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Abstract

Background: Airway eosinophilia is a prominent feature of asthma and chronic rhinosinusitis
(CRS), and the endothelium plays a key role in eosinophil trafficking. To date, microRNA-1
(miR-1) is the only microRNA known to be regulated in the lung endothelium in asthma models.

Objective: We sought to determine the role of endothelial miR-1 in allergic airway inflammation.

Methods: We measured microRNA and mRNA expression using quantitative RT-PCR. We
used ovalbumin and house dust mite models of asthma. Endothelium-specific overexpression

of miR-1 was achieved through lentiviral vector delivery or induction of a transgene. Tissue
eosinophilia was quantified by using Congo red and anti-eosinophil peroxidase staining. We
measured eosinophil binding with a Sykes-Moore adhesion chamber. Target recruitment to RNA-
induced silencing complex was assessed by using anti-Argonaute2 RNA immunoprecipitation.
Surface P-selectin levels were measured by using flow cytometry.

Results: Serum miR-1 levels had inverse correlations with sputum eosinophilia, airway
obstruction, and number of hospitalizations in asthmatic patients and sinonasal tissue eosinophilia
in patients with CRS. IL-13 stimulation decreased miR-1 levels in human lung endothelium.
Endothelium-specific overexpression of miR-1 reduced airway eosinophilia and asthma
phenotypes in murine models and inhibited I1L-13-induced eosinophil binding to endothelial cells.
miR-1 recruited P-selectin, thymic stromal lymphopoietin, eotaxin-3, and thrombopoietin receptor
to the RNA-induced silencing complex; downregulated these genes in the lung endothelium; and
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reduced surface P-selectin levels in IL-13-stimulated endothelial cells. In our asthma and CRS
cohorts, miR-1 levels correlated inversely with its target genes.

Conclusion: Endothelial miR-1 regulates eosinophil trafficking in the setting of allergic airway
inflammation. miR-1 has therapeutic potential in asthmatic patients and patients with CRS.
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More than half of asthmatic patients and patients with chronic rhinosinusitis (CRS) have
high numbers of eosinophils in their blood, sputum, or airway tissues.12 Eosinophils play
a distinctive role in the pathophysiology of airway allergic disorders, and the presence of
eosinophilia has been used as a biomarker of type 2 (T2) inflammation.2-14 However, the
discordance between the levels of eosinophilia and T2 cytokines among patients suggests
that downstream pathways in inflamed tissues also play a critical role in the eosinophilic
response.

MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression by
recruiting mRNAs to the RNA-induced silencing complex (RISC).2*-17 Animal and human
studies have shown the importance of miRNAs in T2 inflammatory cells.18-28 However, the
functions of miRNAs in tissue structural cells, specifically endothelial cells, have not been
extensively studied.

To date, microRNA-1 (miR-1) is the only miRNA reported to be altered in the endothelium
of murine asthma models.2°

In the present study we evaluated the clinical correlations of miR-1 and found that miR-1
levels in asthmatic patients and patients with CRS had significant inverse correlations
with eosinophilia. Additionally, stimulation with the T2 cytokine IL-13 caused a dose-
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dependent decrease in miR-1 levels in both human lung tissue and isolated endothelial
cultures, all suggesting that low miR-1 levels play a critical role in the T2-mediated
eosinophilic response. Selective overexpression of miR-1 in endothelial cells inhibited
airway eosinophilia and major phenotypes of asthma, including airway hyperreactivity

and mucus metaplasia in murine asthma models. Mechanistically, miR-1 recruited several
eosinophil-trafficking genes to RISC and directly inhibited IL-13-induced eosinophil
binding to the endothelial surface. In accord with these findings, miR-1 targets had inverse
correlations with miR-1 and direct correlations with eosinophilia in clinical samples. We
conclude that miR-1 controls tissue eosinophilia by regulating a network of trafficking genes
in the endothelium.

METHODS

Asthma cohort

CRS cohort

Serum and sputum from asthmatic patients and healthy subjects were retrieved from the Yale
Center for Asthma and Airway Diseases repository under HIC 0102012268. The severity of
disease for each patient was assigned based on Global Initiative for Asthma 2018/National
Asthma Education and Prevention Program guidelines and was consistent with the previous
definitions used for severity.30 The details of sample retrieval and processing were described
previously3! and are available in the Methods section in this article’s Online Repository at
www.jacionline.org.

Sinonasal tissue samples from 40 patients undergoing sinonasal surgery at the Yale
Department of Otolaryngology were retrieved under Yale Institutional Review Board
protocol #0304025173 as deidentified excess tissue. All patients provided consent. The
details of tissue processing, miR-1 measurements, and histopathology are described in the
Methods section in this article’s Online Repository.

Ex vivo lung culture

miRNA and

Detailed procedures for ex vivo culture are described in the Methods section in this article’s
Online Repository. Briefly, histologically normal lung tissue retrieved from patients who
underwent surgical resection for lung masses at the Yale Cancer Center were cut into small
pieces (2-3 mm) and cultured in M199 and 20% FBS (Gibco, Life Technologies, Waltham,
Mass) at 37°C.

MRNA measurements

miR-1 levels were measured by using a real-time stem-loop quantitative RT-PCR assay,
as described previously.2® Gene expression studies were performed with SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, Calif) on a ViiA 7
Real-Time PCR machine (Thermo Fisher Scientific, Waltham, Mass) and according to the
manufacturer’s instructions.
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Murine asthma models and analyses of lung tissue, bronchoalveolar lavage fluid, and
airway hyperreactivity
Murine experiments were performed, as described previously,29 and all the protocols have

been reviewed and approved by the Institutional Animal Care and Use Committee at Yale
University. Details are available in the Methods section in this article’s Online Repository.

Lentiviral vectors

Vascular-specific miR-1 (V-miR-1) and vascular-specific control (\V-ctrl) vectors were
prepared and used, as described previously.32

miRNA-induced silencing complex analysis

Argonaute2 co-immunoprecipitation studies were performed, as described previously,?® and
details are available in the Methods section in this article’s Online Repository.

MACS for isolation of endothelial cells

Cells were isolated by using Miltenyi Biotech (Bergisch Gladbach, Germany) magnetic
beads and columns, as described previously.2932 Details are available in the Methods section
in this article’s Online Repository.

Eosinophil isolation and adhesion assays

Human eosinophils were isolated from blood drawn from healthy human volunteers under
approved Yale Institutional Review Board protocol #0902004786. Detailed descriptions of
eosinophil isolation and adhesion assays are available in the Methods section in this article’s
Online Repository.

Statistical analysis

Normality (Gaussian distribution) of the data sets were tested with D’ Agostino-Pearson
tests. Normally distributed parametric data were assessed by using #tests, and nonnormally
distributed data were analyzed by using the Mann-Whitney test. Adequate sample size (a
= 0.05, power = 0.8) for clinical experiments was assessed by using the Power Analysis
calculator (http://www.biomath.info/power/).

The Spearman correlation coefficient or Mann-Whitney test was used to assess the
association between miR-1 levels and eosinophils in all clinical samples. GraphPad Prism 7
(GraphPad Software, La Jolla, Calif) and SAS software (SAS Institute, Cary, NC) were used
for these statistical analyses. Detailed analyses for histopathology and mRNA measurements
in the asthma cohort were previously described.33

RESULTS

miR-1 levels have inverse correlations with airway eosinophilia in asthmatic patients and
patients with CRS

We have previously shown that miR-1 is altered in the lung endothelium in murine asthma
models.2? We investigated whether miR-1 has clinical significance in human allergic airway
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disorders. We first evaluated the correlations of serum miR-1 levels in a 70-patient asthma
cohort (see Table E1, A, in this article’s Online Repository at www.jacionline.org) and
found that miR-1 levels correlate inversely with sputum eosinophilia and frequency of
hospitalizations and directly with FEV; percent predicted, forced vital capacity (FVC)
percent predicted, and Asthma Control Test scores (Fig 1, A, and Table I).

Because airway eosinophilia is a significant pathophysiologic determinant, we next tested
the miR-1 association with eosinophil infiltration in sinonasal tissues from 40 patients with
CRS (see Table E1, B) and found that, consistent with our findings in the asthma cohort,
tissue miR-1 levels had an inverse correlation with eosinophilia (Fig 1, B, and see Fig E1 in
this article’s Online Repository at www.jacionline.org) and were significantly lower in the
high-eosinophil-count group compared with the low-eosinophil-count group (Fig 1, C).

IL-13 decreases miR-1 levels in human lung and endothelial cells

T2 cytokines are one of the main mediators of the eosinophilic response. To determine
whether T2 cytokines regulate miR-1, we tested the effect of IL-13, a prototypic T2
cytokine,1213:34 on miR-1 levels in an ex vivo human lung tissue culture system. 1L-13
stimulation caused a dose-dependent reduction of miR-1 levels in the lung (Fig 1, D),
showing that T2 inflammation down-regulates miR-1.

To determine whether, similar to the murine lung,2® this down-regulation occurs primarily
in the endothelium, we first isolated the immune (CD45%), endothelial (CD31* CD45"),

and epithelial (CD326* CD45") fractions from one subject and found that miR-1 is most
notably decreased in the endothelial cells and showed a smaller degree of downregulation in
the immune cells (see Fig E2 in this article’s Online Repository at www.jacionline.org).

We next compared miR-1 levels in stimulated (and control) endothelial and immune

cells from 3 subjects and found that miR-1 levels are consistently downregulated in the
endothelium, whereas in immune cells they are variable (Fig 1, E). We then asked whether
this downregulation will also occur in cultured endothelial cells. We used human umbilical
vein endothelial cells (HUVECS), primary human endothelial cells of systemic circulation
origin (similar to the bronchial circulation) that are commonly used to characterize T2
responses in the endothelium.3542 As shown in Fig 1, F, and in accord with the findings in
our fractionation experiment, IL-13 decreased miR-1 levels in HUVECs in a dose-dependent
manner. Together with our clinical data, these findings suggested that miR-1 downregulation
is a downstream inflammatory mechanism and controls the eosinophilic response.

Endothelium-specific miR-1 regulates aeroallergen-induced mouse airway inflammation

To specifically assess the importance of endothelial miR-1 downregulation, we used 2
strategies to overexpress it in the endothelium in murine asthma models. We first used V-
miR-1 vector, in which a VE-cadherin promoter drives cell-specific overexpression of miR-1
in the endothelium.32 We delivered V-miR-1 (or the control vector V-ctrl) intranasally to
mice that were previously sensitized to ovalbumin (OVA). After OVA inhalational challenge,
the mice that had received V-miR-1 exhibited a significant (approximately 50%) decrease

in eosinophil counts in their bronchoalveolar lavage (BAL) fluid compared with control
mice. They also showed reduced airway inflammation, mucus metaplasia, and bronchial
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hyperresponsiveness (Fig 2). The comparison of T2 cytokine levels in BAL fluid from these
mice showed a 30% reduction in IL-5 levels and a trend toward lower levels of IL-4 (see Fig
E3, A, in this article’s Online Repository at www.jacionline.org) in V-miR-1-treated mice
but no significant changes in IL-13, IL-10, or eotaxin levels. Interestingly, mRNA analyses
in the lungs of these mice did not show any significant differences in levels of IL-4, IL-5, or
IL-13 between the experimental groups (see Fig E3, B), suggesting that the miR-1 effect on
eosinophilia is not mediated through a significant alteration of T2 cytokines.

We next tested our hypothesis in V-miR-1 transgenic mice sensitized and challenged with
OVA. In the miR-1 transgenic mouse vascular-specific overexpression of miR-1 is induced
by adding doxycycline to the drinking water.32 Similar to the vector delivery experiments,
transgenic overexpression of miR-1 in the endothelium reduced BAL eosinophilia and
airway inflammation, mucus metaplasia, and hyperreactivity compared with those seen in
control mice (Fig 3, A-D). Quantification of peribronchial eosinophil infiltration in the lungs
of these mice confirmed the observed difference in BAL fluid eosinophil counts (Fig 3, E).
Also, like the vector delivery experiments, cytokine measurements in these mice showed
only trends toward lower levels of IL-4 and IL-5 in the BAL fluid of transgenic mice and no
significant differences in expression of T2 cytokines in the lung (see Fig E4 in this article’s
Online Repository at www.jacionline.org).

To confirm our findings with a clinically relevant human allergen, we repeated our
experiment with the house dust mite (HDM) model. Our results with the HDM model
were similar to those with the OVA model and showed reduction of eosinophilia and
inflammation in transgenic mice compared with control mice. Interestingly, however,

in this case none of the measured T2 cytokines or chemokines showed a significant
difference or trend between the 2 groups (see Fig E5 in this article’s Online Repository
at www.jacionline.org). Cumulatively, these data show that endothelial miR-1 plays a
significant role in regulating the severity of eosinophilia in the T2 response. They also
suggest that miR-1 acts downstream of the T2 cytokines and mediates their effects on the
inflamed endothelium.

miR-1 inhibits binding and movement of eosinophils on human endothelial cells

One of the main mechanisms through which the endothelium controls tissue eosinophilia is
regulation of eosinophil trafficking.8-1343 To evaluate the effect of miR-1 on eosinophil
trafficking, we tested the interaction of eosinophils with the endothelium after miR-1
overexpression. We used fresh human eosinophils isolated by using a rapid isolation method
with chemotactic peptide for these experiments. HUVECs were transduced with V-miR-1
(or V-ctrl) and exposed to eosinophils in an adhesion chamber. miR-1 overexpression
significantly reduced binding of eosinophils to HUVECs at baseline (Fig 4, A, and

see Fig E6 in this article’s Online Repository at www.jacionline.org) and after IL-13
stimulation (by approximately 50%). Importantly, the method of eosinophil isolation did
not make a difference, and human eosinophils isolated through magnetic sorting also showed
lower affinity for miR-1-transduced endothelium. Also, interestingly, miR-1 overexpression
decreased the postbinding movement of eosinophils on the endothelial surface by more

than 50% (Fig 4, B, and see Videos E1 and E2 in this article’s Online Repository at
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www.jacionline.org), suggesting that miR-1 also inhibits the postcapture activation and
crawling of the eosinophils.

miR-1 recruits eosinophil-trafficking genes to RISC and reduces their expression

Because overexpression of miR-1 in the endothelium inhibited airway eosinophilia and
specifically eosinophil adhesion and activation, we asked whether miR-1 targets eosinophil
trafficking genes. We selected a number of candidate genes based on their known role

in trafficking and the presence of a predicted miR-1 binding site in their 3" untranslated
region. We then measured the enrichment of these mMRNAS on the Argonaute2 RISC versus
total cell lysate and compared V-miR-1-transduced cells to V-ctrl-transduced cells. As
shown in Fig 5, A, miR-1 overexpression (compared with control values) increased selective
enrichment of 3 trafficking genes, eotaxin-3 (CCL26), P-selectin (SELP), and thymic
stromal lymphopoietin (7SLP), and its previously known miR-1 targets myeloproliferative
leukemia virus oncogene or thrombopoietin receptor (MPL ), although the enrichment values
for TSLPdid not reach statistical significance (P=.111).

We next validated the proposed targets by measuring their levels in both HUVECs
and mouse lung endothelium (isolated from the transgenic mice). In either case miR-1
overexpression decreased expression of all 4 genes (Fig 5, B and C).

miR-1 regulates SELP expression at the endothelial surface

To explore the pathway of the miR-1 effect on eosinophil binding, we next tested SELP
levels at the endothelial surface. SELP is an endothelial surface protein known to increase
with T2 stimulation and to regulate the selective binding of eosinophils to the inflamed
airways.*4-51 We hypothesized that miR-1 regulates SELP levels at the endothelial surface.
To test this hypothesis, we measured surface SELP levels using flow cytometry. We first
validated the sensitivity of this method by showing its ability to detect the dose-dependent
increase of surface SELP in response to IL-13 (see Fig E7 in this article’s Online
Repository at www.jacionline.org). We next tested the miR-1 effect and found that miR-1
overexpression causes a distinct alteration of surface SELP levels (Fig 6, A).

We next asked whether, similar to its effect on eosinophil binding, the miR-1-induced
inhibition is strong enough to overcome the stimulatory effect of IL-13. As shown in Fig
6, B, miR-1 retained its inhibitory effect, even at higher doses of IL-13 and consistently
reduced surface SELP levels.

Correlations between miR-1, its targets, and eosinophilia in clinical cohorts

To test the validity of the proposed miR-1-targeting events in clinical samples, we next
assessed the correlation between miR-1 levels and its endothelial targets in our clinical
cohorts. As shown in Fig 7, A-C, we found a statistically significant inverse correlation
between miR-1 levels and SELP, TSLP, and MPL expression in the sinonasal tissues of
our CRS cohort and between miR-1 and SELP expression in serum samples of our asthma
cohort (Fig 7, D), strongly suggesting that the proposed targeting also occurs in human
subjects.
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We next asked whether, similar to miR-1 itself, miR-1 target genes also show associations
with tissue eosinophilia. We compared levels of miR-1 targets (and several other T2-related
genes) between patients with CRS with high and those with low eosinophil counts (Fig 7,
E-H, and see Fig E8 in this article’s Online Repository at www.jacionline.org) and found
that, consistent with their targeting by miR-1, MPL and 7SLPare among the only genes that
were expressed at significantly higher levels in the highly eosinophilic samples.

DISCUSSION

In this article we show for the first time that miR-1 is a critical regulator of an

endothelial gene network that controls eosinophil trafficking. We show that miR-1 levels
have inverse correlations with eosinophilia in asthmatic patients and patients with CRS and
are downregulated by I1L-13. We then demonstrate the critical role and cell specificity of this
downregulation by showing that an isolated increase in endothelial miR-1 levels in murine
asthma models inhibits airway eosinophil infiltration and hyperreactivity without imparting
a consistent effect on T2 cytokines.

Three lines of evidence support the regulatory effect of miR-1 on eosinophil trafficking.
First, in cell-culture experiments miR-1 overexpression directly inhibited IL-13-induced
binding of eosinophils to the endothelium. Second, miR-1 targeted a group of genes known
to be involved in eosinophil trafficking, including an eosinophil chemokine, an adhesion
molecule, and an alarmin. Third, miR-1 targets had inverse correlations with miR-1 and
direct correlations with eosinophilia in clinical samples. These findings are consistent with
the role of endothelium as an “orchestrator” of the inflammatory response®2-5% and suggest
that miR-1 plays critical roles in the initiation (through release of alarmins, such as TSLP)
and sustenance (through SELP, MPL, and CCL26) of the eosinophilic response.

Eosinophilia is a ubiquitous feature of allergic airway disorders and has been used as

a biomarker of T2 inflammation.8:56-60 Eosinophils participate in the T2 inflammatory
response through release of enzymes#3:61 and secretion of cytokines and chemokines.52:63
The associations between miR-1 and clinically relevant parameters in our asthma cohort
might reflect the multifaceted contributions of eosinophils to T2 inflammation. However,
eosinophilia also occurs in T2-low patients,51 and levels of eosinophilia are not significantly
different between the atopic and nonatopic clusters in the large asthma cohorts.31:64.65 The
consistent association between miR-1 and eosinophilia in our clinical cohorts thus suggests
that miR-1 acts downstream from T2 cytokines and might be one of the mediators used by
these cytokines to regulate airway eosinophilia.

miRNAs play unique roles within specific pathophysiologic contexts, and recent studies
have shown their importance in T2 inflammatory cells.18:66-76 However, the role of miRNAs
in structural cells has not been studied as extensively, and past studies have mainly focused
on epithelial and smooth muscle cells.56.77-85 Qur findings in murine asthma models
suggested that miR-1 regulates endothelial genes.2® miR-1 regulates a range of molecular
mechanisms in myoblasts and cardiomyocytes86-88 and modulates tumor progression and
angiogenesis. 328992 Our present findings assign a completely novel function to endothelial
miR-1.
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We observed miR-1 downregulation and its endothelial selectivity in IL-13-stimulated ex
vivo—-cultured human lung tissues. Thus we used several strategies to confirm the endothelial
origin of the miR-1 response, its effectiveness as a postsensitization intervention, and its
applicability to human disease. We used a vascular promoter—driven lentiviral vector and
a vascular-specific transgenic mouse to ensure the cell specificity of the miR-1 effect in
our murine models and induced miR-1 overexpression only after the sensitization step.
We also used 2 different allergens: OVA and HDM. The OVA model is extensively

used in mechanistic murine studies. However, it is not a human allergen and lacks
properties, such as intrinsic enzymatic activity and direct activation of immune cells, that
are characteristics of HDM.93:94 Furthermore, recognizing the cross-species differences of
eosinophil recruitment in mice and human subjects, %96 we validated our gene-targeting
events in both murine and human models. These experiments established that miR-1
regulates the eosinophilic response through an endothelium-intrinsic pathway, its effects
are not specific to the OVA allergen or the mouse model, and its effects can modify the
inflammatory response after sensitization.

Active roles of the endothelium in T2 inflammation have been well recognized.5497:98
Increased inflammatory cell trafficking is one of these roles%-103 and is initiated by
tethering (capture) and rolling of the inflammatory cells on the endothelial surface,104.105
followed by chemokine-mediated activation and directional crawling, integrin-mediated
arrest and firm adhesion, and subsequent polarization and transmigration.104-106 |

our experiments miR-1 affected both the initial binding and subsequent movement of
eosinophils on the endothelial surface, suggesting that it inhibits both capture and activation
(crawling) of eosinophils.

miR-1 targeted the SELR, CCL26, TSLF, and MPL genes in the endothelium. SELP

is expressed on the surfaces of endothelial cells and specifically regulates the selective
attachment of human eosinophils on the endothelium by binding to the P-selectin
glycoprotein ligand 1, a homodimeric protein on the surface of eosinophils.44-51.107,108
Eosinophil binding to nasal polyp endothelium is primarily dependent on SELP expression
at the surfaces endothelial cells.#%:45 Our findings on the effects of miR-1 on surface SELP
levels are consistent with its inhibitory effect on eosinophil binding.

Other miR-1 targets also have known roles in eosinophil trafficking. CCL26 is upregulated
in asthmatic patients and recruits eosinophils to inflamed tissues through activation of CCR3
on their surfaces.109-111

TSLP is an alarmin expressed in both the epithelium and endothelium and recruits and
activates eosinophils.112-114 TSP levels correlate with disease severity in asthmatic patients
and patients with CRS,115.116 and treatment of patients with mild asthma with an anti-TSLP
antibody reduced their allergic responses and eosinophilia.11’

MPL is a potent inducer of SELP expression in platelets!1® and endothelial cells.2® MPL
activation leads to signaling through Janus kinase 2/signal transducer and activator of
transcription 3 and 5 axes, phosphoinositide 3—kinase, extracellular signal-regulated kinase
1/2, and p38 mitogen-activated protein kinases.119 All these signaling pathways have been
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implicated in asthma and mediate critical functions within the airway structural cells,120-125
It is of note that even though the elucidated targets of miR-1 provide a coherent molecular
mechanism for its effect on tissue eosinophilia, these findings do not rule out a direct effect
of miR-1 on the intrinsic signaling events within eosinophils.

There are limitations to our investigation. Pure human bronchial endothelial cells are not
readily available, and we have instead used well-characterized HUVECSs in our mechanistic
studies. HUVECs are commonly used to characterize the effect of cytokines on the
endothelium35-39 and resemble bronchial endothelial cells in being part of the systemic
circulation. In our experiments both miR-1 regulation and its targets in HUVECs resembled
those seen with the immune-selected lung endothelial cells (Figs 1 and 5). However, our
findings in HUVECs suggest that miR-1 regulation is a universal feature of endothelial cells
and might be applicable to eosinophilia in organs other than the lungs.

Our clinical studies on miR-1 target genes did not show the expected correlations in all
instances. For instance, in our CRS expression analysis, we did not find a significant
difference in SELP expression between patients with high and those with low eosinophil
counts. We have only tested mRNA expression levels in our study, and measurements

of the respective proteins might improve these associations. Furthermore, whole-tissue
measurements might not capture the cell-specific targeting events, and expression of genes
in other cell types (eg, P-selectin in platelets) might obscure the results.

Finally, we have only tested miR-1 correlations in a single cohort of asthmatic patients.
Confirmation of the observed miR-1 associations, such as its inverse correlation with airway
obstruction or number of hospitalizations, in larger cohorts is necessary for its validation as a
biomarker of severe asthma.

In summary, we show for the first time that miR-1 has clinical significance in human

airway allergic disorders and that endothelial miR-1 directly regulates eosinophil trafficking.
Specifically, we show that an isolated increase in miR-1 levels in the endothelium is
adequate to inhibit airway eosinophilia and the hallmarks of allergic airway inflammation.
We also propose a gene network for the latter inhibitory effect that involves SELP, CCL 26,
TSLP, and MPL. This study is the first report of an endothelial miRNA-mediated regulation
of eosinophil trafficking and shows the potential therapeutic value of miR-1 as a direct
inhibitor of the eosinophilic response in asthmatic patients and patients with CRS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BAL Bronchoalveolar lavage

CRS Chronic rhinosinusitis

HDM House dust mite

HUVEC Human umbilical vein endothelial cell

miR-1 MicroRNA-1

mMiRNA MicroRNA

MPL Myeloproliferative leukemia virus oncogene or thrombopoietin

receptor

OVA Ovalbumin

RISC RNA-induced silencing complex

SELP P-selectin

T2 Type 2

TSLP Thymic stromal lymphopoietin

V-ctrl Vascular-specific control

V-miR-1 Vascular-specific miR-1
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Key messages

. miRNA-1 levels have inverse correlations with airway eosinophilia in asthma
and CRS patients.
. miRNA-1 controls eosinophil recruitment to the airways through regulation

of an adhesion molecule (P-selectin), an alarmin (TSLP), a chemokine
(eotaxin-3), and a cytokine receptor (MPL) in the endothelium.
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FIG 1.

The effect of T2 inflammation on miR-1 levels in human subjects. A, Association between
serum miR-1 levels (normalized to the mean of the control group) and sputum eosinophilia
in asthma patients and healthy control subjects (n = 66, #=-0.3037, A=.013). B,
Association between miR-1 levels and eosinophil counts (counted after anti-eosinophil
peroxidase [EPX] staining) in sinonasal tissue samples from patients with CRS (n = 40,
r=-5784, P<.00001). C, Comparison of miR-1 levels in sinonasal tissue samples from
patients with CRS divided into high-eosinophil-count (>15 cells/high-power field [hpf])
and low-eosinophil-count (<15 cells/hpf) groups (n = 40). *£ < .0001. £os, Eosinophils.

D, miR-1 levels in cultured human lung tissue samples after stimulation with recombinant
IL-13 and normalized to the mean of the control group (ctrl, PBS; control group: n=8
subjects with 3 or more replicates; 1 ng/mL group, n = 3 subjects with 2 replicates; 10
ng/mL group, n = 7 subjects with 3 or more replicates). *£=.0106. E, miR-1 levels in
immune (CD45%) and endothelial (CD31*CD457) cells isolated from cultured human lungs
after treatment with recombinant IL-13 or PBS controls (n = 3 subjects). *£=.026. F, miR-1
levels in HUVECs stimulated with recombinant IL-13 (n = 6 or more in each group from

4 experiments). *P< .01 and **P < .05, Student unpaired ftest. /<, Spearman correlation
coefficient for Fig 1, Aand B. Error bars represent SEMs.
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Effect of vascular-specific lentiviral miR-1 vector on T2 inflammation. Wild-type C57BL/6
mice were sensitized with OVA and received intranasal V-miR-1 or V-ctrl vector 2

weeks before OVA aerosol challenge. A, BAL cytology from PBS-challenged (rone),
OVA-challenged, OVA-challenged with V-ctrl treatment, and OVA-challenged with V-miR-1
treatment groups (n = 7 and 11 for the none and OVA groups and n = 15 per group for the
V-ctrl-OVA and V-miR-1-OVA groups from 3 experiments). *£=.00049. £o0s, Eosinophils;
Lym, lymphocytes; Mac, macrophages; New, neutrophils. B and C, Lung sections from
these mice were stained with hematoxylin and eosin for airway inflammation (Fig 2, B)
and periodic acid-Schiff (PAS) stain for mucus metaplasia (Fig 2, C). PAS-positive/total
airway epithelial areas were counted and presented as a graph in the /eft panel/ (n = 6

from 2 experiments). *£=.01909. D, Airway responses were measured by using the
forced oscillation technique. Mean airway resistance (in cm H,0.s/mL) was measured after
exposing mice to increasing concentrations of methacholine (in milligrams per milliliter, n
= 8 from 2 experiments). *P=.02. Error bars represent SEMs. Data were assessed by using
the Student unpaired ftest.
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FIG 3.
Effect of the inducible miR-1 transgene in asthma models. A-E, miR-1 transgenic mice

(miR-1 TG) and their wild-type (W/7) littermates in an OVA model. Fig 3, A, BAL fluid
cytology (n = 4 for the “none” group and n = 12 for the OVA groups from 2 experiments).
*P=.00048. Fig 3, Band C, Representative lung sections from these mice stained with
hematoxylin and eosin for inflammation (Fig 3, B) and periodic acid-Schiff (PAS) for mucus
metaplasia (Fig 3, C). Right panel shows PAS-positive areas measured and presented as in
Fig 2, C(n =4-7 per group). *P=.0018. Fig 3, D, Airway responses to methacholine
challenge were measured and presented, as described in Fig 2, D (n = 4-7 per group from
2 experiments). *P < .03 for the OVA group. Fig 3, £, Congo red staining for tissue
eosinophilia. Left panel shows representative images. /nsets show 2 x magnification of the
corresponding area. Right panel shows quantification results (n = 3-5 per group from 1
experiment). *P=.0017. F-1, miR-1 TG mice and their WT litters in an HDM maodel. Fig
3, £, BAL fluid cytology (n = 4 for the “none” group and n = 8 or 19 for the HDM groups
from 2 experiments). *P=.00524. Fig 3, G-/, Lung sections were stained with H&E (Fig
3, G), PAS (n = 3-6 per group from 1 experiment, *P=.0165; Fig 3, ), and Congo red

(n =13 from 2 experiments, *P=.000603; Fig 3, /). Error bars represent SEMs. Data were
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assessed by using the Student unpaired ¢test. £os, Eosinophils; Lym, lymphocytes; Mac,
macrophages; Neu, neutrophils.
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FIG 4.
Effect of miR-1 on eosinophil-endothelium interaction. HUVECs were transduced with

V-miR-1 or V-ctrl, stimulated with recombinant IL-13 (1 ng/mL) for 24 hours, and then
exposed to eosinophils freshly isolated from healthy human subjects. Eosinophils were
isolated by using a rapid method with chemotactic peptide. A, Eosinophil adhesion assay in
a Sykes-Moore adhesion chamber. Percentages of eosinophils bound to the HUVEC surface
were plotted for each group (n = 14 for the v-miR-1 and v-ctrl groups and n = 5 for the
IL-13 groups, data from 4 experiments). **P=.0014, ***f=.0006, ##£=.0303, and
###P = 0041, Mann-Whitney test). B, Velocities of eosinophil movement on the surfaces
of transduced HUVECs (in micrometers per minute) after binding were recorded by using
video microscopy. Left panel shows representative images depicting sequential images from
the movement of a human eosinophil (white cell) on the surfaces of transduced HUVECSs.
Right panel shows the quantification plot (n = 17 for the V-ctrl and n = 39 for the V-miR-1
group, 2 experiments). ***P < .0001, Mann-Whitney test. Error bars represent SEMs.
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FIG 5.

miR-1 targets controlling eosinophil trafficking. A, HUVECs were transduced with V-miR-1
or V-ctrl vectors. Cell lysates were immunoprecipitated with anti-Argonaute2 (Ago2)
antibody, and levels of MRNAs bound to Ago2 were measured by using quantitative RT-
PCR in the whole lysate (input) and Ago2 immuno-precipitates (Ago/P). RISC recruitment
was calculated as mRNA levels in AgolP/input (2724Ct n = 4 per group). *P< .05. B,
Expression levels of the target gene mRNAs in V-miR-1- and V-ctrl-transduced HUVECs
were normalized to their means in the control (V-ctrl) group and presented as 2724Ct (n = 4),
*P<.05. C, Endothelial cells were isolated from OVVA-challenged mice by using magnetic
immune sorting, as described in Fig 1, £, and mRNA expression levels were measured,
normalized, and presented as described in Fig 5, B(CCL26, SELP, and TSLP.n=7TWT
and 8 miR-1 TG; MPL: n = 10 per group; from 2 experiments). *£< .05 and **P =

.005331. CSF2Z, Colony-stimulating factor 2; DSG1, desmoglein 1; /TGA4, integrin subunit
ad; POSTN, periostin. Error bars represent SEMs. Data were assessed by using the Student
unpaired ftest.
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FIG 6.

Effect of the miR-1 axis on SELP expression on the endothelial surface. HUVECs were
transduced with V-miR-1 (or V-ctrl), and SELP expression on the cell surface was measured
by using flow cytometry. A, Left panel shows a typical histogram plot. Right panel shows
cumulative data from 2 experiments with percentage SELP expression normalized to the
V-ctrl group (n =9 from 2 experiments). Light gray, V-miR-1; dark gray, V-ctrl. *P=

2.1 x 1077, B, Transduced HUVECSs were treated with increasing concentrations of human
recombinant 1L-13. SELP expression levels in each group were measured and normalized to
V-ctrl in PBS (n = 6 or more from 2 experiments). *~ < .000001, **P< .01, and ***P< .05.
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Associations between miR-1, its target genes, and eosinophilia in clinical samples. A-C,
Correlation between miR-1 and its target genes in the CRS cohort described in Fig 1, A (n =
40, except for MPL [n =39]). Fig 7, A, MPL: R=-0.3356, P=.0367.Fig 7, B, TSLP. R=
-0.3461, P=.0309. Fig 7, C, SELP. R=-0.3361, P=.034. D, Correlation between miR-1
and SELP expression in serum samples from the asthma cohort described in Fig1 (n =37, R
=-0.3589, P=.0291. E-H, mRNA expression levels in the high- and low-eosinophil-count
groups described in Fig 1, A. Fig 7, £, MPL: *P=.0468. Fig 7, F, TSLP. *P=.0262. Fig

7, G, SELP. P=.2534. Fig 7, H, CCL26. P=.2829. In each graph means and SEMs are
represented as red /ines and error bars, respectively. R, Spearman correlation coefficient.
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Clinical correlations of miR-1 levels in asthmatic patients (n = 70)

TABLE I.

Variable
Age P=.4158, r=-0.0988
Sex P=.351
Atopy P= 4711
Hospitalization for asthma (lifetime) P=.0047, r=-0.3339
Hospitalization for asthma (past year) P=.0163, r=-0.2862
ACT score P=.0158, r=0.2875
FEV, (% predicted) P=.0007, r=0.3996
FVC (% predicted) P=.0008, r=0.3961
OCS use P=.2082, r=-0.1523
ICS use P=.0039, r=-0.3409
Sputum cytology7
Eosinophils P=.0132, r=-0.3037
Neutrophils P=.0778, r=-0.2187
Macrophages P=.8875, r=-0.01774
Lymphocytes P=.9132, r=0.01368

ACT, Asthma Control Test; FVC, forced vital capacity; /CS, inhaled corticosteroid; OCS, oral corticosteroid.

*
Data are available for 68 subjects.

fData are available for 66 subjects.
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