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Summary

Background Human rhinovirus (HRV) infections are a major cause of exacerbations in chronic
respiratory conditions such as asthma and chronic obstructive pulmonary disease, but HRV-
induced immune responses of the lower airway are poorly understood. Earlier work
examining cytokine release following HRV infection has focused on epithelial cells because
they serve as the principal site of viral replication, and internalization and replication of viral
RNA appear necessary for epithelial cell mediator release. However, during HRV infection,
only a small proportion of epithelial cells become infected. As HRV-induced cytokine levels in
vivo are markedly elevated, this observation suggests that other mechanisms independent of
direct viral infection may induce epithelial cell cytokine release.
Objective Our aim was to test for the importance of interactions between human bronchial
epithelial cells (HBECs) and monocytic cells in the control of mediator release during HRVexposure.
Methods In vitro models of HRV serotype-16 (HRV16) infection of primary HBECs and human
monocytic cells, in mono or co-culture, were used. We assessed HRV16-induced CXCL10 and
CCL2 protein release via ELISA.
Results Co-culture of human monocytic and bronchial epithelial cells promoted a synergistic
augmentation of CXCL10 and CCL2 protein release following HRV16 challenge. Transfer of
conditioned media from HRV16-treated monocytic cells to epithelial cultures induced a
robust release of CXCL10 by the epithelial cells. This effect was greatly attenuated by type I
IFN receptor blocking antibodies, and could be recapitulated by IFN-a addition.
Conclusions Our data indicate that epithelial CXCL10 release during HRV infection is
augmented by a monocytic cell-dependent mechanism involving type I IFN(s). Our findings
support a key role for monocytic cells in the amplification of epithelial cell chemokine
production during HRV infection, and help to explain how an inflammatory milieu is created
in the lower airways even in the absence of extensive viral replication and epithelial infection.
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Introduction

Human rhinoviruses (HRVs) are a primary cause of the
common cold, and are frequently associated with exacer-
bations of chronic respiratory disorders such as asthma
[1–3], cystic fibrosis [4], and chronic obstructive pulmon-
ary disease (COPD) [5]. HRV infections affect the upper and
lower airways [6–8], and induce elevated levels of cyto-
kines/chemokines (e.g. G-CSF, IL-1, CXCL8) in airway

secretions that are associated with both increased leucocyte
numbers and greater severity of respiratory symptoms
[9–12]. For those with chronic respiratory conditions,
respiratory infections that lead to lower airway inflamma-
tion can result in the exacerbation of symptoms and
considerable morbidity and health care costs [13, 14]. The
immune reaction that occurs in the lower airway in
response to HRV, however, remains poorly understood.

As epithelial cells serve as the primary site of HRV
replication in the airway, numerous investigations have
examined the response of human airway epithelial cells to�Contributed equally to this work.
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HRV infection. Several studies have also examined HRV-
induced pulmonary inflammation in mouse models using
minor group HRV serotypes [15, 16]. However, the study
of major group HRV serotypes, which constitute �90% of
known strains, has been largely confined to in vitro work
with human cells because of the specificity of major group
HRV serotypes for human ICAM-1, which is necessary for
viral entry [17]. Although recent work has led to the
development of a transgenic mouse with a chimaeric
mouse–human ICAM-1 for the study of major group HRV
serotypes [16], most information on these viruses has
come from infection of human cells in culture. In vitro
studies using human airway epithelial cells challenged
with HRV demonstrate an increased production of inflam-
matory mediators including interleukins [IL-1b, IL-6,
CXCL8 (IL-8), IL-11], IFN-b, CXCL10 (IP-10), CXCL5
(ENA-78), granulocyte macrophage colony-stimulating
factor (GM-CSF), CXCL1 (GROa), and CCL5 (RANTES)
[18–22]. Several reports have noted that the early expres-
sion of certain cytokines, such as CXCL8, may not be
dependent on viral replication [18, 23]. Conversely, other
studies have indicated that the secretion of many of these
pro-inflammatory cytokines by epithelial cells appears to
be dependent on the internalization and replication of
viral RNA, as UV-inactivated HRV does not elicit a
similarly strong response, whereas transfection of dsRNA
does result in robust cytokine release [20–22].

Analysis of biopsies from the epithelium of HRV-
infected human subjects, however, reveals an apparent
complication in the model wherein epithelial cell infec-
tion is necessary for cytokine release. Although the above
studies suggest that HRV-stimulated cytokine production
by epithelial cells is dependent on the presence of replica-
tive virus, only a very small proportion of cells in primary
human cultures [24] or epithelium biopsies from human
volunteers appear to be actively infected [25, 26]. None-
theless, during in vivo HRV infection, there are marked
elevations in the concentrations of numerous inflamma-
tory mediators that are believed to be produced primarily
by epithelial cells [9–12]. These observations suggest that
uninfected epithelial cells may also be producing pro-
inflammatory cytokines/chemokines, possibly as a result
of a paracrine stimulus from adjacent airway cells.

In contrast to epithelial cells, previous reports indicate
that the internalization of HRV by monocytic cells (mono-
cytes and alveoloar macrophages) does not result in a
productive infection and does not cause cell death [27, 28].
As such, monocytic cells in the airway are poised to respond
to the presence of HRV and may act as continuing sentinels
during infection. Studies conducted in our laboratory and
others have revealed that monocytes/macrophages are a
source of immune modulators following HRV challenge, as
HRV stimulates monocyte/macrophage production of type I
IFNs, IL-10, TNF-a, CXCL8, CCL2 [monocyte chemoattrac-
tant protein 1 (MCP-1)], and CXCL10 [27–32]. Studies in

which HRV-induced release of CCL2 and CXCL10 from
human blood monocytic cells and human alveolar macro-
phages were examined in parallel showed a similar cytokine
response between the two cell types [29, 32], indicating that
the use of blood monocytic cells, as a more readily available
source of immune cells, can be useful in the study of CCL2
and CXCL10 release in response to HRV.

The chemokine CCL2, or MCP-1, was originally identi-
fied as a chemotactic factor for monocytes, but has since
been shown to also attract activated T cells, NK cells, and
basophils [33]. Our lab has examined CCL2 release by
alveolar macrophages after experimental HRV infection
of human volunteers, and found that CCL2 release is
significantly increased after infection [34]. The cytokine
CXCL10, or IFN-g inducible protein-10 (IP-10), is a che-
motactic factor for CXCR31 cells, including T lympho-
cytes and natural killer cells, and has become a focus of
many studies due to its association with HRV-induced
pathology [21, 32, 35]. CXCL10 levels are increased not
only in airway secretions but also systemically to levels
not observed with other cytokines examined in human
volunteers following experimental HRV infection [36].
Higher CXCL10 levels are also associated with higher viral
titres and greater lymphocyte numbers in nasal secretions
as well as an increase in the severity of respiratory
symptoms [21]. Recently, serum CXCL10 measurements
have also been proposed to be a clinically useful biomar-
ker of virally induced asthma exacerbations [35]. As both
bronchial epithelial cells and monocytic cells are capable
of releasing CXCL10 in response to HRV [21, 32], their
close proximity in vivo allows for intercellular interac-
tions between these two cell types that may enhance
CXCL10 production elicited by HRV exposure.

Several studies support the importance of monocyte/
macrophage–epithelial cell interactions in the production
of various immune mediators [37–44], but the interaction
between primary human bronchial epithelial cells (HBECs)
and isolated human monocytic cells during the immune
response to HRV has not yet been examined. Accordingly,
the present work focused on defining the intercellular
responses to HRVestablished by the two most abundant cell
types found in the lower airway under homeostatic condi-
tions, namely monocytic cells and bronchial epithelial cells,
and sought to provide an insight into the mechanisms by
which airway inflammation is established upon HRV ex-
posure. We tested the hypothesis that intercellular interac-
tions between human monocytic and bronchial epithelial
cells amplify cytokine production following HRV serotype-
16 (HRV16) challenge, and that soluble factors in the
intercellular environment, as opposed to direct monocyti-
c–epithelial cell interactions, are sufficient to mediate the
enhanced cytokine response. Our findings demonstrate that
monocytic–epithelial cell co-cultures exhibit synergistic
augmentation over mono-cultures of CXCL10 and CCL2
protein following an exposure to major group HRV16.
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Furthermore, this work supports a model wherein HRV
indirectly activates robust epithelial cell CXCL10 release
through the production of type I IFNs by monocytic cells.
Our findings suggest that monocytic/epithelial cell interac-
tions may be an important factor in augmenting cytokine
elaboration during HRV infection.

Materials and methods

Reagents

Collagen IV was obtained from Sigma (St. Louis, MO, USA).
RosetteSep human monocyte enrichment cocktail was pur-
chased from StemCell Technologies Inc. (Vancouver, BC,
Canada). Anti-CD118 (anti-IFN receptor type I) was pur-
chased from Endogen/Pierce (Rockford, IL, USA), and the
isotype control IgG2ak was purchased from eBioscience
(San Diego, CA, USA). Recombinant human IFN-a2b (Intron
A) was obtained from Schering (Kenilworth, NJ, USA).

Human bronchial epithelial cell culture

HBECs were obtained by the enzymatic digestion of surgical
specimens of human bronchi or trachea from lung trans-
plant donors, as described previously [20]. The experimental
protocols were approved by the University of Wisconsin
Human Subjects Health Sciences Review Board. Isolated
epithelial cells (passage 1–4) were plated in serum-free
bronchial epithelial cell growth medium containing supple-
ments (complete BEGM; BEGM bullet kit; Cambrex Bio
Science Walkersville Inc., Walkersville, MD, USA) at a
density of 1.25�105 cells/mL (for wells with monocytic
cells) or 2.5�105 cells/mL (for wells without monocytic
cells; 1 mL/well) in six-well tissue culture plates (Corning
Costar Inc., Acton, MA, USA) that were coated with 50
mg/mL collagen IV. Cells were incubated overnight at 37 1C
in a humidified atmosphere with 5% CO2, before the addi-
tion of monocytes, at which point the epithelial cell number
doubled from the initial number plated as determined using
a haemocytometer and trypan blue exclusion (MP Biomedi-
cals, Solon, OH, USA; n= 3). After 24–48 h incubation with
stimulus, the supernatant was collected, centrifuged at 500g
for 5min at 4 1C to remove non-adherent cells, and either
frozen for subsequent protein analysis or transferred to
mono-cultures for analysis of soluble factors.

Human monocytic cell culture

Human monocytes were isolated from heparinized human
blood acquired from volunteer donors using protocols
approved by the University of Wisconsin Human Subjects
Health Sciences Review Board. Volunteer donors were
categorized as having allergic asthma (N= 2), exercise/
occupational-induced asthma (N= 1), having allergic rhini-
tis with no asthma (N= 7), or being healthy controls (N= 1).

Monocyte enrichment was achieved as described previously
[11] using a negative selection antibody cocktail, Rosette-
Sep. The resulting cell population consisting of adherent
and non-adherent leucocytes was 85–95% CD141 (n= 4) as
determined by flow cytometry. Analysis of the resulting cell
populations present after purification indicates that the
CD451, CD14– cells present are 0.3–1.5% CD31, and
0.4–1% CD191, with the majority of CD14-negative cells
located in the lymphocyte gate, as determined by forward
and side scatter, but negative for CD4, CD8, CD3, CD19, and
CD16. To further characterize the monocytes using flow
cytometry, gating by forward and side scatter revealed that
the cells in the monocyte gate were 87�7% CD14hi,
HLADRhi, CD206lo, and 13�7% CD14mid, HLADRhi,
CD206lo. Of the CD141cells, 6% were CD161. These cells
were resuspended in complete BEGM and plated in collagen
IV-coated (50mg/mL) six-well tissue culture plates with or
without epithelial cells at a density of 2.5�105 or
5.0�105 cells/mL (1 mL/well), respectively. Following a 2 h
incubation, cells were rinsed with Hank’s balanced salt
solution (HBSS, Mediatech, Herndon, VA, USA), and the
medium was replaced with reduced hydrocortisone
(0.001%) BEGM (1 mL/well). Cells were incubated overnight
at 37 1C in a humidified atmosphere with 5% CO2 before
stimulation and were subsequently called monocytic cells.
Following 24–48 h incubation with stimulus, supernatant
was collected, centrifuged at 500 g for 5 min at 4 1C to
remove non-adherent cells, and either frozen for subsequent
protein analysis or transferred to mono-cultures of mono-
cytic cells or epithelial cells for analysis of the effects of
conditioned medium on CXCL10 elaboration.

Production and purification of human rhinovirus
serotype-16

HRV16 was grown in HeLa cells as described previously
[45] and virions were purified from the infected cell lysate
by centrifugation through a sucrose cushion and sedi-
mentation through a sucrose-step gradient to remove
contaminants. The yield of the HRV16 particles was
measured by optical density, and the multiplicity of
infection, which refers to the number of infectious HRV
particles per cell (typically one infectious HRV particle per
300 total particles), was determined by measuring the
infectivity of the virions in HeLa cell monolayers.

Detection of cytokine release by monocytic cells and
epithelial cells

Human monocytes and epithelial cells were plated in six-
well plates as described above. Following overnight incuba-
tion, cells were pre-treated with or without neutralizing
antibodies as described in the figure legends and subse-
quently stimulated with control vehicle, HRV16, or recom-
binant cytokines for 48 h at 37 1C. Following incubation,
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cell supernatants were harvested, centrifuged at 500g for
5 min at 4 1C, and frozen at �80 1C until analysis. The
protein levels of CXCL10 and CCL2 were measured utilizing
a two-step sandwich-type ELISA as described previously
[46]. Recombinant protein, coating, and biotinylated anti-
bodies were purchased from R&D systems (Minneapolis,
MN, USA) for CXCL10, and BD biosciences (Franklin Lakes,
NJ, USA) for CCL2. Streptavidin conjugated to a HRP
polymer (POLY-HRP-40; Fitzgerald Industries, Concord,
MA, USA) was used to increase the assay sensitivity. A
one-component substrate, 3,30,5050-tetramethylbenzidine
(BioFx Laboratories, Owings Mills, MD, USA), was used for
colour development, and the reaction was stopped by the
addition of 0.18 M sulphuric acid. OD at 450 nm was
determined using an ELx800 universal microplate reader,
and data were analysed with Ascent Software (Thermo
Labsystems, Vantaa, Finland). The concentration of protein
in cell supernatants was calculated by comparison with a
standard curve generated with known amounts of human
cytokine. The assay sensitivity was 12.5 pg/mL for CXCL10,
and 3.125 pg/mL for CCL2.

Cell viability assay

Human monocytes were resuspended in the serum-supple-
mented RPMI-based media and plated in 96-well tissue
culture plates at a density of 1�106 cells/mL (0.1 mL/well).
Cells were pre-treated with neutralizing or isotype control
antibodies followed by stimulation with control vehicle or
virus for 24 h at 37 1C. Following these incubations, an MTS
assay was performed according to the manufacturer’s pro-
tocol (Promega, Madison, WI, USA). The quantity of product
was measured by the amount of absorbance at 490 nm
using an ELx800 ELISA microplate reader (Bio-Tek Instru-
ments Inc., Winooski, VT, USA), and is directly proportional
to the number of metabolically active/viable cells.

Statistical analysis

The measurements of CXCL10 were log-transformed for
analysis. All comparisons were carried out using ANOVA

models (one measurement per epithelial cell donor/mono-
cytic cell donor combination) or mixed-effects ANOVA models
(repeated measures per donor combination). A two-sided
5%-level test result was regarded as statistically significant.

Results

Effect of human rhinovirus serotype-16 on CXCL10 release
by epithelial and monocytic cell mono-cultures and co-
cultures

Under homeostatic conditions, the predominant cells on
the luminal surface of the lower respiratory tract are
epithelial cells and macrophages. To examine whether

the release of CXCL10 observed in epithelial or monocytic
cell cultures during HRV infection [21, 32] is affected by
the simultaneous presence of the other cell population, we
treated mono-cultures and co-cultures of primary HBECs
and peripheral blood monocytic cells with HRV16 and
examined the supernatant for levels of the inflammatory
cytokine CXCL10. Our previous findings had demon-
strated that monocytic cells cultured in an RPMI-based
serum-supplemented medium respond robustly to HRV16
in release of CXCL10 [32], and we observed similar results
in the present study (vehicle control = 62.8�11 pg/mL,
HRV16 = 26 400�5830 pg/mL; Po0.0001, n = 6, data not
shown). Co-culture of monocytic cells and bronchial
epithelial cells, however, necessitated the use of a defined,
serum-free media, as the presence of serum has been
shown to induce terminal squamous differentiation of
HBECs [47]. Monocytic cells exposed to HRV16 under
serum-free conditions produce much smaller amounts of
CXCL10, and these levels are comparable with that ob-
served with bronchial epithelial cells treated with HRV
under similar conditions (Fig. 1). Epithelial cells and
monocytic cells cultured together in the presence of
HRV16, however, resulted in a significant synergistic
augmentation of CXCL10 production (Fig. 1). These data
are consistent with a model of intercellular cooperation
between epithelial cells and monocytic cells for the HRV-
induced release of CXCL10.
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Fig. 1. CXCL10 secretion from human rhinovirus serotype-16 (HRV16)-
stimulated monocytic cell mono-cultures, epithelial cell mono-cultures,
and epithelial–monocytic cell co-cultures. Bronchial epithelial cells were
plated at a density of 1.25�105 cells/mL (for co-culture) or 2.5�105 cells/
mL (for mono-culture) in six-well collagen-coated tissue culture plates.
The following day, monocytes were plated at a cell density of 5�105 cells/
mL for mono-cultures and 2.5�105 cells/mL for epithelial–monocytic cell
co-cultures. Cells were incubated in reduced-hydrocortisone (0.001% HC)
BEGM for 24 h before stimulation, then stimulated with vehicle control
[Hank’s balanced salt solution (HBSS)10.1% BSA] or HRV16 (multi-
plicity of infection = 10 and resuspended in HBSS10.1% BSA) for 48 h
(�, P = 0.05; j, Po0.03; y, Po0.004 by mixed-effects ANOVA). Data are
summarized as the mean�SEM from six experiments.
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Variability in CXCL10 production by epithelial–monocytic
cell co-cultures following human rhinovirus exposure

Although all co-cultures showed a synergistic enhancement
of CXCL10 release, we noted a marked variability in the
magnitude of the response. Therefore, to assess if CXCL10
expression was directed by phenotypic/functional charac-
teristics of epithelial cells or that of monocytic cells, we
conducted a comparison wherein epithelial cells from three
donors were each paired with monocytic cells from five
donors for a total of 15 co-culture populations. The amount
of CXCL10 released in response to control or HRV16
is presented for each of the 15 co-culture experiments
(Fig. 2a), with the inset magnifying the lowest responders.
No significant differences in the CXCL10 response were
detected when the co-culture results were grouped accord-
ing to the epithelial cell donor (Fig. 2b). In contrast, the
magnitude of CXCL10 response differed significantly when
the co-culture results were grouped according to the mono-
cytic cell donor (Fig. 2b). If both epithelial cell donor and
monocytic cell donor are included in the analysis, we find
that the monocytic cell component of the co-culture
explained most (84%) of the variance in CXCL10 responses,
while the epithelial cell component contributed more mod-
estly (8%). These data support the concept that phenotypic/
functional features of monocytic cells influence the magni-
tude of CXCL10 elaboration by epithelial–monocytic cell
co-cultures following HRV challenge.

Effect of conditioned medium on CXCL10 production by
epithelial and monocytic cell mono-cultures

To assess the nature of the cellular crosstalk responsible
for the synergistic CXCL10 response seen in co-culture, a
series of medium-transfer experiments were performed.
Conditioned medium was transferred from a mono-cul-
ture of each cell type to a mono-culture of either the same
or the other cell type to test the hypothesis that soluble
factors released by monocytic cells in response to HRV
stimulation enhance the production of CXCL10 by bron-
chial epithelial cells. Mono-cultures of primary monocytic
and epithelial cells that did not undergo medium transfer
were treated with HRV16 or control vehicle for compar-
ison with conditioned medium transfers. Strikingly,
epithelial cells incubated with medium from RV-treated
monocytic cells displayed vigorous CXCL10 production.
In comparison, considerably lower levels of CXCL10 were
produced in response to other treatments/conditions, in-
cluding (a) mono-cultures of monocytic cells or epithelial
cells following HRV16 challenge for 48 h, (b) monocytic
cells incubated with medium from HRV16-treated mono-
cytic cells or medium from HRV16-treated epithelial cells,
and (c) bronchial epithelial cells incubated with medium
from HRV16-treated epithelial cells (Fig. 3). All transfers
of conditioned medium from HRV16-treated cells induced

significantly more CXCL10 release than the medium from
control-treated cells (Po0.05 for all pairs); however, only
bronchial epithelial cells exposed to media conditioned by
HRV16-treated monocytic cells produced a robust
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Fig. 2. Examination of the variability in human rhinovirus (HRV)-
induced CXCL10 release according to cell type in co-culture. Human
monocytic cells and bronchial epithelial cells were co-cultured and
treated as described in Fig. 1. (a) CXCL10 release by epithelial–monocytic
cell co-cultures in response to control or HRV16 stimulation. Epithelial
cells from three different donors and monocytic cells from five different
donors were used to make 15 co-culture combinations, which showed
variable CXCL10 release in response to HRV16. The inset magnifies the
lower portion of the graph to show an increased CXCL10 release in
response to HRV16 for all co-cultures. (b) HRV16-induced CXCL10
results from all 15 co-cultures plotted by donor cell type to examine the
source of the variability. Control-treated CXCL10 values were subtracted
from HRV16 treated for each epithelial/monocytic cell co-culture. On the
left, results were plotted according to the monocytic cell donor, with each
boxplot indicating CXCL10 release from co-cultures of three different
epithelial cell (EC) donors with the same monocytic cell donor. On the
right, the same 15 co-culture results were plotted according to the EC
donor, with each boxplot indicating CXCL10 release from co-cultures of
five different monocytic cell donors with the same EC donor.
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response. These data support the idea that one or more
HRV-induced monocytic cell-derived soluble factors can
mediate CXCL10 release by bronchial epithelial cells.

Neutralization of the type I interferon receptor attenuates
human rhinovirus serotype-16-stimulated CXCL10 release
by epithelial–macrophage co-cultures

We reported previously that type I IFN receptor ligation
mediates HRV16-stimulated CXCL10 production by
monocytes, thereby suggesting that this process is regu-
lated by autocrine and paracrine action of type I IFNs [32].
Similarly, the present data support the idea that the
production of a soluble factor(s) by monocytic cells
following HRV exposure promotes CXCL10 release from
epithelial cells. Therefore, we tested the concept that
intermediate production of type I IFNs also regulates the
synergistic augmentation of CXCL10 by epithelial–mono-
cytic cell co-cultures following HRV16 challenge. As
shown in Fig. 4a, we observed that blocking the type I
IFN receptor by the pre-treatment of epithelial–monocytic
cell co-cultures with an anti-IFN receptor type I antibody
(anti-IFNRI) significantly suppressed HRV16-induced
CXCL10 production. Conversely, treatment with an iso-
type control antibody (IgG2ak) had no significant effect
on HRV16-induced CXCL10 release (Fig. 4a). The decrease
in CXCL10 release by epithelial–monocytic cell co-cul-
tures in the presence of anti-IFNRI did not appear to be the

result of cytotoxic effects, as the mean cell viability was
105�7% relative to the control treatment (n = 4). These
findings support the idea that HRV16-induced CXCL10
release by epithelial–monocytic cell co-cultures is
mediated by autocrine and paracrine action of type I IFNs.

Effect of a type I interferon on CXCL10 release in
monocytic cells and bronchial epithelial cells

As blockade of the type I IFN receptor largely abrogated
CXCL10 release, we examined if exposure to type I IFNs
was sufficient for the magnitude of CXCL10 release
observed in our in vitro system. Mono-cultures of
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vehicle control (HBSS10.1% BSA) or doses of the type I IFN IFN-a2b
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then incubated for 48 h at 37 1C. The dose–response was significant
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ANOVA). Data represent mean�SEM from four experiments.
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monocytic cells and bronchial epithelial cells were ex-
posed to several concentrations of recombinant human
IFN-a2b (Fig. 4b), which spanned the measured quantity
of IFN-a released by monocytes exposed to HRV16 in
vitro under serum-supplemented conditions [32]. Whereas
CXCL10 release increased for both cell types in a dose-
dependent manner, bronchial epithelial cells produced
more CXCL10 in response to IFN-a than monocytic cells
(Fig. 4b), and suggests that in our culture conditions, type
I IFNs may be present in the 0.1–1 ng/mL range as
evidenced by the magnitude of CXCL10 release. These
data support the idea that a type I IFN can induce CXCL10
production in a dose-dependent manner in monocytic
cells and bronchial epithelial cells.

Examination of human rhinovirus serotype-16-induced
release of CCL2 in bronchial epithelial and monocytic cell
cultures

Because a synergistic release of CXCL10 protein was
observed when monocytic and airway epithelial cells were
co-cultured, we hypothesized that additional HRV-sensitive
chemokines are increased when these cells are co-cultured.
In this respect, we and others have shown that monocytic
and bronchial epithelial cells release CCL2 in response to
viral exposure [29, 48], and CCL2 induction has been
reported to be dependent on the effect of type I IFNs after
viral stimulation [49]. Therefore, we examined CCL2 levels
in the culture supernatants. As shown in Fig. 5a, CCL2 was
significantly increased in monocytic–epithelial cell
co-culture over mono-culture following a HRV16 stimula-
tion. Antibody blockade of the type I IFN receptor did not,
however, significantly reduce CCL2 (Fig. 5b), suggesting
that, as opposed to CXCL10, HRV-induced CCL2 release is
not highly dependent on IFNRI ligation.

Discussion

The close proximity of macrophages and airway epithelial
cells in vivo suggests that interactions between these two
cell types may play an important role in regulating
cytokine production profiles in response to various
immunological stimuli. The present study is the first to
demonstrate that the intercellular crosstalk between iso-
lated human monocytic cells and primary HBECs has a
profound effect on HRV-induced CXCL10 elaboration, as
evidenced by the observation that monocytic/bronchial
epithelial cell co-cultures exhibit a synergistic augmenta-
tion of CXCL10 production following an in vitro HRV16
challenge. Our data indicate that a soluble factor produced
by the monocytic cell component of the co-culture, as
opposed to the epithelial cell component, significantly
influences HRV-induced CXCL10 release. Additionally,
antibody-mediated blockade of the type I IFN receptor
strongly attenuates HRV16-stimulated CXCL10 release by

epithelial–monocytic cell co-cultures. These data support
a model wherein HRV indirectly activates epithelial cells
for the release of CXCL10 protein through a monocytic
cell-dependent mechanism involving, at least in part, the
release and autocrine/paracrine action of type I IFN(s).

It is interesting to note that in our media transfer and
co-culture experiments, incubation of epithelial cells with
conditioned media from HRV16-stimulated monocytic
cells resulted in substantially more CXCL10 production
than what was produced by co-cultures following HRV16
challenge (Figs 1 and 3). Although differing epithelial cell
numbers can account for some of the response seen
(mono-culture of 5�105 epithelial cells/well for medium
transfer vs. 2.5�105 epithelial cells/well in co-culture), the
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Fig. 5. Secretion of CCL2 (MCP-1) by epithelial/monocytic cell mono and
co-cultures in response to human rhinovirus (HRV)16. (a) Bronchial
epithelial cells and monocytic cells were plated in mono or co-culture as
described in Fig. 1, and treated with vehicle control or HRV16 for 48 h.
Supernatants were analysed for the presence of CCL2 by ELISA.
(�P = 0.05). Data represent mean�SEM from three independent experi-
ments. (b) Effect of type I IFN receptor blockade on the release of CCL2.
Co-cultures were treated as described in Fig. 4a, and then examined for
CCL2 levels by ELISA after 48 h. Data are expressed as the percent of
CCL2 released from HRV16-treated cells�SEM of % treated from three
independent experiments.

�c 2010 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–11

Cooperative rhinovirus-induced CXCL10 release 7



difference in magnitude is such that other mechanisms are
likely to be involved. In a co-culture, mediators that are
rapidly metabolized (e.g. nucleotides, lipid mediators)
may inhibit CXCL10 release when in close proximity, but
may not persist in the medium transfer experiments. Cell
contact between epithelial cells and monocytic cells may
also transduce signals that suppress CXCL10 production
or release. Evidence suggests that airway epithelial cells
express membrane-associated TGF-b that continuously
inhibits alveolar macrophages in a contact-dependent
manner [50], which would be present in a co-culture, but
not in a medium transfer setting. Lung epithelial cells
have also been shown to release inhibitory soluble factors
that decrease LPS-induced inflammatory responses in
alveolar macrophages [51]. In our studies, we saw evi-
dence of an inhibitory soluble factor also, as epithelial
cell-conditioned medium that acted to suppress CXCL10
release by monocytic cells (Fig. 3: monocytic cells incu-
bated with MC-conditioned medium vs. monocytic cell
with epithelial cell-conditioned medium, Po0.03 from
HRV-stimulated cells). As the lung has been suggested to
have an immunosuppressive microenvironment [52, 53],
these observations are consistent with concurrent anti-
inflammatory responses that may occur even during an
active infection. The present studies also support the
concept that the experimental use of mono-cultures may
not fully describe the physiologically relevant responses
that occur in vivo to respiratory viruses, as intercellular
interactions can alter the observed immune response.

It is noteworthy that the present epithelial cell data
differ from previous findings with regard to the amount of
CXCL10 protein released following HRV16 challenge.
Although there was a reproducible and significant in-
crease in epithelial cell CXCL10 production in response to
HRV16 (P = 0.05), the magnitude is modest in comparison
with the levels reported previously [21, 35]. Earlier studies
have suggested that infection and viral replication in
bronchial epithelial cells are necessary for HRV-induced
mediator release by epithelial cells [20, 21]. The smaller
magnitude of chemokine release in our epithelial cell
cultures may result from a lower rate of HRV replication,
as our cultures were incubated at a higher temperature
(37 1C) than that used in other studies, and one that may
be less optimal for HRV replication in bronchial epithelial
cells [20]. Preliminary analysis of HRV RNA by qPCR also
indicates that little viral replication was occurring in our
epithelial cultures (47�106 copies of viral RNA at time
zero; 13�106 copies for epithelial cells at 24 h; and
161�106 copies in HeLa cells at 24 h as a positive control).
However, a smaller proportion of cultured cells with active
infection may be a reasonable in vitro model for the
airway, as studies have shown that only small subsets of
respiratory epithelium are HRV infected in vivo [26]. In
vitro studies using epithelial cells grown at an air/liquid
interface also indicate that differentiated epithelial cell

cultures have a lower rate of infection than traditional
submerged undifferentiated cultures, as HRV infects only
1% of cells in fully differentiated cultures [24]. Lower
CXCL10 release in our cultures was specific to HRV, as
epithelial cells cultured under the described conditions
were capable of responding robustly to stimuli such as
IFN-a, IFN-g, TNF-a, and supernatants from macrophages
exposed to HRV16 (Figs 3 and 5, and unpublished data).

Our data support the current opinion that epithelial
cells are the primary source of CXCL10 during HRV
infection, but suggest that direct viral exposure may be a
minor factor in the in vivo epithelial cytokine response. A
larger contributor may be the paracrine release of cyto-
kines from HRV-stimulated monocytic cells, allowing
uninfected epithelium to participate in the immune re-
sponse as well. These data suggest that monocytic cells are
likely to be a very important component for HRV-induced
inflammation, and one that has been not well studied.
Although monocytic cells are capable of robustly releas-
ing CXCL10 under serum-supplemented conditions, and
may be producing high levels of HRV-induced CXCL10 in
vivo, our data indicate that they would also be releasing
type I IFNs. As the density of epithelial cells is much
higher than the density of alveolar macrophages in the
airway, the cumulative amount of epithelial cell IFN-
induced CXCL10 is likely to substantially contribute to its
overall level in the airway.

A key issue in this analysis pertains to how the present
culture conditions relate to physiological conditions and
whether the amount of CXCL10 released by monocytic
cells under serum-free conditions is representative of how
much CXCL10 is released from these cells in vivo. Indeed,
our study revealed a substantial difference in the amount
of CXCL10 released by monocytic cells cultured in serum-
supplemented media and under serum-free conditions. In
this respect, although serum supplementation may reflect
certain conditions in the blood, serum-free conditions are
important to assess, because in vivo alveolar macrophages
and bronchial epithelial cells are not submerged in serum
in the airway. As such, both serum-supplemented and
serum-free culture conditions provide valuable informa-
tion in studying cellular responses to HRV, as they emulate
different physiological compartments.

Besides assessing CXCL10 production by epithelial–
monocytic cell co-culture, we also noted that CCL2 levels
were synergistically increased in co-culture following
HRV treatment (Fig. 5a), but that IFNRI blockade did not
substantially reduce CCL2 release as it did for CXCL10
release (Figs 4a and 5b). Although type I IFNs have been
implicated in CCL2 release in response to other viruses
[49], our data suggest that additional factors may be
critical for HRV-induced CCL2 release. In our system,
there is no direct evidence that epithelial cells are produ-
cing CCL2, because HRV16-induced CCL2 release from
monocytic cells alone (131�101 pg/mL, Fig. 5a) was
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similar in magnitude to levels of CCL2 measured from
epithelial cells treated with conditioned media from HRV-
treated monocytic cells (99�21 pg/mL, data not shown),
and may simply represent the CCL2 already present in the
conditioned media. We have shown previously that HRV-
induced CCL2 release by monocytes and macrophages is
increased as early as 4 h after HRV exposure [29]. In
contrast, HRV-induced CXCL10 release by mono-cultures
of human monocytic and bronchial epithelial cells is not
substantially increased until 24 h after virus addition [21,
32]. These time frames suggest that HRV-induced CCL2
release may occur via both direct and autocrine mechan-
isms, whereas CXCL10 release is significantly affected by
an HRV-induced intermediate factor that acts to augment
CXCL10 production. Our data support this idea, as CXCL10
in our cultures is produced primarily by epithelial cells
exposed to soluble factors released by HRV-treated mono-
cytic cells (Fig. 3), and CCL2 release is seen even in mono-
cultures of monocytic cells exposed to HRV16 (Fig. 5a).
CCL2 levels are increased in co-culture, however, indicat-
ing that epithelial cells may be acting on monocytic cells
to augment CCL2 release in contrast to the mechanism for
CXCL10 release in co-culture. While the differences in the
regulation of CXCL10 and CCL2 suggested by our data add
to our knowledge of HRV-induced inflammation, exam-
ination of other cytokines and their regulation will be
necessary to further our understanding of anti-viral
inflammatory pathways of the airway.

Our observations support the idea that responses to HRV
are multi-cellular and interactive. The data indicate that
epithelial–monocytic cell interactions result in a synergistic
augmentation and release of CXCL10 and CCL2 protein
following a HRV challenge, and suggest that phenotypic/
functional features of monocytic cells direct the CXCL10
synergistic response, at least in part, through the release of
soluble factors including type I IFNs. Inflammatory re-
sponses heightened by cytokine cross-talk between cells
such as those seen in our studies could be an explanation as
to how an inflammatory milieu is created in the lower
airways even in the absence of extensive viral replication
and epithelial infection, and provide a potential target for
limiting pro-inflammatory cytokine release. Further under-
standing of the multi-cellular immune response to HRV will
help in the design of new therapies to decrease rhinovirus-
induced pro-inflammatory events, in the hope of control-
ling lower airway inflammation and reducing the frequency
and severity of HRV-induced exacerbations in asthma,
cystic fibrosis, and COPD.
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