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Human rhinovirus proteinase 2A induces Ty1 and T{2
immunity in patients with chronic obstructive pulmonary

disease
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Background: Tobacco-related lung diseases, including chronic
obstructive pulmonary disease (COPD), are major causes of
lung-related disability and death worldwide. Acute exacerbation
of COPD (AE-COPD) is commonly associated with upper and
lower respiratory tract viral infections and can result in
respiratory failure in those with advanced lung disease.
Objective: We sought to determine the mechanism underlying
COPD exacerbation and host response to pathogen-derived factors.
Methods: Over a 24-month period, we assessed the viral causes
for upper and lower respiratory tract infections in patients with
COPD (n = 155) and control subjects (n = 103). We collected
nasal and bronchoalveolar lavage fluid and peripheral blood
under baseline and exacerbated conditions. We determined the
effect of human rhinovirus (HRV) proteinases on T-cell
activation in human subjects and mice.

Results: HRVs are isolated from nasal and lung fluid from
subjects with AE-COPD. Bronchoalveolar lavage fluid and CD4
T cells from patients with COPD exhibited a Tyl and Ty2 cell
cytokine phenotype during acute infection. HRV-encoded
proteinase 2A activated monocyte-derived dendritic cells in vitro
and induced strong Tyl and T2 immune responses from CD4
T cells. Intranasal administration of recombinant rhinovirus
proteinase 2A in mice resulted in an increase in airway
hyperreactivity, lung inflammation, and IL-4 and IFN-vy
production from CD4 T cells.

Conclusion: Our findings suggest that patients with severe
COPD show Tyl- and Ty2-biased responses during AE-COPD.
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HRV-encoded proteinase 2A, like other microbial proteinases,
could provide a Ty1- and Ty2-biasing adjuvant factor during
upper and lower respiratory tract infection in patients with
severe COPD. Alteration of the immune response to secreted
viral proteinases might contribute to worsening of dyspnea and
respiratory failure in patients with COPD. (J Allergy Clin
Immunol 2010;125:1369-78.)

Key words: Tyl/Ty2 cells, chronic obstructive pulmonary disease,
proteinase, lung inflammation

Chronic obstructive pulmonary disease (COPD) is character-
ized by irreversible reduction of maximum expiratory airflow and
is currently the fourth leading cause of death in the United States.
Worldwide, COPD is the 12th most prevalent disease and is
estimated to increase to the fifth most prevalent in the next 2
decades."? Frequent hospital and clinic-based visits for treatment
of episodic worsening of shortness of breath accounts for a large
proportion of the medical expenditures and portends a poor out-
come in patients with COPD.?

Respiratory tract infections are a leading cause of morbidity,
hospitalization, and antibiotic use in patients with chronic lung
disease, in particular COPD; however, in the past, the causative
agents responsible for respiratory failure remained obscure in
20% to 50% of cases.*® Most viral infections evoke a strong Ty;1
response, cytotoxic T-lymphocyte response, or both, which are re-
quired for efficient eradication of the organism; however, a num-
ber of respiratory viruses, including human rhinoviruses (HRVs),
have been associated with comparatively weak Ty1 immunity and
more robust Ty;2-biased allergic inflammation.”® Tyy1-biased im-
munity has previously been linked to the immunopathology of
COPD and emphysema, but whether respiratory tract viral infec-
tions exacerbate Tyl immunity or evoke an aberrant systemic or
lung-specific Ty2 response remains unclear.

A major difficulty in understanding the cause of acute exac-
erbation of COPD (AE-COPD) is the mechanism or mechanisms
by which respiratory failure occurs. Acute worsening in airway
obstruction in patients with advanced COPD is clearly linked to
an increase in the work of breathing that is reminiscent of AEs of
asthma. We and others have shown that the presence of active
proteinases in environmentally relevant allergens is critical for the
development of the allergic response and for inducing symptoms
of airway obstruction in human subjects and in experimental
asthma.” ! Indeed, neutralization of proteinases renders allergens
inactive because in the absence of proteolytic activity, allergens
do not induce requisite lung Ty2 responses.'? Previously, we
demonstrated that dendritic cells (DCs) are activated by aller-
genic proteinases to induce T2 cell differentiation."?
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Abbreviations used
AE: Acute exacerbation
BAL: Bronchoalveolar lavage
COPD: Chronic obstructive pulmonary disease
DC: Dendritic cell
GOLD: Global Initiative for Chronic Obstructive Lung Disease
HRV: Human rhinovirus
LES-COPD: Longitudinal Exacerbation Study of COPD
MoDC: Monocyte-derived dendritic cell
OVA: Chicken egg ovalbumin
PCyg0: Provocative concentration of acetylcholine in milli-
grams per gram that caused a 200% increase in airway
resistance over the baseline

In this study we investigated whether the host immune response
to rhinoviral proteinases could contribute to the immunopathol-
ogy and disease exacerbation linked to acute viral infection in
patients with COPD. We show that HRVs are linked to AE-COPD
in persons with advanced lung disease. Moreover, we demonstrate
that rhinoviral proteinase 2A, but not proteinase 3C, has potent
immunomodulatory activity on human DCs that favors production
of Tyl and Ty2 cytokines from CD4 T cells in the peripheral sys-
tem. Rhinoviral proteinase 2A further induced allergic disease in
mice when administered to the upper respiratory tract. Together,
our findings support a mechanism for AE-COPD in which protein-
ases derived from rhinovirus and potentially other viruses could
create an allergic lung immune environment that leads to airway
obstruction induced by Tyl and Ty?2 cell-derived cytokines.

METHODS
Clinical and demographic characteristic of the study

participants

The clinical and demographic characteristics of subjects are shown in Table
El, which is available in this article’s Online Repository at www.jacionline.
org. We recruited 258 subjects as part of the Longitudinal Exacerbation Study
of COPD (LES-COPD). At the time of enrollment, subjects were free of res-
piratory symptoms and had no history of antibiotic use or systemic corticoste-
roids in the past 6 weeks. Peripheral blood, nasal, and throat swab samples
were collected from subjects during the initial enrollment and at the time of
AE-COPD. COPD exacerbation was defined as a respiratory illness marked
by the presence of symptoms of rhinitis or pharyngitis and increased cough,
shortness of breath, or sputum production and/or change in sputum color in
the presence or absence of fever (temperature >37.7 °C).4 Subjects underwent
bronchoscopy when clinically stable; alternatively, patients admitted to the
Ben Taub General Hospital with a diagnosis of AE-COPD and started on ven-
tilator support underwent bronchoscopy with alveolar fluid lavage sampling,
as we have described previously.” All studies were approved by the Institu-
tional Review Board at Baylor College of Medicine, and written informed
consent was obtained from all study participants.

Detection of respiratory viruses from nasal swab

and bronchoalveolar lavage samples

Nasal and throat swab samples were collected from the LES-COPD
participants (see Table E1) at the time of entry into the study (baseline) and
during an episode of AE-COPD. We used the commercially available rapid
multiplex PCR system (Multicode-PLX System; Eragen Biosciences, Madi-
son, Wis) for the detection of 17 sets of respiratory viruses that included
HRYV, respiratory syncytial virus, parainfluenza virus, influenza virus, meta-
pneumovirus, adenovirus, coronavirus, and enterovirus, according to the man-
ufacturer’s instructions and as described previously.'* Bronchoalveolar lavage
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(BAL) fluid samples were obtained from intubated subjects admitted to the
medical intensive care unit at the Ben Taub General Hospital for an AE-
COPD, from patients with clinically stable COPD, and from control subjects,
as described previously.'?

Detection of cytokines in BAL fluid and PBMC-
derived CD4 T cells

Concentration of cytokines in the BAL fluid was detected by using an
antibody-based standard ELISA or Luminex assay. Briefly, total protein from
BAL samples was measured, and all samples were normalized to the lowest
protein concentration by using standard protein measurement assays (Pierce
BCA Protein Assay; Thermo Scientific, Waltham, Mass), and standard ELISA
(to detect CXCL9 and CXCL10), Luminex-100 (Bio-Rad Laboratories, Her-
cules, Calif), and Beadlyte multiplex assays (Millipore, Charlottesville, Va;
for cytokine detection) were used to measure supernatant concentrations of
IL-4, IL-13, IL-10, and IFN-v, according to the manufacturer’s specifications
(R&D Systems, Minneapolis, Minn, and BD Bioscience, Franklin Lakes, NJ).

For the analysis of in vitro T-cell activation, we used CD4 T-cell depleted
PBMCs (2 X 10%/well) that were irradiated (3,000 rads) and used as antigen-
presenting cells in a final volume of 200 pL and cocultured with autologous T
cells (5 X 10%) for 3 to 5 days. Supernatants were removed from each well and
stored at —80 °C for batch cytokine analysis with Luminex-100 (Bio-Rad
Laboratories).

Generation and cell-surface marker expression of

human monocyte-derived DCs

Monocyte-derived dendritic cells (MoDCs) were generated as previously
described.'® CD14" cells were positively selected from PBMCs isolated from
subjects with no evidence of AE-COPD by using anti-CD14 microbeads and
were separated with autoMACS (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). To induce DC differentiation, 2 X 10° CD14" cells were cultured in
complete medium (RPMI 1640-10% FBS) with 500 IU/mL human rGM-
CSF (R&D Systems) and 400 IU/mL human rIL-4 (R&D Systems) at 37 °C
in 5% CO, for 6 days. Nonadherent immature DCs were harvested by means
of gentle pipetting and after 2 washes with PBS, and in some experiments
MoDCs were cultured with 1 pg/mL LPS, 10 wg/mL recombinant rhinovirus
proteinase 2A or 3C, or buffer (vehicle control) for 24 hours. Surface expres-
sion of DC maturation markers (CD80, HLA-DR, and CD86) were detected
with fluorescein isothiocyanate—, phycoerythrin-, and allophycocyanin-
conjugated anti-CD80, anti-HLA-DR, and anti-CD86 mAbs, respectively
(BD Biosciences), and were analyzed with a multicolor FACSCalibur flow
cytometer (BD Biosciences) with FlowJo software, as described above.

MoDC-induced T-cell activation

Rhinoviral proteinases 2A and 3C were obtained by using recombinant
proteins, as previously described. 1617 CD4 T cells were positively selected with
anti-CD4 microbeads (Miltenyi Biotec) by using autoMACS, according to the
manufacturer’s instructions, and were cocultured with autologous MoDCs that
had been conditioned with proteinase 2A, proteinase 3C, LPS, or buffer at a
10:1 ratio for 6 days in a 96-well plate. Expanded T cells were then washed
and stimulated with immobilized anti-CD3 and anti-CD28 mAbs for 48 hours.
Culture supernatants were collected, and cytokine production was assessed by
using Beadlyte multiplex assays (Millipore, Temecula, Calif).

Murine model of rhinovirus proteinase-induced
inflammation

Wild-type (C57BL/6) mice were purchased from the Baylor Center for
Comparative Medicine facility and were kept in the Association for Assess-
ment and Accreditation of Laboratory Animal Care—accredited transgenic
animal facility at Baylor College of Medicine. All experiments were
performed in accordance with protocols approved by the Institutional Animal
Care and Use Committee at Baylor College of Medicine. Mice were given 25
wg of chicken egg ovalbumin (OVA) and 7 pg of intranasal rhinoviral
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proteinase 2A, proteinase 3C, vehicle (buffer), or PBS every 2 days for a total
of 16 days. Twenty-four hours after the last challenge, mice were anesthetized
and intubated, a tail intravenous line was started, and respiratory system
resistance was measured by using the provocative concentration of acetyl-
choline in milligrams per gram that caused a 200% increase in airway
resistance over the baseline (PC5(), as we have described previosuly.1 118 The
lungs were washed with two 1.0-mL aliquots of sterile PBS through the tra-
cheal cannula, and the BAL fluid total and differential cell counts were mea-
sured by using a standard hemocytometer and Giemsa staining of cytospin
slides. Lung-derived single cells (1 X 10 were used for ELISpot'® or were
cultured; supernatants were collected after 3 days at 37 °C in 5% CO, and
stored at —80 °C for batch analysis by using ELISA, the Bio-Rad multiplex
bead-based cytokine detection kit, or both, as previously described.'" All re-
combinant proteins, capture antibodies, and their corresponding biotin-
conjugated detection antibodies were purchased from R&D Systems and
BD Biosciences. IL-4, IL-5, IFN-y, IL-17, CXCL-10, and TNF concentrations
were measured by using Lincoplex (Millipore). Glycoproteins were measured
in lung lavage fluid, as described previously.'!

Statistical analysis

For the comparison of control and COPD BAL fluid CD4 T-cell cytokine and
chemokine concentration analysis, we used 1-way ANOVA or the Wilcoxon
matched pairs test (nonparametric and 2-tailed). For comparison of unpaired
data, the Mann-Whitney test (nonparametric and 2-tailed) was used.

RESULTS
Cause of COPD exacerbation: Detection of viral
causes

Respiratory viruses are among the most important triggers of
AE-COPD. Therefore we determined the viral causes of upper
and lower respiratory tract infections prospectively in the volun-
teers participating in the LES-COPD study. We collected nasal
and throat swab samples from our volunteers during initial
enrollment and at the time of AE-COPD (see the Methods section
for the definition of AE-COPD). Respiratory tract viral infections
were identified by using a high-throughput, multiplex-based
assay that simultaneously identifies up to 17 respiratory viruses
and subtypes (MultiCode-Plx, Eragen Biosciences). A total of 45
illness episodes in a 24-month period (including a few during
which the subject was not seen during the acute illness) were
identified. We found that, as is consistent with the observations of
others and our prior observations,*a majority of exacerbations oc-
curred in those with more advanced COPD (Global Initiative for
Chronic Obstructive Lung Disease [GOLD] class ITI-IV; 29 cases)
compared with subjects with mild COPD (GOLD class I-II; 10
cases) or no disease (control subjects; 6 cases). Samples from vol-
unteers at baseline (at the time of entry into LES-COPD) did not
yield PCR evidence of viral infection. In contrast, 13 (29%) of 45
samples collected during the return visit for AE-COPD were PCR
positive for viruses, the majority of which (10/13; 77%) were rhi-
novirus (see Table E2 available in this article’s Online Repository
at www.jacionline.org). In addition, 3 (37%) of 8 BAL fluid sam-
ples from intubated subjects with AE-COPD were positive for
respiratory tract viral infection (see Table E2). Thus common res-
piratory viruses, especially HRVs, were specifically linked to the
presence of AE-COPD.

Th1 and TH2 cytokine bias in BAL fluid in patients
with AE-COPD

Under stable disease conditions, lymphocytes extracted from
the lung parenchyma of patients with moderate-to-severe COPD
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spontaneously secrete predominant Tyl-specific cytokines and
chemokines.”® To understand the lung immune profile during
AE-COPD, we determined the cytokine profile of BAL fluid (nor-
malized for total protein concentration) of patients with COPD
under stable and exacerbated conditions and compared it with
that of control subjects (Fig 1). In contrast to findings from periph-
eral lung lymphocytes studied in vitro, we found that more than
half of the subjects in each group had no detectable IFN-+y in their
BAL fluid. Although higher concentrations of this cytokine were
detected in subjects with AE-COPD, it did not reach statistical
significance (Fig 1, A). Similarly, no differences in the concentra-
tion of IL-13 in BAL fluid were found (Fig 1, B). However, we de-
tected significantly higher concentrations of IL-4, the canonical
Ty2 cytokine, in the BAL fluid of subjects with AE-COPD,
whereas very few subjects in the other groups produced this
cytokine (Fig 1, C).

The latter finding was unexpected because we and others have
previously shown that the lung immune phenotype of subjects
with stable COPD and emphysema is highly Ty1 biased and that
T cells extracted from the lungs of patients with COPD and em-
physema specifically do not secrete IL-4.2%' Nonetheless, higher
concentrations of CXCL9 (monokine induced by gamma inter-
feron) and CXCL10 (IFN-inducible protein 10), 2 Ty1-specific
chemokines that are induced by IFN-y, were present in the
BAL fluid of subjects with AE-COPD (Fig 1, D and E). Together
these data reconcile the lack of IFN-y in BAL fluid with our pre-
vious finding that patients with COPD have a Ty 1-biased immune
response during AE-COPD, but our findings further suggest that
Tyx2 immune responses can arise in the setting of AE-COPD
and possibly influence respiratory function.

Peripheral blood CD4 T cells in patients with
AE-COPD show mixed Ty1/TH2 bias

We next determined whether the immune phenotype of
peripheral blood T cells isolated during AE-COPD was altered
when compared with those of the same subject under baseline
conditions. Spontaneous cytokine release from PBMC-derived
CD4 T cells was determined during coculture with autologous
antigen-presenting cells under 2 distinct conditions: (1) baseline
(free of respiratory symptoms) and (2) during exacerbation
episodes. To determine the CD4 T-cell immune response at the
time of respiratory tract infection, we compared cytokines at
baseline and during upper or lower respiratory tract infection in
the control group (no COPD) or exacerbation in the mild-to-
moderate (COPD class I-II) and advanced (COPD class III-IV)
disease groups, as defined by the revised GOLD criteria.** Cul-
tured CD4 T cells at baseline and at the time of upper or lower
respiratory tract infection in subjects with no COPD (control
subjects) or during AE-COPD in patients with mild-to-
moderate COPD (class I-II) showed no significant change in
the production of IFN-y and IL-13 (Fig 2, A and B), whereas
IL-10 production was significantly increased at the time of respi-
ratory tract infection in those with mild-to-moderate disease
(P = .04; Fig 2, B). Despite the lack of detectable IFN-vy in
the BAL fluid of patients with AE-COPD, PBMC-derived CD4
T cells from those with advanced lung disease (COPD class
III-IV) secreted significantly higher amounts of IFN-y and IL-
10 when compared with stable conditions (P = .04, and P =
.02, respectively; Fig 2, C). In agreement with the T2 cytokine
findings from BAL fluid analyses of patients with AE-COPD,
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FIG 1. Detection of cytokines in BAL fluid of patients with COPD. BAL fluid was collected from 3 groups,
control subjects (n = 25), patients with stable COPD (n = 18), and patients with COPD exacerbations who
required mechanical ventilation (n = 8), and were stored at —80 °C and batch analyzed with multiplex
quantitative cytokine bead assay (R&D Systems) and verified by means of quantitative ELISA for IFN-y (A),
IL-13 (B), IL-4 (C), CXCL-9 (Monokine induced by gamma interferon [MIG]; D), and CXCL-10 (IFN-inducible
protein 10; E). More than half of the subjects from each group did not show any detectable levels of IFN-y
or IL-13, but IL-4 was consistently detected in the BAL fluid of patients with COPD exacerbations. Each group
was compared with the control subjects, and statistical analysis was performed with the Mann-Whitney test.

PBMC-derived CD4 T cells during AE-COPD in patients with
COPD class III to IV secreted significantly higher amounts of
IL-13 when compared with levels seen in the same group during
stable periods (Fig 2, C; P = .04). We could not detect expres-
sion of IL-4 in any of our in vitro coculture conditions, indicating
the extremely low concentration of this cytokine under physio-
logical conditions. These findings indicate that 2 Ty2-specific
cytokines, namely IL-4 and IL-13, and a Tyl cytokine (IFN-v)
are associated with local and systemic immune responses in pa-
tients with advanced COPD who presented with upper or lower
respiratory tract infections.

Rhinovirus proteinases 2A and 3C prime MoDCs
We next sought to examine the mechanism or mechanisms
underlying the induction of Ty1 and Ty?2 cells during viral infec-
tion. We chose to study rhinovirus proteinases 2A and 3C because
of the allergenic potential of other microbial proteinases and the
established link between AE-COPD cases and rhinovirus infec-
tion.'®* Conditioned MoDCs stimulated for 24 hours in response
to rhinovirus proteinase 2A, but not proteinase 3C, resulted in sig-
nificant upregulation of MHC class II (HLA-DR) and CD86 when

compared with control (vehicle) or LPS stimulation (P = .004 and
P = .017, respectively; Fig 3, A and B). Analysis of cytokine se-
cretion under these conditions revealed a significant increase in
TNF production in MoDCs activated by proteinase 2A, but no sig-
nificant differences were found in secretion of IL-12, IL-10, and
IL-6 (Fig 3, C and D, and data not shown). These findings indicate
that viral proteinase 2A induces maturation of MoDCs and poten-
tially alters their function.

Rhinovirus proteinase 2A induces Ty1 and T2 cell
differentiation

We next determined the functional significance of rhinovirus
2A proteinase—activated MoDCs on T-cell activation. Proteinase
2A, but not proteinase 3C or LPS, activated MoDCs to induce
greater secretion of IL-13, IL-4, IFN-v, and IL-2 from cocultured
CDA4 T cells (Fig 4). These finding are in agreement with the BAL
fluid analysis of patients with AE-COPD, which showed a signif-
icant T2 immune bias in addition to a T 1 bias (Fig 1). Together,
our data suggest a mechanism by which rhinovirus proteinase 2A
induces the maturation and activation of human MoDCs and pro-
motes Tyl and Ty2 cell differentiation.
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FIG 2. Peripheral blood T-cell responses in patients with AE-COPD. CD4 T cells were isolated from PBMCs of
volunteers at baseline (free of symptoms) and during upper or lower respiratory tract infection/exacerbation
and cocultured with autologous irradiated CD1a antigen-presenting cells (1:10 ratio). Supernatants from
coculture assays were collected and stored at —80 °C and then batch analyzed with a multiplex quantitative
cytokine bead assay and verified based on quantitative cytokines. Data show individual responses at
baseline (A, control subjects: n = 4; B, patients with GOLD COPD class I-Il: n = 10; C, patients with GOLD
COPD class IlI-IV: n = 14) and the time of upper respiratory tract infection/exacerbation with ELISA for
IFN-y (top), IL-13 (middle), and IL-10 (bottom). Baseline cytokine levels in each group were compared
with exacerbation data points in the same cohort, and statistical analysis was performed with the Mann-

Whitney test.

Intranasal challenge with rhinovirus proteinase 2A
induces Ty2 responses in mice

Our data thus far point to a direct contribution of the purified
HRYV proteinase 2A in induction of the skewed Tyl and Ty2 im-
mune responses in human PBMCs. Therefore we next sought to
determine whether HRV proteinase 2A, proteinase 3C, or both
could induce physiological changes in the lung that are consistent
with a T2 response in mice. Therefore to confirm that HRV pro-
teinases 2A and 3C could induce Ty 1 immune responses, T2 im-
mune responses, or both in vivo, we administered OVA PBS, OVA
vehicle, or proteinases and OVA (OVA was used to ensure

detection of antigen-specific IgG1, a marker of T2 immunity)
to mice over a 3-week period by using a well-established model
of active proteinase-induced allergic lung disease.'""** Protein-
ases were delivered intranasally to mimic conditions likely to
be present during active HRV upper respiratory tract infection
(Fig 5, A). Compared with OVA or vehicle challenge, intranasal
challenge with proteinases 2A and 3C resulted in airway hyperre-
activity, as assessed by both an increase in respiratory system re-
sistance in response to multiple acetylcholine doses and a
decrease in the PCyqq (Fig 5, B-D, and data not shown). Rhinovi-
rus proteinase 2A further induced more robust lung inflammation,
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FIG 3. Effect of rhinovirus proteinase (2A and 3C) on DC maturation and activation. Monocytes (CD14%)
from peripheral blood of patients with COPD and healthy control subjects were cultured with GM-CSF
and IL-4 for 6 days to induce MoDCs. MoDCs were treated with indicated stimuli (buffer, rhinovirus protein-
ases 2A or 3C, or LPS) for 24 hours and analyzed for surface DC maturation marker expression and cytokine
production. Upregulation of HLA-DR (A) and CD80 (B) was measured by means of flow cytometry. Indicated
values (n = 10) in scatter plots show the mean fluorescence intensity (MFI) of expression of HLA-DR and
CD80 on DCs after treatment. Data represent means + SDs of 10 independent experiments. DC culture su-
pernatants were analyzed for the presence of TNF (C), IL-10 (D), IFN-y, and IL-12 by using the multiplex cy-
tokine assay system (undetectable levels of IFN-y and IL-12 were found). Statistical analysis was performed

with the 2-tailed Wilcoxon signed-rank test.

as assessed by both enhanced eosinophilia and neutrophilia.
Whole-lung single-cell analysis with the ELISpot technique
also showed predominant spontaneous IL-4 production from
mice challenged with rhinovirus proteinase 2A when compared
with the other treatment groups (Fig 5, C and D). Interestingly, de-
spite the more robust Ty2 response to proteinase 2A, the B-cell
response, as determined by means of detection of OVA-specific
IgG1, was present in mice treated with proteinases 2A and 3C
(Fig 5, E). Analysis of the lung lavage fluid in the same group
of mice revealed increase glycoprotein secretion in mice treated
with proteinase 2A (Fig 5, F).

To more comprehensively assess cytokine profiles elicited by
viral proteinases, lung cell cultures were established ex vivo, and
Luminex-based multiplex technology was used to quantify se-
creted cytokines from cell supernatants. These studies showed se-
lective increased secretion of the T2 cytokines (IL-4 and ILS5)
and IL-17, which were induced by rhinovirus proteinase 2A,
whereas the Tyl chemokine CXCL10 and IFN-y were induced
by both proteinase 2A and proteinase 3C stimulation (Fig 5, G-
K). Only TNF and CXCL1 were exclusively upregulated by pro-
teinase 3C (Fig 5, L, and data not shown). Thus rhinovirus protein-
ase 2A elicits secretion of Tyl and Ty2 cytokines and allergic
lung disease when administered intranasally to mice.

DISCUSSION
In this study we prospectively investigated the association
between respiratory tract viral infection and COPD exacerbation

and the likely mechanism by which common respiratory tract
viruses could induce aberrant immune responses in the lung. By
using a well-characterized cohort of former, current, or never
smokers with and without advanced lung disease, we have
previously shown that AE-COPD occurs in smokers with severe
and very severe COPD (FEV,| <50%) and that HRVs are among
the most common viral isolates linked to respiratory tract infec-
tion.”>’ In this work we show that BAL fluid from subjects
with COPD and respiratory failure shows significantly higher
concentrations of the Tyl-associated chemokines CXCL10 and
CXCL9. However, the unexpected detection of IL-4 (albeit
low), the canonical Ty2 cytokine,28 provided initial evidence
that mixed Tyl and Ty2 responses elicited by viruses might be
contributing to the respiratory failure seen in these patients.

Rhinoviral proteinase 2A further induced Ty 1 and Ty2 cell de-
velopment from naive human CD4 T cells through effects on
MoDCs and powerfully induced Tyl and Ty2 cytokines, in-
creases in neutrophil and eosinophil counts in the lung, and in-
creases in airway resistance in mice, confirming the highly
immune-altering nature of this proteinase. Together, these find-
ings suggest that proteinases produced by HRVs elicit Tyl and
Ty2 responses that might exacerbate the chronic airway obstruc-
tion that is characteristic of advanced COPD and potentially trig-
ger respiratory failure.

HRVs, members of the family Picornaviridae, are among the
most common causes of human respiratory tract infections.?
HRYV infection normally occurs by means of direct inoculation
of the virus into the ciliated epithelial cells of the upper airway,



J ALLERGY CLIN IMMUNOL
VOLUME 125, NUMBER 6

A
251 P=0.187
- v
2 20 P=0.006 v
E’ 1.5 - N
;.: 1.0 4 Las -
|
- —Aah .
054 "am T T 4.
0 o . A:A g:;; ‘:’:
Buffer 2A 3C LPS
B P=0.359
5. P=0.03 .
? n A, v’ .
D 10 1 a v
£
2 1
=| 5 L A:A ;' ‘:’.
. - :

Buffr 2A  3C  LPS

SINGH ET AL 1375

P=0.107
C -
12 . P=0.002
A v
A
A *
E 8- .
k=)
£
il L vv .
Z 4 - v
w A v
"a EITH
e e g
Buffer 2A 3C LPS
D P=0.168
20 - P=0.02 .
v
v
o= A
£
E)
£104 " A .
3 3
= A
n vy
A ve¥
i R A TR X

Buffer  2A 3C LPS

FIG 4. Analysis of Ty1 and T2 cytokine production by DC-primed CD4 T cells. MoDCs (n = 15) were treated
with proteinase 2A, proteinase 3C, LPS, or vehicle for 24 hours and washed to remove any residual cyto-
kines. Treated MoDCs were then cocultured with autologous CD4 T cells (1:10 ratio) for 6 additional days.
The expanded cells were collected and stimulated with anti-CD3/CD28 mAbs for 48 hours, and culture su-
pernatants were analyzed for the presence of IL-4 (A), IL-13 (B), IFN-y (C), and IL-2 (D) by using Luminex. Sta-
tistical analysis was performed with the 2-tailed Wilcoxon signed-rank test.

where binding to host intercellular adhesion molecule 1 (CD54)
results in the release of the single-stranded viral RNA genome
into the cytoplasm.>”**2% Ty1 immune responses are well de-
scribed as an effective host immune response to eradicate viral in-
fection.>! However, in asthmatic subjects a weak Tyl immune
response and a robust T2 immunity to rhinovirus infection has
been postulated as a mechanism to exacerbate disease in suscep-
tible asthmatic subjects.32

Although type 2 immunity has long been linked to allergic
diseases and has occasionally been associated with COPD,>*% a
consistent link between type 2 cytokines and airway obstruction
in smokers has been elusive. Moreover, type 1 immune mecha-
nisms are generally required to eradicate intracellular pathogens,
such as viruses. Indeed, pre-existing allergic inflammation has
the potential to impair requisite viral clearance mechanisms
and essentially convert respiratory viruses into self-replicating
allergens.32

Our finding that rhinoviral proteinases could powerfully induce
Tyl and Ty2 inflammation thus provides potentially critical in-
sight into the pathogenesis of both COPD exacerbation and rhino-
virus infections. It is interesting to note that although we found an
increase in IL-13 production during AE-COPD specifically in
subjects with severe and very severe COPD (GOLD class III-
IV), we found that IL-10, a cytokine that is generally inhibitory
to both Tyl and T2 immune responses, is also upregulated in
patients with AE-COPD, irrespective of disease severity. The
increase in IL-10 levels during acute inflammation/infection
might represent a natural regulatory response to limit T-cell acti-
vation after the initial viral infection. Nonetheless, by inducing
lower respiratory tract type 2 immune responses, rhinoviral pro-
teinases likely induce a second component of airway obstruction

mediated not through loss of lung structural integrity but through
the pro-obstructive effects of IL-4, IL-13, or both (ie, airway hy-
perresponsiveness and airway mucus hypersecretion).>”*® More-
over, HRVs likely gain from the immune deviation catalyzed by
their proteinases. As in asthma, the type 2 immunity induced by
viral proteinases might impair otherwise efficient type 1 immune
clearance mechanisms, leading to prolonged infection and en-
hanced spread of the micro-organism. Although this point is spec-
ulative, we propose that accelerated production of proteinase 2A
might have evolved as a strategy not to enhance the processing of
polyproteins because interference leads to a decrease in viral ti-
ter’’; however, modulation of the host immune response, which
can be maximal at much lower levels of proteinase production,
could promote disease dissemination. Although this putative vi-
rally adaptive mechanism is of little consequence to hosts with
normal respiratory function, it can unfortunately be perilous to
those with severe COPD with respiratory compromise.

Clinical studies of COPD exacerbation have shown that
inhibition of the immune response with systemic corticosteroids
is effective in reducing the length of hospitalization and shorten-
ing the duration of respiratory failure.*® These findings are consis-
tent with our observations suggesting that an aberrant Ty2
immune response superimposed on the chronic type 1 immunity
of COPD is responsible for further respiratory compromise.
Specifically, systemic or topical corticosteroids might suppress
production of IL-4 and IL-13, thereby alleviating the airway
hyperresponsiveness and mucus hyperproduction that are induced
by these Cytokines.35 Although further studies are required, corti-
costeroids can potentially promote elimination of respiratory vi-
ruses by inhibiting the aberrant allergic immune response to
secreted viral proteinases.
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FIG 5. Intranasal recombinant proteinase 2A and 3C—challenged mice show increased airway allergic phenotype. Age- and sex-matched C57/BL6 mice (n =5
in each group) were immunized intranasally with OVA and recombinant proteinase 2A, proteinase 3C, buffer, or PBS every 2 days for a total of 16 days and
24 hours after the last immunization (A), and mice were assessed for airway hyperreactivity, which is shown as dose response to acetylcholine and using
PC,00 (B), and BAL and differential cells (C). Lung-specific IL-4 and IFN-y ELISpot (D), OVA-specific IgG1 levels in serum (E), and lung lavage glycoprotein
levels (F) were determined from the same groups of mice. *P< .05 relative to PBS and buffer and **P< .05 relative to proteinase 3C, PBS, and buffer by using
1-way ANOVA and the ttest. Data represent means + SDs. Concentrations of IL-4 (G), IL-5 (H), IFN-vy (1), IL-17 (J), CXCL-10 (K), and TNF (L) were measured in
supernatants of single-cell cultures of lung cells by using Luminex. *P < .05 relative to buffer and **P < .05 relative to proteinase 3C and buffer by using 1-
way ANOVA and the ttest. Data are representative of 3 independent experiments; values shown are means + SDs.
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Our discovery of the allergenic nature of rhinovirus proteinase
2A, in addition to Ty1 responses, expands the list of highly aller-
genic proteinases of potential relevance to human respiratory tract
disease, which includes proteinases of fungal, plant, and dust mite
origin.24’39’40 However, we have recently shown that common dust
mite proteinases isolated from human environments fail to retain
the proteinase activity that is required for allergenicity.'**' There-
fore the environmental proteinases of greatest proximal relevance
to human respiratory disease might be confined to those derived
from plant and fungal sources and, as shown here, from viruses.

Interestingly, although our studies have revealed the allergenic
potential of multiple proteinases, it is also clear that not all
proteinases have equivalent allergenic potential. This is perhaps
best exemplified by rhinoviral proteinase 3C, which, relative to
proteinase 2A, demonstrated only weak allergenic activity.
Nonetheless, our findings further support the contention that
proteinases are crucial virulence factors for allergic disease
elicited by diverse organisms.?****! Superimposition of allergic
inflammation on pre-existing Tyl-based disease might be ex-
pected to compound airway obstruction through multiple nonre-
dundant mechanisms, thereby leading to clinical deterioration.
In this regard our findings of mixed Ty 1 and T2 immunity in pa-
tients with AE-COPD might indicate the role of host antigen-
presenting cells in sensing the viral proteinases that can skew
the immune response toward Ty2. The exact mechanism involved
in conditioning antigen-presenting cells toward Ty2 responses is
currently unknown and remains an intense area of investigation.

We thank all the subjects who participated in this study.

Key messages

e Patients with COPD with acute respiratory failure show
mixed Ty1l/Ty2 immune responses both locally (lungs)
and systemically (PBMCs).

o HRVs are frequent isolates from the lungs of patients with
respiratory failure.

e HRV-encoded proteinase 2A activates DCs to skew CD4

T-cell development toward the Ty1 and Ty2 poles.
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TABLE E1. Clinical and demographic information of the study participants

SINGH ET AL 1378.e1

Patients with COPD (GOLD classification)

Stage Control subjects 1 | n v
No. 103 46 55 41 13
Age (y), mean = SD 517 57 = 11 62 = 8 65 9 62 =7
Male sex, no. 32 29 48 35 10
Lung function
FEV, (%) £ SD 95 + 12 82 = 13 57 = 11* 37 £ 10* 24 + 4%
Drco (%) = SD 67 = 13 59 = 13 50 = 11* 36 = 10* 27 = 7*
Smoking status, no.
Current 56 34 28 14 5
Former 22 12 27 27 8
Never 25 0 0 0 0
PPY, mean *= SD 28 + 26 47 = 32 69 = 40 65 = 32 72 + 47
Quitting (y), mean = SD 14 = 11 14 = 12 11 = 11 10 =9 6=*5

Dico, Diffusing capacity of the lung for carbon monoxide; PPY, pack per year (number of packs smoked X number of years).
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TABLE E2. Number of respiratory tract viral infections identified
in patients with AE-COPD over a 24-month period and from
intubated patients with COPD

Virus BAL fluid (n = 8) Nasal specimen (n = 45)
Adenovirus 1 ND
Coronavirus ND
0C43 =
229E -
Influenza
Type A 1 1
Type B ND ND
Parainfluenza
Type 1 ND ND
Type 2 ND ND
Type 3 ND 1
Type 4 - ND
Picornavirus 1*
Enterovirus - ND
Rhinovirus = 10
RSV ND 01
Human metapneumovirus - ND
Total 3 13

ND, Not detected; RSV, respiratory syncytial virus; —, PCR testing not performed for
this virus.
*PCR test did not distinguish between HRV and enterovirus.
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