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Virus-induced eosinophil mediator release requires antigen-
presenting and CD41 T cells
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Background: The most frequent trigger of asthma exacerbation
is infection with common airway viruses; however, the precise
mechanism regulating such severe reactions is not understood.
The presence of airway eosinophil products is a unique feature
detected in asthmatic airways. Using an animal model, we
previously demonstrated that T cells play an important role in
regulating an eosinophil-dependant pathway of virus-induced
airway hyperreactivity. We hypothesize that human eosinophils
respond to viruses, although only after interaction with T cells.
Objectives: We sought to determine whether eosinophils can
respond to airway viruses in vitro and determine the mechanism
of response.
Methods: An in vitro coculture model of human eosinophils,
antigen-presenting cells, and T cells was used with
parainfluenza virus, respiratory syncytial virus, or rhinovirus.
We measured release of eosinophil peroxidase (EPO) in concert
with T-cell proliferation, cytokine release, and changes in T-cell
phenotype.
Results: The viruses induced release of EPO when coincubated
in the presence of antigen-presenting cells (dendritic cells or
macrophages) and T cells. Virus-mediated release was
associated with proliferation of CD31CD41 T cells and release
of cytokines. UV inactivation of the virus did not prevent virus-
induced EPO release or T-cell proliferation. Proliferating CD41

T cells show increased expression of CD25 and CD45RO. CD81

T cells were not activated.
Conclusion: Virus-induced EPO release can occur in the context
of antigen presentation to CD41 T cells. (J Allergy Clin
Immunol nnnn;nnn:nnn-nnn.)
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Asthma exacerbation is a deterioration in lung function that can
result in hospitalization and even death. The most common trigger
for exacerbation is infection by one of the common cold-like
viruses.1,2 Why patients with asthma have such severe reactions
to viruses is not understood. The degree of airway obstruction
before infection does not fully predict an asthma attack.3 Atopy
is a strong risk factor predicting hospitalization caused by virus
infections.4,5 Airway eosinophilia and the presence of major basic
protein during exacerbations is well established,6,7 and thus mon-
itoring sputum eosinophils can prevent impending exacerba-
tion.8,9 The prevention and treatment of asthma exacerbation
relies on the use of corticosteroid therapy,10,11 for which eosino-
phils are particularly sensitive.12,13

Viral infections typically cause an influx of neutrophils into the
airway with interferon-producing mononuclear cells.14,15 The
ability to generate airway neutrophilia8 and clear virus infection
is similar between asthmatic and nonasthmatic patients.16,17

Thus the unique feature of viral infections in asthmatic patients
is the presence of airway eosinophils. In atopic individuals exper-
imental rhinovirus (RV) infection increases the recruitment of
eosinophils to the airways after antigen challenge18 and causes in-
creased airway reactivity compared with that seen in nonallergic
individuals.19 Furthermore, biopsy specimens of the lower air-
ways of asthmatic subjects show increased eosinophil numbers
after RV infection that persist even into convalescence.20 RV
infection of atopic individuals causes airway eosinophilia and air-
way hyperreactivity (AHR), but nonatopic patients show only
mild lower airway narrowing and inflammation without eosino-
philia.21 During naturally acquired viral infection, children with
asthma show increases in eosinophils and major basic protein in
their airway secretions.22 Whether eosinophils are responding
specifically to the virus or what the precise regulatory pathway
or pathways for this response might be remains unknown.

In animal models of allergen sensitization before virus infec-
tion, we and others have demonstrated that eosinophils together
with T cells play a critical role in the development of virus-
induced AHR.23-25 To extend our previous in vivo observations,
we adapted an allergen-based in vitro coculture model to study
the interaction of human eosinophils with common airway virus
infections. We hypothesized that eosinophils respond to virus
infection with release of mediators in the presence of T cells.
Although we considered that T cells might recognize viruses
directly, the model was designed to also study virus antigen
presentation to T cells.

In this report we demonstrate a novel in vitro system to study
virus-induced eosinophil mediator release, which occurs in
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LT: L
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laque-forming unit
PI3: P
hosphoinositide 3
PIV: P
arainfluenza virus type 1
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espiratory syncytial virus
RV: R
hinovirus
response to virus infection, but only through interaction with
activated CD251CD45RO1 T cells and antigen-presenting cells
(APCs). Understanding the mechanism of virus-induced mediator
release from eosinophils in vitro has implications for the manage-
ment of virus-induced asthma exacerbations and might explain
why asthmatic patients respond so poorly to infection with com-
mon cold viruses.
METHODS
A complete version of these methods is available in the Methods section of

the Online Repository at www.jacionline.org.
Lymphocyte isolation
Blood was purified from adults after obtaining written informed consent, as

approved by the faculty’s health research ethics board. After erythrocyte

sedimentation, the supernatant was centrifuged in Ficoll (Pharmacia Biotech,

Uppsala, Sweden). Mononuclear cells were collected and incubated in 6-well

plates (12 3 106 cells/well in RPMI plus 10% FBS for 2 hours at 378C). Non-

adherent cells were run through a nylon wool column to enrich for T cells

(>95% purity by means of FACS) and stored at 2808C (FBS with 10%

dimethyl sulfoxide).
Macrophage/dendritic cell preparation
Adherent cells (>95% pure by means of FACS) were cultured in 6-well

plates with either GM-CSF (40 ng/mL) or GM-CSF plus IL-4 (8 ng/mL) for 7

days (378C).
Eosinophil isolation
Purified eosinophils (>99%) were obtained by means of negative immu-

nomagnetic selection with a mix of CD16-, CD14-, and CD3-coated beads.26
Coculturing of T cells, macrophages/dendritic

cells, and virus
Lymphocytes were placed in aliquots in 96-well plates (2 3 105 cells/well).

Autologous macrophages or dendritic cells (DCs) were added (5 3 103 cells/

well). The plates containing individual cell types (T cells, macrophages, and

DCs alone) or in combination (T cells plus either macrophages or DCs)

were incubated overnight. To this was added either parainfluenza virus type

1 (PIV; ATCC, Sendai virus, 1:1000 dilution of 106 mol/L tissue culture infec-

tious dose50 (TCID50) grown in CMK cells with LHC8 media, Bioscience),

respiratory syncytial virus (RSV; ATCC, strain A2, 1:1000 of 6.5 3 106 pla-

que-forming units [PFU] grown in Hep-2 cells with RPMI), RV-16 (1:1000

of 1 3 106 TCID50 U/mL, generously provided by Dr David Proud,27 Univer-

sity of Calgary), lymphocytic choriomeningitis virus (LCMV; strain
Armstrong, 1:5 of 5 3 105 PFU/mL grown in BHK-21 cells with RPMI), or

sham materials. Some experiments used UV-inactivated PIV.

Virus-induced eosinophil mediator release

in coculture
After 6 days, eosinophils (2 3 105 cells/well) were added to wells over-

night. Lysine-coated cyanogen bromide–coupled Sepharose beads (PharMin-

gen, San Diego, Calif) were added (for 2 hours at 378C) to improve eosinophil

mediator release.28 Some eosinophils were preincubated with the phosphoin-

ositide 3 (PI3)-kinase inhibitor wortmannin (Sigma-Aldrich, St Louis, Mo).

Measurement of eosinophil peroxidase and

leukotriene release
Purified human eosinophil peroxidase (EPO; a generous gift from Dr G. J.

Gleich, University of Utah) served as the standard, allowing calculation of

EPO. o-Phenylenediamine was the peroxidase substrate (optical density, 490

nm).26 For cysteinyl leukotriene (Cys-LT) release, cell-free supernatants were

assayed by means of ELISA (Cysteinyl-Leukotriene EIA Assay Kit; Cayman

Chemical, Ann Arbor, Mich).

Virus-induced T-cell proliferation assay by means

of tritiated thymidine incorporation
DCs and macrophages were irradiated (2000 rad) before incubation with

lymphocytes. After 6 days, with or without virus, tritiated thymidine (1 mCi/

well) was added for 24 hours before harvesting cells for radioactivity measure-

ments (in counts per minute). PHA (5 mg/mL) served as a positive control.

Measurement of cytokines in supernatant

of coculture
IFN-g, IL-5, IL-13, and GM-CSF were measured in supernatants by means

of ELISA (eBioscience, San Diego, Calif).

Surface marker expression by means of

flow cytometry
T cells were measured for CD3 (peridinin-chlorophyll-protein), CD4

(Alexa488), CD8 (R-phycoerythrin [rPE]), CD25 (APC), and CD45RO

(rPE) expression; DCs and macrophages for HLA-DR and CD11c expression

(BD Biosciences, Mississauga, Ontario, Canada); and CD31CD41CD251

cells for FoxP3 expression (in permeabilized cells, eBioscience). Confirma-

tion of RSV uptake by DCs was performed by using the mouse anti-RSV G

protein MAB858 (Chemicon International, Temecula, Calif). Flow cytometry

was performed with a BD FACSCanto Flow Cytometer (BD Biosciences), and

analysis was performed with WinMDI 2.8 software.

Statistical analysis
Data are expressed as means 6 SEMs, except for cytokine release, which

was shown as the range of individual values with the median. Comparisons of

EPO release, tritiated thymidine incorporation, and expression of CD25 and

CD45RO were performed by means of ANOVA (Statview 5.0; SAS Institute,

Inc, Cary, NC). Mann-Whitney analysis was used for cytokine and leukotriene

(LT) data. A P value of less than .05 was considered statistically significant.

Linear correlation between optical density and EPO molarity was performed

with Microplate Manager Software (Bio-Rad, Hercules, Calif).
RESULTS

PIV induces release of EPO from eosinophils

cocultured with T cells and APCs
EPO release was measured in wells containing various com-

binations of cultured cells in the presence or absence of PIV.

http://www.jacionline.org


FIG 1. PIV induces EPO release and T-cell proliferation when incubated with APCs. A, Adding PIV to cultures

of T cells with macrophages or DCs induced EPO release (n 5 36, black bars, P < .0001). UV inactivation did

not prevent EPO release (n 5 3, P < .05). B, T-cell proliferation was observed only with PIV, macrophages, or

DCs (black bars, n 5 19). T-cell proliferation with DCs was greater than that with macrophages (P < .0001).

PHA served as a positive control (netted bar, n 5 24).
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Eosinophils released a negligible but consistent background
amount of EPO (10.8 nmol/L; Fig 1, A). Adding PIV to eosino-
phils alone (8.8 nmol/L) did not induce EPO release greater
than baseline release. Eosinophils cultured individually with T
cells, macrophages, or DCs with or without PIV did not release
EPO (8.6, 13.1, and 10.8 nmol/L, respectively). In the absence
of PIV, eosinophils in combination with T cells and APCs, either
macrophages or DCs, did not release EPO (10.9 and 11.6 nmol/L,
respectively). The addition of virus to this final combination of T
cells with macrophages or DCs induced EPO release from eosin-
ophils that was significantly greater than that seen in the nonvirus
controls (23.2 and 25.9 nmol/L, respectively; P < .0001 each). Vi-
rus replication did not appear necessary for EPO release because
UV-inactivated PIV induced equal amounts of EPO release from
eosinophils incubated with T cells and APCs (macrophages, 31.1
nmol/L; DCs, 30.9 nmol/L) compared with those with active vi-
rus. Finally, some eosinophils were blocked with the PI3-kinase
inhibitor wortmannin to help determine whether the eosinophil
response was a physiologically regulated event rather than just
spontaneous necrosis. Wortmannin prevented virus-induced
EPO release from eosinophils incubated with T cells and APCs
(macrophages, 9.3 nmol/L; DCs, 10.2 nmol/L). No significant dif-
ferences in EPO measurements were detected in eosinophils pre-
treated with wortmannin in all other coculture combinations with
or without virus (data not shown). We confirmed that the effect
was not due to MHC class differences by performing experiments
with autologous eosinophils, which showed no appreciable differ-
ences from homologous cells.
PIV induces proliferation of T cells in coculture

with APCs
T cells incubated alone with PIV (1908 cpm; Fig 1, B) did not

proliferate more than cells without virus (355 cpm). In contrast, T
cells cultured with either macrophages or DCs showed prolifera-
tion in wells when virus was added (25,139 cpm [P 5 .005] and
49220 cpm, respectively). The induction of T-cell proliferation
by virus was greater in cultures with DCs than that in cultures
with macrophages (P < .0001). In addition, UV-inactivated PIV
induced similar proliferation from T cells incubated with both
macrophages and DCs compared with proliferation induced by
active virus (23,408 and 44,662 cpm, respectively).

RSV induces similar EPO release and T-cell

proliferation in coculture with APCs
We determined that eosinophil mediator release was not PIV

specific because RSV induced a similar amount of EPO release
from eosinophils incubated with T cells and APCs (macrophages,
25.2 nmol/L; DCs, 28.0 nmol/L) compared with PIV (Fig 2, A).
Here, too, EPO release was not increased above baseline values
when RSV was incubated with eosinophils alone or eosinophils
in coculture with either T cells or APCs used individually (data
not shown). RSV also induced a similar pattern of proliferation
from T cells incubated with both macrophages and DCs (Fig 2,
B). T cells incubated alone with or without RSV showed no pro-
liferation. Again, the induction of T-cell proliferation by virus
was greater in wells containing DCs than in wells containing mac-
rophages (P < .009).

Characterization of APCs by means of

flow cytometry
At the final time point of coculture experiments, we stained the

cells in the wells representing DCs and macrophages for expres-
sion of CD3, HLA-DR, and CD11c (Fig 3). Approximately 90%
of the cells were monocytes based on size, granularity, and CD11c
expression (Fig 3, A). Of the monocyte-gated population, 91% 6

3% were CD11c1 compared with their isotype control. Exposure
of DCs to PIV or RSV induced an increase in the percentage of
HLA-DR expression in the CD11c1 cells (n 5 8; Fig 3, E).

PIV, RSV, and RV induce CD251CD45RO1

expression only on CD41 T cells
We determined the phenotype of the T-cell population by

staining for CD3, CD4, and CD8 expression. Fig 4 displays
the typical flow cytometric dot plot depicting CD4 and CD25 ex-
pression in T cells alone in control media (Fig 4, A), T cells and



FIG 2. RSV induces similar EPO release and associated T-cell proliferation. A, RSV induced EPO release from

eosinophils incubated with T cells and either macrophages or DCs (black bars, n 5 4) compared with appropri-

ate controls (gray bars, n 5 4, P < .01). B, RSV induced proliferation from T cells incubated with either macro-

phages or DCs (n 5 3, P < .01). T-cell proliferation was greater in wells containing DCs than in those containing

macrophages (P < .009). PHA served as a positive control.

J ALLERGY CLIN IMMUNOL

nnn 2008

4 DAVOINE ET AL

ARTICLE IN PRESS
DCs (Fig 4, B), T cells and DCs with LPS (Fig 4, C), and T cells
and DCs with PIV (Fig 4, D). Without virus, CD31CD41 cells
alone or with DCs have low expression of the IL-2 receptor
CD25 (2.2% 6 1.1% and 5.2% 6 1.1%, respectively; Fig 4, E).
In the absence of DCs, the addition of PIV, RSV, RV, or LCMV
to T cells did not induce CD25 expression greater than that in-
duced with T cells alone (1.7% 6 0.7%, 2.3% 6 0.9%, 2.3% 6

0.4%, and 4.3% 6 2.4% for PIV, RSV, RV, and LCMV, respec-
tively). In contrast, induction of CD25 was demonstrated on
CD31CD41 cells when cocultured with DCs and virus (PIV,
16% 6 2%; RSV, 28.4% 6 5%; and RV, 7.8% 6 1.7%; P < .05
each). LCMV is a common mouse pathogen, and under normal
circumstances, human-to-human transmission is rare.29-31 Im-
mune memory was expected to be low, and in contrast to the com-
mon human viral pathogens, LCMV was unable to induce CD25
expression in CD41 T cells with DCs. As a positive control, LPS
induced robust proliferation from T cells cocultured with DCs and
stimulated expression of CD25 on both CD41 and CD81 T cells
(Fig 4, C). LPS did not induce T-cell proliferation in the absence
of an APC (data not shown). There was no change in the CD4/
CD8 ratio before or after virus infection (2.0 6 0.6, n 5 10).
CD31CD81 cells did not express CD25 after any virus infection,
even when incubated with DCs. Selective isolation of CD41 or
CD81 T cells was performed (n 5 2). Although CD41 T cells cul-
tured with DCs show upregulation of CD25 expression, the CD81

cells did not (data not shown).
As a marker of T-cell memory, CD45RO expression was

determined in all wells of T cells. Fig 5 displays the typical flow
cytometric dot plot of T cells and DCs (Fig 5, A) and T cells, DCs,
and RSV (Fig 5, B). Without virus, CD31CD41 cells alone or
with DCs have low expression of CD45RO and CD25 (3.3% 6

2.8% and 3.1% 6 1.8%, respectively; Fig 5, C). In the absence
of DCs, the addition of PIV, RSV, or RV to T cells did not induce
greater CD45RO expression than did T cells alone (1.1% 6 0.9%,
1.6% 6 1.6%, and 4.0% 6 1.9% for PIV, RSV, and RV, respec-
tively). In contrast, induction of CD45RO was increased on
CD41CD251 cells when cocultured with DCs and PIV, RSV, or
RV (13.3% 6 6.8%, 14.6% 6 3.5%, and 11.4% 6 5.2%, respec-
tively; P < .05 each) compared with control values. LCMV was
unable to induce CD45RO expression in CD41 T cells with
DCs. Incubation with PHA (positive control) induced prolifera-
tion of T cells with CD45RO expression on all CD31 T cells,
including the CD81 cells (data not shown). No significant
CD45RO was demonstrated on CD42 cells (CD81) in virus-ex-
posed conditions (ie, Fig 5, A, vs Fig 5, B; CD8 values not shown).
FoxP3 staining was performed to determine whether the CD251

cells were T regulatory in nature. FoxP3 expression was absent in
CD41CD251 cells (n 5 3, data not shown).

PIV induces the release of cytokines from T cells in

culture with APCs
Production of IFN-g, IL-5, and GM-CSF was measured in the

supernatants from the cells in coculture with or without PIV. T
cells, macrophages, or DCs incubated individually with PIV did
not release significant levels of IFN-g or GM-CSF (data not
shown). Similarly, in the absence of PIV, T cells cultured with
either macrophages or DCs showed no significant release of IFN-
g or GM-CSF compared with nonvirus levels (Fig 6, A and B). In
contrast, the addition of PIV to T cells cultured with macrophages
or DCs induced IFN-g and GM-CSF production (n 5 13, P < .001
for IFN-g and P < .001 for GM-CSF). The induction of GM-CSF
production by virus was greater in wells containing DCs than in
wells containing macrophages (P < .001). Although the trend
for IFN-g production also appeared to be greater in wells contain-
ing DCs than macrophages, this did not reach statistical signifi-
cance. Both IFN-g and GM-CSF concentrations appeared to
increase when eosinophils were added to the coculture of T cells,
virus, and DCs (n 5 20), although this did not reach statistical
significance (P 5 .2). Eosinophils cultured alone did not release
cytokines in response to virus, nor was there cytokine release
when eosinophils were added to either T cells or APCs (used in-
dividually) with or without virus (data not shown). IL-5 release
was not detected.

RV induces the release of cytokines and LTs
Production of IFN-g and IL-13 was measured in the superna-

tants from the cells in coculture with or without RV. T cells or DCs
incubated individually with or without RV showed low levels of
IFN-g or IL-13 (data not shown). Similarly, in the absence of RV,
T cells cultured with DCs showed low levels of IFN-g or IL-13
(Fig 6, C and D). In contrast, the addition of RV to T cells cultured
with DCs induced IFN-g and IL-13 production, although given
the low sample size, this only reached statistical significance for



FIG 3. Virus-induced CD11c and HLA-DR expression on DCs. A, Representative forward-scatter (FSC) and

side-scatter (SSC) plots of DCs and T cells in coculture. B, Isotype control for HLA-DR (APC) and CD11c

(PE). C and D, Typical flow cytometric dot plot depicting HLA-DR and CD11c expression on DCs in control

condition (Fig 3, C) versus virus-inoculated media (Fig 3, D). E, Results of 8 experiments show increased

HLA-DR and CD11c double-positive DCs after incubation with RSV (P < .01). CTRL, Control.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

DAVOINE ET AL 5

ARTICLE IN PRESS
IFN-g (n 5 3 each). LT release was measured in wells containing
various combinations of cultured cells in the presence or absence
of RV (Fig 6, E). Similar to the EPO data, eosinophils released a
consistently low background amount of LT, which was not in-
creased by the addition of RV alone or T cells, DCs, or a combi-
nation thereof without virus (data not show). In contrast, RV did
induce LT release from eosinophils cultured with T cells and DCs
compared with release in nonvirus wells (53.8 6 5.1 vs 10.7 6

1.6 pg/mL, respectively; P 5 .004).
DISCUSSION
The experiments in this report were designed to determine

whether human eosinophils release their mediators in response to
airway viruses and to understand the mechanism of the response.
Our studies and those of other groups have demonstrated that
virus infection of allergen-sensitized animals induces AHR,
which is eosinophil mediated, but through a process involving
interaction with CD81 T cells.24,25 These animals do not reflect
the human experience because they had no previous exposure



FIG 4. RSV-, PIV-, and RV-treated DCs induce expression of CD25 on CD41 T cells compared with LCMV.

Typical flow cytometric dot plot: A, T cells alone in control media (T); B, T cells and DCs (TD) in control me-

dia; C, T cells and DCs with LPS (TD1LPS); D, T cells and DCs and PIV (TD-PIV). E, Mean results of indepen-

dent experiments (PIV, n 5 6; RSV, n 5 3; RV, n 5 6; LCMV, n 5 3). *P < .05.
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to the virus and thus had no immune memory. In contrast, even
young children have begun developing immune memory from
exposure to common cold viruses.32-35 Given the importance of
T cells in mediating eosinophil effector function, we designed
a virus/eosinophil coculture system with or without T cells. We
hypothesized that because our adult donors have acquired im-
mune memory, the role of APCs might also be a vital element
to consider in the model.

For immune effector cells like eosinophils or T cells to release
their mediators, there must be primary recognition of the virus.
We found no evidence of virus-induced EPO or LT release from
eosinophils. In the absence of APCs, the viruses also failed to
trigger lymphocyte activation directly, as measured based on the
lack of T-cell proliferation, CD25 expression, or cytokine release.

T cells recognize viruses after antigen presentation, either
through infected cells (MHC I–dependent fashion) or through
professional APCs, including macrophages or DCs (an MHC II–
dependent fashion). Macrophages or DCs incubated with viruses
on their own could not induce release of EPO or LT from
eosinophils. In contrast, APCs were able to facilitate EPO or LT
release from eosinophils, although only when T cells were
cocultured with virus. Eosinophil mediator release corresponded



FIG 5. RSV-, PIV-, and RV-treated DCs induce expression of CD45RO on CD251CD41 T cells compared with

LCMV. Typical flow cytometric dot plot: A, T cells with DCs alone in control media (TD); B, T cells, DCs, and

RSV (TD-RSV). C, Mean results of independent experiments (PIV, n 5 6; RSV, n 5 6; RV, n 5 4; LCMV, n 5 3).

*P < .05. PHA-treated cells served as a positive control (T-PHA).
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with induction of T-cell proliferation. Inhibition of the eosinophil
PI3-kinase signaling pathway blocked the virus-induced release
of EPO, further supporting the physiologic nature of the response
rather than simple induction of eosinophil necrosis. We also
observed release of IL-13, IFN-g, and GM-CSF, the last 2
known for influencing eosinophil viability and mediator release
in vitro.26,36,37 Whether cytokines are directly responsible for
eosinophil stimulation requires further investigation.

Lymphocyte expression of CD25 (IL-2 receptor) and CD45RO
was increased on CD41, but not CD81, T cells. In keeping with
this, we found that the ability of virus to infect and replicate
was not necessary for the induction of eosinophil mediator release
because UV-inactivated virus induced a similar amount of EPO
release and T-cell proliferation compared with active virus. These
data further highlight the importance of virus antigen presentation
in an MHC II fashion rather than an MHC I fashion. Recent work
with mice with immune memory to RSV show both CD41 and
CD81 T-cell responses.38 Likely such CD81 T cells are respond-
ing to the infected tissues (ie, epithelium). We would also expect
that memory CD81 T cells could induce eosinophil mediator re-
lease, but our in vitro model was not designed to determine this.

Although we were aware of studies showing in vitro inhibitory
effects of viruses on DC-induced T-cell proliferation,39-41 these
studies cocultured monocyte-derived DCs with allogeneic rather
than autologous T cells, as we report here. In allogeneic models T
cells have a significant degree of proliferation even before the vi-
rus is added, likely through MHC I differences. We designed our
model to study the ability of T cells to respond to virus antigen



FIG 6. Virus-induced cytokine and LT release in supernatants. PIV cocul-

tured with macrophages or DCs and T cells induced release of GM-CSF (A)

and IFN-g (B; n 5 20 each) compared with cultures without PIV (n 5 13). RV

cocultured with T cells and DCs induced IFN-g and IL-13 release compared

with non-RV cultures (C and D; n 5 3 each). After adding eosinophils, RV co-

cultured with T cells and DCs induced LT release compared with non-RV

cultures (E; n 5 5 each). Each subject’s values are shown, with the median

as the line. *P < .05.
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presentation. To support this, our DCs appeared more efficient
than macrophages in all measured parameters. Although there
was evidence of some T-cell proliferation in the absence of virus,
this did not induce significant release of cytokines or eosinophil
mediators. Similar proliferation in the absence of antigen has
been described, although the mechanism remains unclear.42

Although there are numerous common cold viruses, we
embarked on this project as a pediatric focused laboratory,
studying RSV and Sendai virus (antigenically similar to PIV43).
Both are single-stranded RNA viruses known for recurrent infec-
tion in most children and bronchiolitis or asthma exacerbation1 in
some. Either virus would be an immune stimulus for adult donor T
cells. In contrast, LCMV was used to support our notion of a lack
of immune memory in this model. Finally, we added RV for its
greater importance in asthma exacerbation.1,44
RSV plays such an important role in hospitalization for infants,
whereas RV is the leading cause in older children and adults.4,44

The strong effect that atopy plays in virus-induced hospitalization
is largely observed in children older than 3 years.4,45 Before this
age, hospitalization caused by RSV-induced wheezing illness is
similar between atopic and nonatopic children. A key factor
predicting hospitalization from RSV-induced bronchiolitis in
infants is the lower immunity to RSV.46 Thus RSV might not in-
duce bronchiolitis and hospitalization in older children or adults
because virus infectivity is better contained by immune memory.
Unlike RSVor PIV, RV is the most frequent airway virus infection
year round. RV is less cytotoxic47 and tends to present more with
upper airway symptoms. Although there are reports of RV-related
bronchiolitis,48 the infants tend to be older and have signs sug-
gestive of early asthma.4,49,50 We suggest that viruses cause hos-
pitalization in the younger child not because of their antigenicity
but for their ability to kill epithelium and obstruct the airways.
In contrast, once adequate antiviral immunity develops, virus an-
tigen is the remaining factor able to induce asthma exacerbation
in older children and adults, stimulating effector cells, such as
eosinophils.

Both asthmatic and healthy adults show similar responses to
common airway viruses in terms of frequency of infection, initial
cold symptoms, and ability to clear infection.16,17 The difference
is in the development of lower airway narrowing of greater sev-
erity and duration. Even when clinically stable, patients with
asthma exhibit increased airway eosinophilia.51 Animal and hu-
man asthma data suggest that airway eosinophils are positioned
in close proximity to parasympathetic nerves.52,53 We propose
that immune memory to an airway virus triggers eosinophils to re-
lease their biologically active mediators. As such, the underlying
common cold virus sensitivity of asthmatic patients might not
relate to abnormal perception or processing of viruses but rather
to the aberrant increase in the presence and position of secondary
effector cells (eg, eosinophils) in asthma. This would be in keep-
ing with the strong protective effect of corticosteroid therapy,54

which we are currently investigating in our model. We suggest
that the increased frequency of infection with RV and its subse-
quent eosinophilic immune response could explain why RV is
the most frequent virus associated with asthma exacerbation.44

Our report is the first to describe the regulation of virus-induced
eosinophil mediator release in the context of T cells and APCs
in vitro.

We thank Dr John Elliott for his expert comments on the design of these

experiments.

Clinical implications: The knowledge of immune regulation of
virus-induced exacerbation of asthma will expand our under-
standing of this clinically relevant occurrence.
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Culture medium and reagents
Cells were cultured in complete RPMI-1640 (Sigma-Aldrich, Oakville,

Ontario, Canada) supplemented with 2 mmol/L L-glutamine, 10% FBS, 100

U/L penicillin, and 100 mg/L streptomycin. Recombinant human IL-4 and

GM-CSF were purchased from R&D Systems (Minneapolis, Minn).

Lymphocyte isolation
Peripheral blood was purified from adult donors. Donors were excluded

if they had received oral corticosteroids in the last 6 months. The study

conformed to the Helsinki Agreement, and all subjects provided written

informed consent, as approved by the University of Alberta Health Research

Ethics Board. After red cell sedimentation in 6% dextran (T500, Sigma-

Aldrich; 30 minutes at room temperature), the leukocyte-rich supernatant was

subjected to density gradient centrifugation on Ficoll. The mononuclear cell

layer was collected and incubated in 6-well plates (12 3 106 cells/well in

RPMI–10% FBS for 2 hours at 378C in a 5% CO2 atmosphere). The nonadher-

ent cells were run through a nylon wool column to yield a T-cell suspension

(>95% purity confirmed by means of flow cytometry). The cells were counted

and stored at 2808C in FBS with 10% dimethyl sulfoxide for future use.

Macrophage/DC preparation
Remaining adherent cells in 6-well plates from the previous step were

washed with HBSS before adding GM-CSF (40 ng/mL) or both GM-CSF and

IL-4 (8 ng/mL) to mature the monocytes to macrophages or DCs, respectively.

Cells were incubated for 7 days (at 378C in a 5% CO2 atmosphere). Purity

(>95%) was confirmed by means of flow cytometry.

Eosinophil isolation
From the Ficoll step, eosinophils were purified from the granulocyte pellet

by means of negative immunomagnetic selection with a mix of CD16-, CD14-,

and CD3-coated iron beads (MACS system; Miltenyi Biotec GmbH, Bergisch

Gladbach, Germany), resulting in a highly purified population of CD162

eosinophils (>99%).E1

Coculturing of T cells, macrophages/DCs, and virus
Lymphocytes were thawed (50% to 80% recovery), washed (color-free

RPMI–10% FBS), and added to 96-well plates precoated and washed to block

nonspecific activation of eosinophils (2.5% human serum albumin for 2 hours

at 378C, 2 3 105 cells/well).E2 Macrophages or DCs (from the same lympho-

cyte donor) were added to the 96-well plates (5 3 103 cells/well). The 96-well

plates with various cell types individually (T cells alone, macrophages alone,

and DCs alone) or in combination (T cells with either macrophages or DCs)

were incubated overnight (150 mL of medium per well at 378C in a 5% CO2

atmosphere) before the addition of the viruses or their respective sham con-

trols: PIV (ATCC, Sendai virus, tissue culture infectious dose50 (TCID50) of

1 3 106 grown in CMK cells with LHC8 media, Bioscience, diluted 1:1000 in

RPMI or PIV sham 1:1000 of LHC-8 supernatant from uninfected CMK

cells), RSV (ATCC, strain A2, 6.5 3 106 PFU grown in Hep-2 cells with

RPMI and then diluted 1:1000 in RPMI or RSV sham media 1:1000 RPMI

from uninfected Hep-2 cells), RV-16 (generously provided by Dr David

Proud,E3 University of Calgary, 1 3 106 TCID50 U/mL, diluted 1:1000 in

RPMI), or LCMV (strain Armstrong, 5 3 105 PFU/mL grown in BHK-21

cells with RPMI and diluted 1:5 in RPMI). Some experiments used UV-inac-

tivated PIV (UV light for 30 minutes with inactivation confirmed by the loss

of virus-induced hemagglutination in CMK cells).

Virus-induced eosinophil mediator release

in coculture
The various combinations of cell groups with or without virus were

cultured for 6 days (at 378C in a 5% CO2 atmosphere). Eosinophils (2 3 105

cells/well) were added to the wells overnight (at 378C in a 5% CO2 atmos-

phere). Lysine-coated cyanogen bromide–coupled Sepharose beads (1:40 bead
to well volume, PharMingen) were added to the wells (2 hours at 378C in

a 5% CO2 atmosphere) with the eosinophils to improve eosinophil mediator

release, with the rationale being that eosinophils have a greater release of

EPO in response to cytokines when they adhere to cationic-charged lysine-

coated beads.E4

Measurement of EPO and LT release
As previously described,E1 purified human EPO (125 nmol/L; provided

through a generous gift from Dr G. J. Gleich, University of Utah) served

as the standard and allowed the calculation of EPO in molarity (in nano-

moles). Peroxidase substrate solution for the measurement of EPO was

prepared by adding 800 mL of 5 mmol/L o-phenylenediamine HCl

(Sigma-Aldrich) to 4 mL of 1 mol/L Tris buffer (pH 8.0) and 1.25 mL of

30% hydrogen peroxide (Sigma). Some eosinophils were preincubated

with the PI3-kinase inhibitor wortmannin (25 nmol/L for 30 minutes at

room temperature, Sigma-Aldrich). The reaction was stopped with the addi-

tion of 4 mol/L H2SO4 (2:1 sample to H2SO4) and read at a wavelength of

490 nm for optical density. The reaction is linear within this EPO concen-

tration range. Regarding Cys-LT release, 50 mL of cell-free supernatants

from each cell culture were recovered and assayed in duplicate by means

of ELISA with the Cysteinyl-Leukotriene EIA Assay Kit (Cayman Chemi-

cal), a competitive ELISA used for measuring all Cys-LTs (including LTC4,

LTD4, and LTE4). Plates were developed at room temperature and read at

415 nm for up to 90 minutes at 15-minute intervals. Best standard-curve

fit readings, usually at 90 minutes, are selected and used for determination

of Cys-LT concentrations.

Virus-induced T-cell proliferation assay by means of

tritiated thymidine incorporation
Before coculture, DCs and macrophages were irradiated (2000 rad) to

prevent their proliferation. After 6 days with virus or controls, tritiated

thymidine (1 mCi/well) was added to the wells. The next day, cells were

harvested for radioactivity measurements (in counts per minute) by using a

cell harvester (Tomtec, Hamden, Conn). The tritiated thymidine was detected

with a scintillation counter (Wallac, Milton Keynes, United Kingdom). PHA

(5 mg/mL) with T cells alone served as the positive control.

Measurement of cytokines in supernatants

of coculture
IFN-g, IL-5, IL-13, and GM-CSF were measured in supernatants by means

of ELISA as per kit protocol (eBioscience). Some plates were generously

donated by Dr P. Man (University of British Columbia, Canada).

Surface marker expression by means of

flow cytometry
After incubation, T cells were harvested and incubated with a mix of

antibodies specific for human CD3 (peridinin-chlorophyll-protein), CD4

(Alexa488), CD8 (rPE), CD25 (APC), and CD45RO (rPE). DCs and

macrophages were incubated with antibodies against HLA-DR and

CD11c. All antibodies were purchased from BD Biosciences. Intracellular

detection of FoxP3 in CD31CD41CD251 cells and confirmation of RSV

uptake by DCs was done with the mouse anti-RSV G protein MAB858

(Chemicon). Flow cytometry was performed with a BD FACSCanto Flow

Cytometer (BD Biosciences), and analysis was performed with WinMDI

2.8 software.

Statistical analysis
All data are expressed as means 6 SEM, except for cytokine release, which

was shown as the range of individual values with the median. Comparison of

EPO release, tritiated thymidine incorporation, and expression of CD25 and

CD45RO was performed by means of ANOVA (Statview 5.0; SAS Institute,

Inc). A P value of less than .05 was considered statistically significant. Given

the sample size and nongaussian distribution, Mann-Whitney analysis was

used for cytokine and LT data. Calculation of values for linear correlation
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between optical density and EPO molarity was performed with Microplate

Manager Software (Bio-Rad).
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