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Abstract

CDHR3 (cadherin-related family member 3) is a transmembrane
protein that is highly expressed in airway epithelia and the only
known receptor for rhinovirus C (RV-C). A CDHR3 SNP
(rs6967330) with G to A base change has been linked to severe
exacerbations of asthma and increased susceptibility to RV-C
infections in young children. The goals of this study were to
determine the subcellular localization of CDHR3 and to test the
hypothesis that CDHR3 asthma-risk genotype affects epithelial
cell function and susceptibility to RV-C infections of the airway
epithelia. We used immunofluorescence imaging, Western blot
analysis, and transmission electron microscopy to show CDHR3
subcellular localization in apical cells, including expression
in the cilia of airway epithelia. Polymorphisms in CDHR3

rs6967330 locus (G→A) that were previously associated with
childhood asthma were related to differences in CDHR3 expression
and epithelial cell function. The rs6967330 A allele was associated
with higher overall protein expression and RV-C binding and
replication compared with the rs6967330 G allele. Furthermore,
the rs6967330 A allele was associated with earlier ciliogenesis
and higher FOXJ1 expression. Finally, CDHR3 genotype had
no significant effects on membrane integrity or ciliary beat
function. These findings provide information on the subcellular
localization and possible functions of CDHR3 in the airways
and link CDHR3 asthma-risk genotype to increased RV-C binding
and replication.
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There are more than 160 known types of
rhinoviruses (RVs), which are classified into
A, B, and C species of the Enterovirus genus
in the Picornaviridae family. All three
RV species frequently cause upper
respiratory illnesses, and RV-A and RV-C
infections can also cause severe respiratory
illnesses such as pneumonia; bronchiolitis;
chronic rhinosinusitis; and exacerbations of
asthma, COPD, and cystic fibrosis (1–10).
The only known cellular receptor for RV-C
is CDHR3 (cadherin-related family member

3), which is a transmembrane protein
identified by previous studies as a
susceptibility factor for early childhood
asthma (11, 12). Two CDHR3 alleles, G and
A (SNP rs6967330), representing a missense
mutation between codons TGT and TAT,
result in protein variants Cys529 and Tyr529,
respectively. CDHR3-Tyr529 is linked to
severe asthma exacerbations (52%) in
children (12, 13), and children carrying the
A allele of this gene are more susceptible to
RV-C infections and illnesses (2, 3).

Human bronchial epithelial cells (BEC)
cultured at air–liquid interface (ALI)
represent an almost native cell system in
which to study RV-C infections of the
airways in vitro. Multipotent basal cells
extracted from bronchial tissue are cultured
in specialized medium in ALI to initiate cell
differentiation into mature pseudostratified
columnar epithelium consisting of basal
cells, ciliated cells, secretory club cells, and
mucin-producing goblet cells (14–16). We
previously reported that CDHR3 is
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expressed in FOXJ1-expressing ciliated
cells, which are also the targets of RV-C
binding (17). In the present study, we
conducted experiments to identify the
subcellular localization of CDHR3 and to
test the hypothesis that CDHR3 genotype
impacts epithelial cell function, including
the susceptibility of the airway epithelium
to RV-C infections in vitro.

Methods

BEC and Nasal Epithelial Cell Culture
Human primary basal BECs were derived
from tissue trimmed from healthy donor
lungs destined for transplant. BECs
extracted from this tissue were stocked in
liquid nitrogen for long-term storage or
until needed, as previously described (18,
19). Human primary nasal epithelial
cells (NECs) were obtained from nasal
brushings collected from participants in the
Childhood Origins of Asthma (COAST)
birth cohort study (20). The families of
these children provided informed consent
for them to participate in the study,
including the collection of nasal brushings.
Both BECs and NECs were cultured at
ALI in 0.4-mm pore polyester membrane
Transwell plates (Corning). The process of
cellular differentiation took approximately
28 days to complete.

Immunoblot Analysis
For CDHR3 subcellular compartment
analysis, cells from BEC-ALI cultures were
lysed and then separated into three cellular
protein fractions (Qproteome kit; Qiagen),
purified, and quantitated by bicinchoninic
acid assay (Pierce Biotechnology). Then,
20 mg of each protein fraction was
mixed with 23 SDS gel loading buffer,
denatured by boiling, then loaded into
Mini-PROTEAN TGX gels (Bio-Rad
Laboratories). Proteins were transferred to
a polyvinylidene difluoride membrane and
blocked with 3% nonfat dry milk in Tris-
buffered saline with Tween 20. For whole-
cell protein analysis, BEC-ALI cultures
were directly lysed with 23 SDS before
loading onto gels. After membrane
transfer, samples were incubated with
monoclonal antibody (mAb)-CDHR3
primary antibody (1:1,000; Abcam)
overnight at 48C before a secondary
antimouse IgG-peroxidase (1:5,000;
Sigma-Aldrich) was added, followed
by incubation for 1 hour at room

temperature. The bands were imaged
after treatment with chemiluminescent
substrate (Pierce Biotechnology).

Rhinovirus Infection
RV-C15 was produced from the pC15-Rz
plasmid, and RV-B52 was produced from
pB52-Rz plasmid, as previously described
(21, 22). BECs with distinct CDHR3
rs6967330 genotypes (A/A, A/G, and G/G)
were cultured at ALI in 12-well Transwell
inserts (Corning) and infected weekly with
RV-C15 (multiplicity of infection, 10).
BECs were incubated at 348C for 1 hour or
24 hours to assess virus binding or yield,
respectively. The cells were washed three
times with PBS, and the subsequent whole-
cell lysates were analyzed for viral RNA
levels by real-time PCR.

Differentiation Markers
BECs with distinct CDHR3 rs6967330
genotypes (A/A, A/G, and G/G) were
cultured at ALI and collected weekly in
RLT buffer (Qiagen). Their mRNA for
CDHR3 and differentiation gene markers
was quantified by real-time PCR. Gene
markers detected for distinct cell
subpopulations were 1) C-MYB for
intermediate cilia-fated cells, 2) FOXJ1 for
ciliated cells, 3) MUC5AC for goblet cells,
and 4) SCGB1A1 for club cells.

Immunofluorescence and Confocal
Imaging
Human bronchial tissue or BEC-ALI
cultures were fixed in 4% paraformaldehyde
and embedded in paraffin blocks. The
samples were sectioned and mounted on
charged glass slides, then deparaffinized
and treated with 10 mM sodium citrate for
antigen retrieval. After blocking with 5%
BSA (1 h, room temperature), the slides
were incubated overnight at 48C with
primary antibody (mAb CDHR3, Abcam;
mAb acetylated a-tubulin, Cell Signaling
Technology; mAb E-cadherin, Abcam;
mAb b-actin, Sigma-Aldrich). The
following day, the slides were washed with
PBS with Tween 20 and then incubated
(1 h, room temperature) with fluorophore-
conjugated secondary antibody (Alexa
Fluor fluorophores; Pierce Biotechnology)
before counterstaining with DAPI and
mounting (EMS mounting medium;
Electron Microscopy Sciences). Fluorescence
images were captured with a Nikon Ti
Eclipse microscope. For Z-stack imaging,
BEC-ALI cultures were fixed, then

permeabilized with 0.2% Triton X-100
before serum block and antibody
incubation. Cell specimens were
counterstained with DAPI and then
placed on glass-bottomed plates in
mounting medium.

Transmission Electron Microscopy
We followed modified AURION’s protocol
for immunogold labeling of preembedded
samples to prepare cells for transmission
electron microscopy (www.aurion.nl).
Differentiated primary human BECs were
fixed in 4% paraformaldehyde with 0.5%
glutaraldehyde overnight at 48C and then
permeabilized with 0.2% Triton X-100 for
1 hour at room temperature. Specimens
were blocked and then incubated overnight
with primary antibody (1–5 mg/ml) at 48C.
Specimens were then immunolabeled with
F(ab9)2-conjugated ultrasmall gold
particles, silver enhanced (AURION
R-Gent SE-EM), postfixed with 1% osmium
tetroxide, and embedded in Poly/Bed 812
resin (Polysciences Inc.). These were
sectioned into 10-mm slices before 4%
uranyl acetate staining and examination
on a Philips CM120 transmission electron
microscope.

Fluorescent Bead Tracking
Cells were washed with warm PBS and then
treated apically with 13 106 of 1-mm
fluorescent polystyrene beads (Thermo
Fisher Scientific). Time-lapse images were
collected over 5 minutes, and fluorescent
bead movement over the apical surface of
BEC-ALI culture was recorded using a
fluorescence microscope (Nikon Ti
Eclipse). The relative velocity was measured
by quantifying distance traveled by
individual beads in TrackMate (Fiji,
ImageJ) software.

Colocalization Quantification
Using NIS-Elements AR software (Nikon
Instruments), multiple regions in the cilia
were selected, and overlap of red (acetylated
a-tubulin) and green (CDHR3) signals
was analyzed using Pearson’s colocalization
coefficient and Mander’s overlap coefficient
measurements.

Statistical Analysis
The comparative RV binding to cells and
virus replication yields in infected cells
were evaluated using Wilcoxon’s rank-sum
test, as implemented in R (R Foundation
for Statistical Computing).
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Cytokine Quantification
RV-C–induced CXCL10 and IFN-l (1/3)
were measured in NEC culture media
24 hours postinfection by ELISA according
to the manufacturer’s protocol (R&D
Systems).

Results

CDHR3 Localizes in the Apical Cells
of Differentiated Bronchial Epithelia
To identify the cellular distribution of
CDHR3 expression within the epithelium,
we differentiated primary human BECs at
ALI for 28 days and imaged sections under a
fluorescence microscope. For comparison,
we imaged human bronchial tissue sections
from normal lung donors. Immunofluorescent
staining of BEC-ALI culture and human
bronchial tissue sections indicated that
CDHR3 is expressed predominantly in the
differentiated apical cells of the bronchial
epithelia. Expression of CDHR3 in cultured

BEC-ALI was similar to that in bronchial
tissue (Figure 1A).

Analysis of purified subcellular
compartments (cytosolic, plasma
membrane, and nuclear fractions) from
fully differentiated BECs that were
homozygous for either the CDHR3
asthma-risk allele (rs6967330 A/A)
or the low-risk allele (G/G) revealed
that CDHR3 is present in all three
subcellular compartments (Figure 1B).
BECs with the A/A genotype had greater
overall protein expression, whereas the
proportion of CDHR3 distribution
between subcellular compartments
was similar (Figure 1C). The highest
proportion of CDHR3 was detected in
the plasma membrane fraction, followed
by the nuclear fraction, and the least
proportion was in the cytosolic fraction
(Figures 1B–1D). Confocal image analysis
confirmed that CDHR3 localization
is highest in the plasma membrane
(Figure 1D).

CDHR3 Is Expressed in Cilia
Using flow cytometry, we previously
demonstrated that ciliated cells of human
epithelia expressed CDHR3 (17). Given the
apical expression pattern of CDHR3, we next
tested whether this protein was expressed in
conjunction with cilia by fluorescence imaging.
We found that apical cells which stained
positive for cilia also expressed CDHR3,
whereas apical cells that were negative for cilia
were also negative for CDHR3 (Figure 2A).
Furthermore, most cells that were negative for
CDHR3 were positive for MUC5AC, a
marker for mucin secreted by goblet cells
(Figure E1 in the data supplement).

We noted positive fluorescent staining
for CDHR3 within the cilia by confocal
Z-stack imaging (Figures 2B and E2).
The fluorescent staining for acetylated
a-tubulin expression overlapped with
CDHR3 but not with b-actin (Figure
2C). Furthermore, there was a close
correlation between CDHR3 and acetylated
a-tubulin expression by image analysis
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Figure 1. CDHR3 localizes in the apical cells of human airway epithelial cells. (A) Immunofluorescent staining of E-cadherin (E-cad; green), CDHR3 (red),
and nucleus (DAPI; blue) in bronchial tissue (top) and human bronchial epithelial cell air–liquid interface (BEC-ALI) culture (bottom). (B) Immunoblot analysis
of three subcellular compartments extracted from BEC-ALI cultures (n = 3) with A/A and G/G genotype: cytosol, membrane, and nuclear, stained for
CDHR3 (z100 kD). (C) Quantification of CDHR3 protein band signal intensity of subcellular compartments (n = 3). (D) Z-stack slice view of BEC-ALI culture
stained for CDHR3 (green) and nucleus (DAPI). Scale bars: 10 mm. CDHR3 = cadherin related family member 3; rel. = relative; wc =whole-cell lysate.

ORIGINAL RESEARCH

452 American Journal of Respiratory Cell and Molecular Biology Volume 61 Number 4 | October 2019



(Figure 2D). Transmission electron
microscopy confirmed CDHR3 expression in
cilia of airway epithelial cells and also in HeLa-
E8 cells transduced with CDHR3 (Figure 3).

CDHR3 rs6967330 Genotype Affects
Protein Expression and RV-C
Infection
We next analyzed effects of CDHR3
rs6967330 genotype (A/A, G/G, and G/A)

on CDHR3 expression during cellular
differentiation at ALI. CDHR3 protein and
mRNA were first detected between 7 and 14
days of cellular differentiation (Figures
4A–4C). From Day 14 to Day 28, the G/A
and A/A genotypes were associated with
higher overall CDHR3 protein expression
than the G/G genotype (Figures 4A and
4B). This difference was most significant
during cellular differentiation at or before

Day 21. There were similar trends,
although less robust, for CDHR3 mRNA
(Figure 4C). BECs carrying just one
CDHR3 A allele displayed similar protein
and mRNA expression phenotypes as cells
having homozygous A/A alleles (Figures
4A–4C).

To determine the effect of CDHR3
asthma-risk genotype on RV-C infection,
we cultured primary BECs selected by their
CDHR3 genotype and infected them weekly
for 28 days with RV-C15 while the cells
were differentiating. Undifferentiated cells
at Day 1 had minimal RV-C binding and
replication. From Day 14 onward, the A/A
genotype was associated with a trend
toward higher virus binding than the G/G
genotype (Figure 4D). The viral yield 24
hours later was significantly higher (up to 2
logs; P, 0.01) in A/A BECs than in G/G
BECs from Day 14 to Day 28 (Figure 4E).
BECs carrying just one CDHR3 A allele
displayed an RV-C replication phenotype
similar to that of cells with the homozygous
A/A genotype (Figure 4E).

We next analyzed effects of CDHR3
rs6967330 genotype on RV-C infection
of NEC cultures obtained from 15- to
17-year-old children of known genotype
(16 G/A, 30 G/G). Similarly to BECs, we
observed a trend for G/A heterozygote
NECs to bind slightly greater amounts
of RV-C (Figure 5A). However, G/A
genotype NECs gave significantly greater
RV-C15 progeny yields than the G/G
genotype NECs (median, 7.8 vs. 7.2 log
plaque-forming unit equivalents (PFUe);
P, 0.01) (Figure 5A). As a control, we
infected NEC cultures of known genotype
(6 G/A, 6 G/G) with RV-B52, a rhinovirus
that uses ICAM-1 (intercellular adhesion
molecule 1) as its cell receptor (23). There
was no effect of CDHR3 genotype on
RV-B52 binding and replication (Figure 5B).

To examine the airway epithelium
cytokine response to RV-C infection relative
to CDHR3 rs6967330 genotype, we
measured virus-induced secretions of
CXCL10 and IFN-l (1/3) in RV-
C15–infected NEC cultures at 24 hours
postinfection. There were trends toward
higher CXCL10 and IFN-l protein
secretions in the asthma-risk genotype
(G/A) NECs (Figure E3).

CDHR3 Genotype Effects on Epithelial
Differentiation and Barrier Function
During cellular differentiation, CDHR3
rs6967330 homozygote BECs (A/A)
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Figure 2. CDHR3 expression in cilia of bronchial epithelial cells. (A) Immunofluorescent staining profiles
of acetylated a-tubulin (Ac-Tub; red), CDHR3 (green), and nucleus (DAPI) in the epithelium of human
bronchial tissue. (B) Three-dimensional volume view of Z-stack confocal images of immunofluorescent
Ac-Tub (red), CDHR3 (green), nucleus (DAPI), and merged signals. Regions of red and green signal
overlap are shown in yellow. (C) Z-stack confocal XZ slice view comparison of two separate cultures
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of XZ slice image in C. Scale bars: 10 mm.
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develop cilia more quickly than low-risk
homozygotes (G/G) by visual inspection
(data not shown). This was confirmed
by tracking the motion of fluorescent
beads as an indicator of ciliary function
(Figure 6A). There was little or no bead
motion until Day 14, when the A/A
genotype was associated with significantly
greater bead velocity (fivefold; P, 0.001)
than the G/G genotype. Genotype did not
affect the relative bead velocity at later
time points (Days 21–28).

We next tested whether CDHR3
genotype affected differentiation rates of
BECs, as indicated by cellular expression
of specific cell-type markers: C-MYB
(intermediate progenitor cell), FOXJ1
(ciliated cells), MUC5AC (goblet cells),
and SCGB1A1 (club cells). Compared with
the rs6967330 G/G genotype, the A/A

genotype was associated with 10-fold
higher FOXJ1 mRNA expression starting
at Day 14 (P, 0.05) (Figure 6B). This
suggests a possible regulatory role of
CDHR3 upstream of FOXJ1. These
experiments also confirmed the findings
shown in Figure 4C in that A/A versus
G/G BECs expressed 10-fold higher
CDHR3 mRNA (P, 0.05) (Figure 6C).
Furthermore, FOXJ1 mRNA expression
was closely correlated with CDHR3 mRNA
expression (R = 0.85; P, 0.0001). In
contrast, the CDHR3 genotype did not
affect the relative phenotypes of C-MYB,
MUC5AC, and SCGB1A1 mRNA
expression (Figures 6D–6F). CDHR3
genotype also did not influence the degree
of epithelial cell tight-junction formation,
as measured by transepithelial resistance
(Figure E4).

Discussion

Understanding of what causes severe RV-C
infections is partly limited by incomplete
information on the native biology of its only
known receptor, CDHR3. CDHR3 asthma-
risk genotype (rs6967330-A) has been
associated with early childhood asthma
exacerbations (12), bronchiolitis (24),
chronic rhinosinusitis (25), and early-onset
adult asthma (26) triggered by RV infections.
The goals of this study were to determine
CDHR3 localization within primary airway
epithelial cells and to test for effects of
rs6967330-A on epithelial cell function and
susceptibility to RV-C infections. We show
that CDHR3 is highly expressed in the apical
ciliated airway epithelial cells and associates
with the cilia of these cells. The rs6967330-A
genotype had several effects. First, epithelial
cells carrying at least one A allele had greater
overall CDHR3 protein expression and
correspondingly greater RV-C binding
and replication. In addition, genotype
effects on CDHR3 expression were most
pronounced during cellular differentiation.
We further found that rs6967330-A was
associated with faster differentiation, as
indicated by the expression of ciliogenesis
transcription factor FOXJ1 and more rapid
development of functional cilia.

Our findings are consistent with
previous reports that CDHR3 is highly
expressed in differentiated ciliated cells and
not in basal cells (11, 12, 17). The present
findings demonstrate that CDHR3
localization is not restricted to the plasma
membrane but is also found at lower
concentrations in the cytosolic and nuclear
subcellular compartments. Subcellular
localization in multiple compartments
suggests that CDHR3 may have multiple
diverse cellular functions. In contrast with
E-cadherin, our findings suggest that
CDHR3 does not contribute to epithelial
structural integrity. Rather, like some
protocadherins, CDHR3 may be working to
link extracellular contacts to intracellular
signaling (27–31). CDHR3 expression in
conjunction with cilia in apical cells
suggests that RV-C binding occurs in this
location. The length of a cilium from the
basal body to the tip ranges between 1 and
10 mm in length, depending on the region
of the airways. With up to seven of eight
healthy airway epithelial cells displaying
cilia at approximately 200 cilia per cell, this
organization pattern must clearly provide
an accessible receptor-docking platform for
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RV-C (32, 33). In fact, many other
respiratory viruses, such as influenza A and
B, likewise bind to receptors localized on
the cilia of airway epithelia (34, 35). We

speculate that RV-C may preferentially use
CDHR3 as a cell receptor because of its
apical abundance and easy accessibility on
the cilia.

Notably, our findings demonstrate that
rs6967330-A is associated with higher
protein expression levels and
correspondingly higher RV-C replication in
cultured primary epithelial cells of both the
upper and lower respiratory airways. This
finding supports previous clinical studies in
two separate birth cohorts showing
association of rs6967330-A with increased
risk of RV-C infections and illnesses in
young children (36), as well as with severe
bouts of wheezing illnesses in children with
asthma (12, 37). Furthermore, rs6967330-A
had greater effects on replication than
binding, which indicates that the CDHR3-
Y529 protein variant may promote both RV-
C binding and entry.

Our study demonstrates that rs6967330-
A is associated with increased CDHR3
protein expression and to a lesser extent with
CDHR3 mRNA. Previous studies have
demonstrated that the cleaved cytoplasmic
domains of cadherins self-activate
expression of their own genes in the nucleus,
which decreases as the cells mature and
protein–protein interactions increase (27,
38–46). Perhaps the predicted structural
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period (n= 3). (D) RV-C15 binding (1 h postinfection) and (E) RV-C15 RNA progeny yield (24 h postinfection) in A/A, A/G, and G/G genotypes of ALI cultures over
28-day differentiation period (n= 3). ‡P, 0.05 between donors that have A/A and G/G genotypes only; *P, 0.05 and **P, 0.01.
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stability and cell surface presentation of
the CDHR3-Y529 protein variant (47)
confers more efficient self-gene activation
via the cytoplasmic domain than the
CDHR3-C529 variant. Similarly, the
stronger genotype-related difference in
protein versus mRNA expression could
be due to differential mRNA translation
or protein stability, although we have
not yet studied these aspects of the
phenotypes (47).

Our findings show that CDHR3
rs6967330 genotype affects the rate of
ciliated airway epithelial cell differentiation.
This is in agreement with a previous report
of linkage between CDHR3 and FOXJ1
expression in a gene network analysis
conducted in sputum cells (48). The faster
differentiation of ciliated airway cells
associated with the A allele suggests
that epithelial recovery after injury may be
more rapid in hosts with this genotype.
Notably, rs6967330-A represents the
ancestral form of the CDHR3 gene.
The rs6967330-G allele is not present
in the genomes of ancient hominids
or in any other mammals, including

nonhuman primates (47). Only modern
humans encode the virus-resistant
genotype, possibly suggesting that
balancing selective pressures may have
contributed to the current prevalence of the
G allele (49).

Among the novel aspects of our study is
the use of fresh donor tissue as the source of
airway epithelial cultures, providing
abundant never-passaged cells from donors
with defined CDHR3 genotypes. These were
used to show that protein expression and
virus susceptibility from bronchial and
nasal cells were similar. This at least was
true for the virus used in this study, RV-
C15, a recombinant virus cloned and
sequenced from a clinical isolate. However,
a technical limitation of our approach was
the limited availability of rs6967330-A
homozygote BECs, which are present in
only approximately 3% of the population.
Another limitation was that the anti-
CDHR3 antibodies we had available target
a cytoplasmic domain. Anti-CDHR3
antibodies capable of detecting extracellular
domains or recombinant CDHR3 are
not currently available but would be

valuable in subsequent direct tests for cell
surface expression of CDHR3 protein
variants.

In conclusion, this study presents new
information on the biology of CDHR3,
including localization and effects of
genotype on protein expression, RV-C
infections, and epithelial cell function. A
better understanding of the native function
of CDHR3 and the role of genotype on RV-
C infection severity could help to inform
new approaches to RV-C prevention and
treatment in young children at increased
risk for more severe RV-C illnesses. n
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Figure 6. CDHR3 rs6967330 genotype affects ciliogenesis during differentiation of human BEC-ALI cultures. (A) Bar graph represents fluorescent
bead tracking velocity (pixels/frame) as a measurement of cilia beat function in differentiating BECs with A/A or G/G genotype at Days 14, 21, and
24 of ALI culture. (B–F) Curves illustrate mRNA expression of FOXJ1 (B), CDHR3 (C), C-MYB (myeloblastosis family transcription factor) (D), MUC5AC

(mucin 5AC, oligomeric mucus/gel-forming) (E), and SCGB1A1 (secretoglobin family 1A member 1) (F) in A/A and G/G genotype–differentiating BEC-ALI
cultures over 28 days. *P, 0.05 and **P, 0.001.
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