamycin.
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primary antibody apically for 1.5 hours at 37°C, and then incubated with
the appropriate secondary antibody for 1 hour at 37°C, both diluted in 2%
BSA and SuperBlock. Samples were probed with the following primary
antibodies: mouse anti-MUCS5AC (1:5000; Thermo Fisher Scientific),
rabbit antiacetylated a-tubulin (1:300; Cell Signaling Technology), rab-
bit anti-cleaved caspase 3 (1:100; Cell Signaling Technology), and rab-
bit anti-STXBP1/MUNC18-1 (1:100; Bioss, purchased through Sapphire
Biosciences). The secondary antibodies used were goat anti-rabbit and
goat anti-mouse conjugated to Alexa Fluor 488 or 568 (1:1000; Thermo
Fisher Scientific). To examine localization of MUCS5AC relative to the
cortical cytoskeleton enriched right beneath the apical cell membrane,
we also used the actin stain phalloidin (1:40; Thermo Fisher Scientific)
after secondary antibody incubation. For assessment of cell membrane
viability, cells were washed with PBS and then stained with PI (Thermo
Fisher Scientific) for 15 minutes under light-shielded conditions. After
immunostaining, the cultures were mounted on Superfrost Plus Micro-
scope Slides (Thermo Fisher Scientific) in Vectashield with DAPI (Vec-
tor Laboratories) and then coverslipped.

For the anoikis assay, cells were washed apically with PBS before
treatment with geldanamycin. PBS was used as a negative control.
EGTA (8 mM; Research Products International) was used as a pos-
itive control (data not shown). After treatment, apical washes were
collected and loaded into a cytospin apparatus. Samples were spun
into glass slides at 800 rpm for 5 minutes and then soaked in meth-
anol for 20 minutes, washed with PBS, mounted in Vectashield with
DAPI, and coverslipped. All immunofluorescence studies were per-
formed using an Olympus FluoView FV1000 confocal microscope
with a UPLSAPO x60 oil lens, and all confocal images were pro-
cessed using the Olympus FluoView program.

Quantification of cell types. To analyze the airway epithelial archi-
tecture and quantify cell type composition, we used the Cell Counter
plugin within the Fiji distribution of Image] software (NIH) (143, 144).
A single group-blinded reader examined images of the dPAS-stained
cultures and used a standardized linear distance to manually select
and classify cell types. Cells with cilia visible on the apical surface were
classified as ciliated cells, cells with PAS-positive staining were classi-
fied as goblet cells, and nonciliated and nongoblet cells were classi-
fied as other types. For each sample, a total of 6 images from different
areas of the filters were used, and the counts were averaged.

Geldanamycin

IL-17 - +

Quantification of confocal images. TIFF files were formatted from
Z-stacks of the original confocal images. The number of cells positive for
MUCSAC, P, cleaved caspase 3, or STXBP1/MUNCI18-1 was manually
counted. For the anoikis assays, the number of whole nuclei detected
by DAPI was counted. For each sample, a total of 4 random images were
taken, 1 from each quadrant, and the counts were averaged.

In vivo mouse model

Six- to eight-week-old C57BL/6NHsd male mice (Envigo) were anes-
thetized with isoflurane and then exposed (via intranasal pipette
delivery) to vehicle, geldanamycin, IL-13 (2.5 pg in 50 pl PBS, 50 pg/
ml), or IL-13 plus geldanamycin (25 pM) daily for 4 days. According
to Pope et al. and Mishra et al. (78, 145), approximately 70% of the
instilled volume is aspirated into the lungs. On day 5, lungs were col-
lected and fixed, uninflated, with 2 ml 10% NBF perfusion via the
pulmonary circulation and stored in 10% neutral-buffered formalin
(NBF) at 4°C for 4 days. Lungs were paraffin embedded in a config-
uration that allowed for sections through all lobes. Whole-lung sec-
tions were used for dPAS staining, and the slides were imaged with
an Ariol Slide-Scanning Microscope (Leica Biosystems). An average
of 40 airways were scored per mouse. The airway goblet cell abun-
dance score was based on the percentage of surface composed of
goblet cells and classified as follows: low = less than 25%; moder-
ate = 25%-50%; and high = greater than 50%. Inter-rater reliability
(146) was evaluated in a fully crossed, blinded manner by 3 different
raters. The R package “irr,” version 0.84 (147-149) was used, and
a Light’s x (150) of 0.858 was calculated. Data reported are from a
single rater on a full data set.

Gene expression microarray sample processing

TRIzol (15596018, Life Technologies, Thermo Fisher Scientific)
extraction of total RNA from human airway epithelia was performed
according to the manufacturer’s instructions. Microarray sample
processing was performed as detailed in the Supplemental Methods.
Arrays were scanned with the Affymetrix Model 3000 scanner with
a 7G upgrade, and data were collected using GeneChip Operating
Software (GCOS), version 1.4. The data were imported into Partek
Genomics Suite, version 6.15.0327, to perform robust multiarray aver-
age (RMA) with background subtraction, quantile normalization, and
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log, transformation. Data were uploaded to the NCBI's GEO database
(GEO GSE106812) (151, 152).

Microarray data analysis and GEO data reanalysis
We analyzed the following data sets (labeled here and in Figure 2 as data
sets A-F) from the NCBI's GEO database: (A) GSE106812 (Pezzulo_
Bronchial IL-13, in vitro, from this article); (B) GSE37693 (Alevy_
Bronchial_IL-13,invitro) (45); (C) GSE19190 (Giovannini-Chami/Barbry_
Nasal IL-13, in vitro) (53); (D) GSE41649 (Chamberland Bronchial
Asthma, in vivo) (54); (E) GSE43696 (Voraphani_Bronchial Asthma, in
vivo) (55); and (F) GSE4302 (Woodruff Bronchial Asthma, in vivo) (56).
Data were uploaded from the GEO database into GEO2Enrichr
(58). Incompatible GEO data sets were downloaded and formatted
for manual entry into GEO2Enrichr. Characteristic direction analysis
(57)was run for each data set, with a 500-gene cutoff. For each GEO-
2Enrichr run, the tag “Pezzulo_IL-13” was included for automatic
meta-analysis in GEN3VA (59). The GEN3VA report and data used
for this analysis are available at http://amp.pharm.mssm.edu/gen3va/
report/497/Pezzulo_IL13. The report contains links to each of the 6
GEO2Enrichr data sets.

LINCS CDS2 and overlap score

For each 1 of the 6 data sets, genes passing a characteristic direc-
tion cutoff of 0.03 for up- and downregulated genes were entered
into the LINCS Characteristic Direction Signature Search Engine
(L1000CDS?) (66). LIOOOCDS? was set to the “up” and “down” list
mode. The 6 resulting tables were concatenated. An aggregated over-
lap score was generating by the addition of overlap scores when sum-
marizing the data per compound.

RNA-Seq
RNA-Seq data are available in the NCBI's GEO database (GEO
GSE116927).

RNA from primary human airway epithelia was isolated
with the RNeasy Lipid Tissue Mini Kit (QIAGEN). Two cultures
(approximately 600,000
extraction. Initial quality control was performed with a NanoDrop

cells total) were used for each
2000 (Thermo Fisher Scientific) and an Agilent Bioanalyzer
2100. Further processing and initial data analysis were per-
formed at the Genomic Division of the Iowa Institute of Human
Genetics (Iowa City, Iowa, USA). Sequencing libraries were
prepared with the Illumina TruSeq Stranded Total RNA Ribo-
Zero Gold Sample Preparation Kit, starting with 500 ng input total
RNA and following the Illumina sample preparation guide. The
libraries were analyzed on the Fragment Analyzer (Advanced Ana-
lytical) and combined into pools at equimolar concentrations. The
pools were analyzed on the Agilent 2100 Bioanalyzer using the high-
sensitivity chip to evaluate size distribution. The concentration of
each pool was measured using the KAPA Illumina Library Quantifi-
cation Kit (KAPA Biosystems). Pools were sequenced on the Illumina
HiSeq 4000 across 3 lanes with 150-bp Paired-End SBS Chemistry.
Raw reads obtained from the sequencer were processed with
Kallisto, version 0.44.0 (153), with an index from reference cDNA
Ensembl release 91, GRCh38. Noncoding RNA sequences were
not analyzed. Each sample was run with 75 bootstraps. Differential
expression analysis for transcript-level analysis was performed with
Sleuth, version 0.29.0 (154). Additionally, tximport, version 1.3.4
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(155), was used to summarize the Kallisto output into gene-level esti-
mates for DESeq2, version 1.18, analysis (156) in R, version 3.4.3, and
Bioconductor, version 3.5 (147, 148).

gPCR
Total RNA was extracted from human airway epithelia using the
RNeasy Lipid Tissue Mini Kit (QIAGEN). For cDNA synthesis, total
RNA was reverse transcribed with SuperScript IV VILO (Invitro-
gen, Thermo Fisher Scientific) reagents using a standard protocol
and run in a SimpliAmp thermocycler (Applied Biosystems). Each
SYBR green-based qPCR reaction consisted of a total volume of 20
ul containing SYBR Premix Ex Taq II (TIi RNaseH Plus) Master Mix
(Takara), PCR forward primer (0.4 pM), PCR reverse primer (0.4
uM), and 1 pl cDNA template. TagMan assays were performed using
standard Applied Biosystems reagents and protocols. The following
primers from Integrated DNA Technologies were used: SPDEF (157)
(forward: 5'-GTCCGCCTTCTACCTCTCCT-3'; reverse: 5'- GGACT-
GCACCTGCTCCAG-3'); POSTN (158) (forward: 5-TGCCCAG-
CAGTTTTGCCCAT-3'; reverse: 5-CGTTGCTCTCCAAACCTC-
TA-3'); FETUB (forward: 5-CCATGTGCTCAGAAAGAAGGC-3';
reverse: 5'-ACTGGGCGAAGAGTACAGTTA-3); HESI TaqMan
assay hs00172878 m1 (Applied Biosystems) and ACTB (159) (for-
ward: 5-CTGGAACGGTGAAGGTGACA-3'; reverse: 5-AAGG-
GACTTCCTGTAACAATGCA-3'). ACTB was used as the housekeep-
ing gene. qPCR was performed in 384-well plates, with samples run
in triplicate in a QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems). The PCR thermal cycle protocol consisted of the follow-
ing: 1 cycle of 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds,
and 60°C for 30 seconds, ending with 1 cycle of 95°C for 15 seconds,
60°C for 60 seconds, and 95°C for 15 seconds. Expression values were
normalized to the housekeeping gene.

IPA

Upstream regulator and causal network analysis was done using IPA
(QIAGEN; www.qiagenbioinformatics.com/products/ingenuity-
pathway-analysis/), with the confidence level set to experimentally
observed only. Genes included passed a threshold of an adjusted
P value of less than 0.01 and a log, fold change of greater than 1
between the IL-13 plus geldanamycin and IL-13 groups. Upstream
regulators were sorted according to the predicted activation Z
score. The causal network analysis data table is available in the
Supplemental Table 2.

Statistics

Statistical tests, including 2-tailed paired ¢ tests, ordinary 1-way
ANOVA with Tukey’s adjustment, and repeated-measures ANOVA
with Greenhouse-Geisser correction, were performed with Graph-
Pad Prism 7 (GraphPad Software) (160). A P value of less than 0.05
was set as the threshold for statistical significance. Analysis of
high-throughput data is described above.
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