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INTRODUCTION
There are numerous studies suggesting that eosinophils are associated with asthma
exacerbations.1 In a study that compared asthma therapeutic adjustments based on the status
of airway eosinophilia versus guideline-based management, reduced rates of asthma
exacerbations were observed in the patients whose therapy was directed at the reduction of
airway eosinophilia.1 In several clinical trials using anti-IL-5 therapy for the treatment of
severe eosinophil-prominent asthma, the reduction of eosinophil levels in the airway and
blood was associated with reduced rates of asthma exacerbations.2-5 In experimentally-
induced rhinovirus (HRV) infection, baseline sputum eosinophilia was associated with
increased severity of respiratory illness.6 These findings suggest that eosinophils directly
contribute to the development and severity of exacerbations of asthma.

Viral infections, specifically HRV, are the most common cause of asthma exacerbations in
both children and adults.7, 8 A recent study demonstrated that allergic sensitization is a risk
factor for HRV-induced wheezing in children, which has been linked to the development of
asthma.9 Therefore, understanding the mechanism of association between allergic
inflammation and innate immunity in the setting of HRV infection may identify targets for
the prevention of asthma exacerbations. Type I and III interferons play a key role in the
innate immune response to viral infection. Defects in the expression of these cytokines have
been hypothesized to contribute to increased susceptibility of asthma subjects to viral
infections.10, 11
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It is now recognized that eosinophils are not simply effector cells that release toxic granule
proteins, but they also act as regulatory cells capable of influencing and often enhancing
local inflammation.12 In considering the close clinical relationship between eosinophilia and
virus-induced exacerbations, we hypothesized that eosinophils inhibit anti-viral responses of
airway cells. To test this in an in vitro model, we examined the effects of human eosinophils
on interferon expression by BEAS-2B epithelial cells in response to the toll-like receptor
(TLR)-3 ligand poly-IC and in response to HRV infection.

METHODS
Cell Purification and Culture

Eosinophils were isolated from peripheral blood obtained from human subjects who
provided written consent to participate in a University of Wisconsin Institutional Review
Board approved protocol. Subjects with severe or uncontrolled allergic disease or those
using systemic steroids were excluded. The peripheral blood was subjected to density
centrifugation and immunomagnetic bead negative selection as previously described, which
includes exposure to newborn calf serum.13 Eosinophils were >98% pure; contaminating
cells were typically neutrophils and/or lymphocytes. The BEAS-2B immortalized cell line
was cultured in serum free Bronchial Epithelial Cell Growth Medium (BEGM, Lonza,
Basel, Switzerland) at 37°C with 5%CO2 and humidified air. The BEGM was prepared
according to manufacturer instructions, which includes hydrocortisone at final concentration
of 0.5μg/mL.

For co-culture experiments, BEAS-2B cells were plated and grown on 6 well tissue culture
plates for 48 hours to ~50-70% confluence. The medium was then replaced and both 1
×106 /mL eosinophils and 25μg/mL poly-IC were added. To separate eosinophils from
BEAS-2B cells, Transwell inserts (Corning, Lowell, MA) were utilized. For the HRV
experiments, HRV1A or HRV16 stocks were prepared by purification of virus grown in
HeLa cell suspension cultures with sucrose gradients as previously described.14 The
HRV1A or HRV16 was added at a multiplicity of infection (MOI) of 5 or 20 plaque forming
units per cell (PFU/cell). For eosinophil cultures with HRV1A alone, 1×106 PFU of HRV1A
was incubated with 5×105 eosinophils with or without 0.1mM fMLP (induces degranulation)
at room temperature for 3 hours. For the recombinant TGF-β1 experiments, 0.1ng/mL
recombinant TGF-β1 (R&D Systems, Minneapolis, MN) was added. The cultures were
incubated for 24 hours at 37°C for poly-IC experiments or 34°C for virus experiments.
Supernatants were colle cted and centrifuged to remove debris. BEAS-2B cell lysate was
collected for RNA purification after rinsing plates with PBS to remove eosinophils, with
greater than approximately 95% removed.

RNA Measurements
Total RNA was isolated according to manufacturer’s instructions using an RNeasy mini kit
(Qiagen, Valencia, CA), including DNase I digestion to remove contaminating DNA. cDNA
was synthesized from 0.75 or 1.5 μg purified RNA according to the manufacturer’s
instructions using Superscript III (Invitrogen, Carlsbad, CA).

Taqman primer and probe sets for target genes (IFN-α1, IFN-β1 and IFN-λ1) and
housekeeping/reference genes (β-actin and cyclophilin A) were obtained from a commercial
source (Applied Biosystems, Foster City, CA). Samples were run in duplicate with each
reaction containing Universal Master Mix (Applied Biosystems), the primer and probe set
and cDNA for a total reaction volume of 25μl. Fluorescence was measured for each cycle
using the ABI PRISM 7500 Sequence Detection System or the Step One Plus Real-Time
PCR System (both by Applied Biosystems).
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Virus Measurements
HRV1A was incubated with eosinophils in RPMI for 3 hours at room temperature. Samples
were microfuged and supernatants collected for measurement of infectivity and viral RNA
levels. Viral infectivity was measured by a plaque-forming assay as previously described.15

Briefly, HeLa cell monolayers in 60mm plates were infected with 10-fold dilutions of
culture supernatants at room temperature for 1 hour, agar and nutrient overlays were added,
then incubated at 35°C for 3 days for plaque develo pment. Cells were fixed and stained to
quantify plaques which are expressed as PFU/mL. Viral RNA levels were measured with
quantitative polymerase chain reaction with a pan-HRV primer set using an ABI Prism 7500
(Applied Biosystems) as previously described.16, 17 The HRV1A virus quantification was
based on a standard curve of cDNA corresponding to known amount of HRV1A virions.

Protein Measurements
IFN-λ1 (IL-29) and TGF-β1 protein in culture supernatants was measured according to
manufacturer’s instructions using commercial ELISA kits (R&D Systems). Notably,
activation of latent TGF-β1 in supernatants was carried out using 1N HCL followed by
neutralization with 1.2 N NaOH/0.5 M HEPES prior to assay performance. Samples were
run in duplicate and the sensitivity ranged from 1.7-15.4 pg/mL.

Data Analysis
Statistical analyses were performed using SigmaPlot software (Systat Software, Chicago,
IL). RNA data were analyzed following log transformation. Comparisons were made using a
paired t-test or Wilcoxon sign ranked test for parametric and nonparametric data,
respectively. Statistical significance was defined as p < .05.

RESULTS
Eosinophil Donor Characteristics

As shown in Table 1, the eosinophils used for all the experiments were purified from 27
donors, 18 to 49 (mean of 32) years old (14 female). All had allergic rhinitis, 17 had a
diagnosis of asthma, and none with atopic dermatitis. The donors generally had mild
disease, mostly managed with antihistamine. Only one donor was using an inhaled steroid
controller medication. The mean eosinophil count was 203 cells/μL. Of note, different
subsets of these donors were utilized for each experiment and demographics of the
respective subsets were similar.

Effect of Eosinophils on Poly-IC Stimulation of BEAS-2B Cells
BEAS-2B cells were stimulated with poly-IC, and mRNA expression was induced for IFN-
β1 (69±44 fold, p=.02) and IFN-λ1 (690±370 fold, p<.01) (Figure 1A-B, respectively).
However, IFN-α1 expression was essentially unchanged (1.5 fold) with poly-IC stimulation
(Figure 1C). Co-culture with eosinophils, in the absence of transwells with potential for cell-
cell contact, suppressed poly-IC stimulated mRNA expression of IFN-λ1 (2.5 fold decrease,
p=.02), and a similar trend was observed for IFN-β1 (3.6 fold decrease, p=.11). Co-culture
of eosinophils did not affect the poly-IC-induced mRNA expression of IFN-α1.

To determine whether the eosinophil mediated suppression of poly-IC stimulated gene
expression from the BEAS-2B cells was due to soluble mediators or dependent on cell
contact, the co-cultures were performed in the presence of a semi-permeable membrane
(Transwell) to physically separate the cell populations. Despite the lack of cell-to-cell
contact, eosinophil mediated suppression of IFN-β1 and IFN-λ1 was evident (Online
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supplement, Figure E1). This suggests that eosinophils suppress BEAS-2B interferon
expression via a soluble mediator.

Effect of Eosinophils on HRV Infection of BEAS-2B Cells
Next, we tested for effects of eosinophils on HRV-induced interferon expression using a
minor receptor (LDLR) group, HRV1A, and major receptor (ICAM-1) group, HRV16,
virus. There was greater induction of IFN-β1 (338 fold vs 247 fold) and IFN-λ1 (2010 fold
vs 890 fold) with the use of HRV1A compared to HRV16 (Online supplement, Figure E2).
Furthermore, the eosinophil-mediated suppression of their expression was observed with
two different concentrations of virus (multiplicities of infection (MOI) = 5 and 20 PFU/cell);
however, it was more pronounced at the higher concentration. Therefore, we chose to
perform further experiments with HRV1A at an MOI of 20 PFU/cell, which is consistent
with our previous studies.18, 19

Similarly, as shown in Figure 2A-C, HRV1A infection of BEAS-2B cells also induced both
IFN-β1 (304±133 fold) and IFN-λ1 (1890±630 fold). Co-culture with eosinophils
suppressed HRV-1A-induced IFN-β1 mRNA (53±20 fold, p<.01) and IFN-λ1 mRNA
(380±160 fold, p<.01) compared to responses of epithelial cell monocultures. IFN-α1 was
also examined; however, its expression was not greatly induced (3 fold) and there was no
significant effect upon co-culture with eosinophils. To determine whether the changes in
gene expression corresponded to changes in protein production, IFN-λ1 and IFN-β secretion
was examined. Infection of BEAS-2B with HRV1A induced IFN-λ1 protein secretion
(89±36 pg/mL) that was suppressed by eosinophil co-culture (1.6 fold decease, p<.01,
Figure 2D). IFN-β protein levels were below the limits of detection by ELISA.

Since one role of interferons is to block virus replication, we examined whether the co-
culture of eosinophils and corresponding suppression of IFN-β1 and IFN-λ1 affected
HRV1A virus levels in infected BEAS-2B cells. There was a significant 34% increase in the
quantity of HRV1A virus RNA in infected BEAS-2B cells upon co-culture with eosinophils
(p=.04, Figure 3A).

Eosinophils Do Not Directly Affect HRV Infectivity
To determine whether eosinophils have anti-HRV activity that could diminish interferon
responses, we cultured HRV1A with resting eosinophils, or eosinophils that were treated
with fMLP to induce degranulation. The virus suspension was then re-tested for HRV1A
infectivity (Figure 3B) and HRV1A RNA levels (Figure 3C). Eosinophils had no significant
effects on HRV infectivity. Furthermore, we confirmed that EDN was released and there
was increased RNase activity in the culture supernatants with eosinophils (Figure E3).

Role of TGF-β1 in Eosinophil-mediated Suppression of Interferon Expression
To determine whether TGF-β could suppress IFN-β1 and IFN-λ1 mRNA expression in our
system, recombinant TGF-β1 was added to BEAS-2B cells infected with HRV1A for 24
hours (Figure 4A). TGF-β1 had no effect on IFN-β1mRNA, but significantly suppressed
IFN-λ1 mRNA (65% decrease).

We next tested whether eosinophils induced BEAS-2B cells to produce TGF-β, and whether
this induction was enhanced with HRV infection. As shown in Figure 4B, BEAS-2B cells
secreted similar amounts of TGF-β with or without HRV infection (67±8 pg/mL vs 60±9 pg/
mL). Co-culture with eosinophils increased TGF-β1 secretion either with HRV1A infection
(60±9 pg/mL to 110±17 pg/mL, p<.01) or without HRV1A infection (67±8 pg/mL to
113±18 pg/mL, p=.01).
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DISCUSSION
Our study examined the effects of eosinophils on the expression of interferons from
BEAS-2B epithelial cells. We demonstrated that eosinophils can suppress poly-IC and
HRV-stimulated expression of IFN-β1 and IFN-λ1 from BEAS-2B cells, without
requirement for cell-cell contact. Consequently, eosinophil co-culture increased HRV
replication in BEAS-2B cells. The diminished expression of IFN-β1 and IFN-λ1 is therefore
not attributable to eosinophils directly inhibiting HRV infectivity. Rather, our studies
suggest that eosinophil secretion of TGF-β1, and perhaps other eosinophil-derived
mediators, can suppress virus-induced interferon responses in epithelial cells.

It has been proposed that reduced interferon responses may contribute to virus-induced
exacerbations of asthma,20 and that asthma may be associated with a deficiency in type I and
type III interferons.10, 11 Other studies, however, have not found asthma-related differences
in interferons.18 TGF-β can inhibit the expression of IFN-α and IFN-β from HRV infected
fibroblasts.21 A recent study also demonstrated TGF-β inhibition of IFN-β and IFN-λ.22

Our data suggest that TGF-β1 production by airway eosinophils in asthma could provide
another mechanism for in vivo deficiency in type I and III interferons. Reduced interferon
responses could in turn lead to increased viral replication, more extensive lower airway virus
infection and inflammation, and increased likelihood of airway obstruction and an
exacerbation of symptoms in patients with asthma. Although we were only able to detect the
decrease in IFN-λ1 protein, it is possible a similar reduction is occurring with IFN-β, which
is typically expressed at lower levels than IFN-λ.22

Eosinophils have anti-viral effects under some circumstances.23-26 For example, the
eosinophil granule proteins eosinophil-derived neurotoxin (EDN) and eosinophil cationic
protein (ECP) exhibit ribonuclease activity which can diminish the infectivity of respiratory
syncytial virus (RSV).26 It has been shown that activated eosinophils express ICAM-1
which can bind HRV16 and subsequently present HRV antigens to T-cells.27 Thus,
eosinophils could simply sequester HRV and prevent their interaction with the co-cultured
BEAS-2B cells. In addition, eosinophil granule protein ribonuclease activity caused
decreased infectivity of respiratory syncytial virus (RSV).26 However, whether EDN and
ECP ribonuclease activities can diminish infectivity of HRV had not previously been
examined. We were not able to detect any antiviral effects in vitro in either activated or
resting eosinophils.

Eosinophils secreted TGF-β1 and/or stimulated epithelial secretion of additional TGF-β1 at
about the same level regardless of the presence of HRV. In our experiments, we did not
prime or pre-activate the eosinophils. In an allergic airway, the airway eosinophils are likely
primed or activated resulting in an increased capacity to release TGF-β. Since the
stimulation of eosinophils by cytokines, including IL-3, IL-4, and IL-5, can increase TGF-β
release,28 we speculate more dramatic suppression of IFN-λ1 may occur in vivo.

Most studies of virus-induced inflammatory responses utilize monocultures of epithelial
cells, mononuclear cells, or granulocytes which do not reflect cell-cell interactions that
occur in vivo. We describe an in vitro co-culture system that can be used as a model to
examine cell-cell interactions that occur in patients with allergic asthma during HRV
infections. A limitation of this study was the use of the BEAS-2B cell line instead of
primary epithelial cells. However, BEAS-2B cells have been useful as a model system,
particularly in the study of HRV-induced signaling.29-31 In fact, our findings are in general
agreement with a recent study showing that TGF-β mediated suppression of both IFN-λ and
IFN-β in primary bronchial epithelial cells.22 Another limitation of in vitro co-culture
studies is reliance on reagents that may be important for one cell but have consequences for
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the other cell type. For example, serum-free media was used for co-cultures which is
important to maintain the epithelial phenotype and prevent transition to fibroblasts;
however, serum is also typically important for long-term survival and function of
eosinophils. Similarly, hydrocortisone was included in the co-culture media for the epithelial
cells, but can also affect eosinophil survival and function. We did confirm than the lack of
serum and inclusion of hydrocortisone did not affect eosinophil survival; however, it
remains possible that there are effects on eosinophil function.

The eosinophil has been postulated to be a regulator of local immunity and/or remodeling/
repair, also referred to as the “LIAR” hypothesis.12 With respect to this hypothesis, we and
others have previously shown that human eosinophils are capable of enhancing cytokine
secretion from activated T-cells.27, 32-34 Our results suggest that eosinophil secretion of
cytokines, such as TGF-β, and other eosinophil-dependent mechanisms regulate virus-
induced interferon responses, and thereby affect virus replication and clearance of virus. As
shown in Figure 5, eosinophils may release TGF-β due to HRV stimulation or signaling
from epithelial cells. TGF-β is also released from epithelial cells and this may be further
increased by signaling from eosinophils. The net increase in TGF-β and potentially other
mediators from eosinophils suppress the expression of IFN-β and IFN-λ. The decreased
levels of interferons enable greater virus replication, which in turn can stimulate increased
inflammatory responses leading to more severe HRV illnesses in patients with airway
eosinophilia. This may, in part, explain the clinical observations of lower asthma
exacerbation risk upon reduction of airway eosinophils by inhaled corticosteroids or
mepolizumab.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of eosinophil co-culture on IFN and cytokine expression of poly-IC stimulated
BEAS-2B cells. BEAS-2B cells were cultured for 24 hours with or without poly-IC 25μg/
mL and eosinophils (EOS) as indicated. RNA was extracted from the BEAS-2B cells
attached to the culture plate. Quantitative PCR results are presented as fold inductions of
unstimulated BEAS-2B cells for the following genes: A, IFN-β1 (n=7); B, IFN-λ1 (n=8);
and C, IFN-α1 (n=8). Fold-inductions of mRNA are shown with box plots with the median
(solid line) and mean (dashed line) values. Error bars represent the 5-95th percentile. P
values for statistical comparisons are shown.
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Figure 2.
Effect of eosinophil co-culture on IFN expression of HRV1A infected BEAS-2B cells.
BEAS-2B cells were infected with HRV1A at 20 PFU/cell for 24 hours with or without
eosinophils (EOS) as indicated. RNA was extracted from the BEAS-2B cells attached to the
culture plate. Quantitative PCR results are presented for A, IFN-β1, B, IFN-λ1 and C, IFN-
α1 as fold inductions of unstimulated BEAS-2B cells (n=11). Fold-inductions of mRNA are
shown with box plots with the median (solid line) and mean (dashed line) values. Error bars
represent the 5-95th percentile. Percentage expression is shown as the means with error bars
representing the standard error of the mean. D, BEAS-2B cells were infected with HRV1A
at 20 PFU/cell for 24 hours with or without eosinophils (EOS) as indicated. Supernatants
were collected and ELISA results for IFN-λ protein are shown as the means with error bars
representing the standard error of the mean. P values for statistical comparisons are shown.
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Figure 3.
Effect of eosinophil co-culture on HRV1A. A, BEAS-2B cells were infected with HRV1A at
20 PFU/cell for 24 hours with or without eosinophils (EOS) as indicated. RNA was
extracted from the BEAS-2B cells and RT-PCR performed for viral RNA levels with a
standard curve to determine HRV1A RNA levels (PFU equivalents) per μg of cellular RNA.
Median HRV1A RNA levels are shown as horizontal bars. P value for statistical comparison
is shown. Supernatants were collected for analyses of B, plaque forming units (PFU), and C,
copies of HRV RNA from cultures of HRV1A (MOI 1), eosinophils (EOS, 1×106 cells/mL),
and fMLP (0.1 mM) as indicated incubated for 3 hours.
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Figure 4.
Effect of recombinant TGF-β1 and levels of TGF-β1 upon co-culture with eosinophils. A,
BEAS-2B cells were infected with HRV1A at 20 PFU/cell for 24 hours with or without
0.1ng/mL of recombinant TGF-β1. Quantitative PCR results for IFN-β1 and IFN-λ1 (n=3)
are shown as fold inductions of unstimulated BEAS-2B cells presented as box plots, with
solid line as the median and dashed line as the mean. P values for statistical comparisons are
shown. B, BEAS-2B cells were untreated or infected with HRV1A at an MOI of 20 PFU/
cell for 24 hours with or without eosinophils (EOS) as indicated. ELISA results for the
culture supernatants are shown as the mean of TGF-β1 (n=9), with error bars representing
the standard error of the mean. P values for statistical comparisons are shown.
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Figure 5.
Schematic of proposed eosinophil regulatory activity. Epithelial cells are shown being
infected by HRV in the presence of eosinophils. The eosinophil release of TGF-β along with
epithelial cell endogenous TGF-β is shown to suppress the epithelial expression of IFN-β
and IFN-λ, which enables increased virus replication that could lead to more severe
inflammation and asthma symptoms. The dashed line between HRV and eosinophil
represents a possible activation of eosinophils directly by HRV. The dashed lines between
the eosinophil and epithelial cells represent possible release of unidentified mediators from
epithelial cells to regulate eosinophil function and release of unidentified mediators from
eosinophils to further regulate epithelial cell activity.
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Table 1

Eosinophil Donor Characteristics

Characteristic Values

Total Donors 27

Age 32 (range 18 to 49)

Sex

 Male 13 (48%)

 Female 14 (52%)

Allergy Diagnoses

 Allergic Rhinitis 27 (100%)

 Asthma 17 (63%)

 Atopic Dermatitis 0 (0%)

Allergy Medications*

 Antihistamine 17 (77%)

 Nasal corticosteroid 2 (9%)

 Leukotriene modifier 1 (4%)

 Inhaled corticosteroid 1 (4%)

Peripheral Eosinophil Count (cells/μL) 203 (range 53 to 546)

*
Medication data not available for 5 of the donors.
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