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Objectives. This study was conducted to determine whether patients with allergic rhinitis might be more susceptible to hu-
man rhinovirus (HRV) infection and whether the effects of infection on the elicited immune responses are different in
allergic and non-allergic patients with chronic rhinosinusitis (CRS).

Methods. Uncinate process tissues were obtained from 61 CRS patients (of whom 39 had allergies and 22 did not) and were
infected with HRV-16 using an air-liquid interface organ culture system. The expression levels of programmed cell
death-ligand (PD-L)1, PD-1.2, intracellular adhesion molecule 1, interferon-gamma (IFN-y), interleukin (IL)-4, IL-5,
and IL-10 were evaluated in the infected nasal mucosa.

Results. The HRV infection rates were not significantly different between the allergy (74.4%) and non-allergy (72.7 %)
groups. In the allergy group, the expression of PD-L1 (P=0.013) and IL-10 (P=0.040) was significantly elevated in
the HRV-infected tissues, and there was a strong correlation between PD-L1 and IL-10 (r=0.868, P<0.001). In con-
trast, infected tissues from the non-allergy group displayed increased levels of IL-4 (P=0.039), IL-5 (P=0.023), and
IFN-y (P=0.031), as well as an increased IL-4/IFN-y ratio, after HRV infection (P=0.043).

Conclusion. This study showed that HRV infection rates were similar in the nasal mucosa of patients with CRS regardless
of the presence of allergic rhinitis. HRV infection enhanced the Th2 environment by modulating PD-L1 and PD-L2
expression levels in allergic mucosa and by increasing the IL-4/IFN-y ratio in non-allergic mucosa.
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cells express intracellular adhesion molecule 1 (ICAM-1) or low-
density lipoprotein receptors, which are the sites of HRV attach-
ment. HRV induces the expression of a wide range of pleiotro-
pic cytokines, growth factors, and chemokines [1,4].

Furthermore, there are no signs of declining trends in the prev-
alence of atopic diseases in many parts of the world. It is well-
established that bacterial and viral infections exacerbate allergic
rhinitis (AR) and other atopic diseases. The interaction between
viral infections and allergies is complex, and the mechanism re-
mains unclear. However, some studies have suggested that co-
regulatory molecules and cytokines might play a role [5,6].

Viral modulation of an inhibitory molecule of the B7 family
in epithelial cells results in suppression or termination of the im-
mune response. Programmed cell death-ligand 1 (PD-L1, B7-H1,
CD274) and (PD-L2, B7-DC, CD273) belong to the B7 family
and are widely expressed on cells such as activated T cells, B
cells, monocytes, dendritic cells, and macrophages to modulate
activation or inhibition. They are also found in non-lymphoid
tissues including the airway epithelial cells, suggesting that they
may modulate local tissue T cell functions. Binding of PD-L1
and PD-L2 to their receptor, programmed cell death 1 (PD-1),
negatively regulates T cells by decreasing their proliferation and
the production of effector cytokines. In addition, PD-1 activity
is required for the termination of the late phase of allergic in-
flammation [6-9].

In macrophages, interleukin (IL)-4 induces PD-L2 more pref-
erentially than interferon-gamma (IFN-y), whereas IFN-y induc-
es PD-L1 more preferentially than IL-4, suggesting the differen-
tial mobilization of PD-L1 and PD-L2 by the Th1 and Th2 re-
sponses. Acting via a negative feedback loop, upregulation of
PD-L2 by IL-4 suppresses IL-4 production and modulates the
severity of asthma. Loss of PD-L2 in this PD-L2/IL-4 circuit re-
sults in increased IL-4 and airway hyperresponsiveness (AHR).
Similarly, enhanced PD-L1 activity inhibits IFN-y via a negative
feedback loop and increases AHR. As a result, loss of PD-L1 in
this PD-L1/IFN-y circuit results in increased IFN-y and dimin-
ished AHR [9-11].

PD-L1 binds to PD-1 and triggers IL-10 production [9,12]. IL-
10 is known to be a major anti-inflammatory cytokine with the
important function of controlling diverse immune responses,
such as preventing autoimmune and allergic inflammatory re-
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= Human rhinovirus (HRV) infection rates in the allergy (74.4%)
and non-allergy (72.7 %) groups were comparable.

= In the allergy group, HRV infection modulated programmed
cell death-ligand (PD-L)1 and PD-L2 to enhance the Th2 envi-
ronment.

= In non-allergy group, HRV infection increased the ratio of in-
terleukin-4 to interferon-gamma to induce Th2 cytokines.

sponses [13,14]. It has the ability to suppress the function of an-
tigen-presenting cells, to downregulate the function of dendritic
cells, and to prevent the development of allergen-induced air-
way inflammation and AHR. However, IL-10 also stimulates Th2
cells and mast cells and promotes B cell maturation and anti-
body production [15].

Previous studies have suggested diverse opinions about the
relationship between HRV infection and allergic reactions. Viral
infection has both positive and negative effects on the develop-
ment of airway allergies via the inhibition and enhancement of
allergic sensitization [6,10]. This study was conducted to deter-
mine the susceptibility of HRV infection and the effects of HRV
infection on the immune response in allergic and non-allergic
patients with chronic rhinosinusitis (CRS).

MATERIALS AND METHODS

Study subjects

The uncinate precess (UP) mucosal tissues were obtained from
61 patients who underwent surgical management of CRS at the
Seoul National University Hospital and Seoul National Univer-
sity Bundang Hospital, Korea. Of these, 39 patients had AR and
22 did not. Individuals, who had viral upper respiratory infec-
tion within 6 weeks and had been treated with medication, were
excluded from the study. The design of this study was approved
by the Institutional Review Board of Seoul National University
Hospital (IRB No. 1403-026-563) and Seoul National Universi-
ty Bundang Hospital (IRB No. B-1209/171-001), and all en-
rolled subjects provided written informed consent.

The demographics of the 39 AR and 22 non-AR subjects are
outlined in Table 1. The presence of allergy was confirmed by
skin prick test (Allergopharma, Reinbek, Germany) and the
presence of allergic symptoms.

Table 1. Demographics of AR and non-AR subjects

Characteristics AR (n=39) Non-AR (n=22)  P-value
Sex 0.415
Male 26 12
Female 13 10
Diagnosis 0.587
CRSsNP 25 12
CRSwWNP 14 10
Age (yr) 435441745  36.14+2068  0.142
Serum eosinophils count  314.8+£293.9 153.7+94.81 0.006*
(cellsfuL)
Serum ECP (ug/L) 2557+31.70 15.69+13.39 0.141
Serum total IgE (U/mL) 277.4+440.41 42.22+67.76  <0.001**

Values are presented as mean=standard deviation.

AR, allergic rhinitis; CRSsNP, chronic rhinosinusitis without nasal polyps;
CRSWNP, chronic rhinosinusitis with nasal polyps; ECP, eosinophil cationic
proteins; IgE, immunoglobulin E.

*P<0.01. **P<0.001.
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HRV-16 infection in organ culture

HRV-16 was purchased from the American Type Culture Collec-
tion (ATCC) and was grown in HeLa cells (ATCC) to determine
the 50% tissue culture infectious dose (TCIDso) for virus titra-
tion. In addition, by ultraviolet (UV) inactivation of HRV, we
confirmed that all HRV mediated responses were specific to the
active virus (data not shown).

The UP tissues were washed with normal saline solution to
remove the blood cells and mucus, and then incubated overnight
at 4°C in minimal essential medium supplemented with 2 mM
L-glutamine, 20 mM hydroxyethyl piperazine ethane sulfonicacid
(HEPES), penicillin (100 U/mL), streptomycin (100 pg/mL), and
amphotericin B (0.2 pg/mL; Thermo Fisher, Grand Island, NY,
USA).Tissues were cut into several pieces and placed on a multi-
cel (Kwang Woo Medix Inc., Seoul, Korea) soaked with culture
medium. The multicel, a polyvinyl acetal surgical sponge, had no
effect on the nasal tissue. In the air-liquid interface organ culture
system [16,17], the nasal tissues are in contact with the air on
the multicel, whereas the culture medium supplies nutrients to
the submucosal area of the nasal mucosa through the multicel
soaked in media. One uncinate process mucosa was cut into sev-
eral pieces that were then divided into three groups and treated
with medium (control), replication-deficient avirulent HRV16
that was exposed to UV, or HRV16 (10° TCIDso U/mL). The epi-
thelium of each tissues was supplied with medium, avirulent
HRV16, or HRV16 for 4 hours at 33°C then, the pieces were
washed six times with PBS to remove the previously applied
HRVs. To ascertain that no HRVs remained on the surface of tis-
sues, we assayed the HRVs in the sixth PBS washing solution
using semi-nested reverse transcription polymerase chain reac-
tion (RT-PCR). Next, the mucosae were transferred to a new
plate and incubated for 48 hours at 33°C.

Determination of successful HRV infection

When nasal mucosa tissues are infected with HRV, viral replica-
tion takes places inside the cells, and the HRVs are released to
the cell surface. To determine whether the tissues were infected,
we first washed the specimen with PBS to obtain the surface
fluid; then, total RNA was extracted from the surface fluid using
Trizol LS reagent (Thermo Fisher) according to the manufactur-
er’s protocol. In RT-PCR, the extracted RNA was reverse tran-
scribed and amplified using the primers OL26 (5-GCACTTCT
GTTTCCCC-3') and OL27 (5'-CGGACACCCAAAGTAG-3')
for semi-nested PCR; the RT-PCR product was amplified using
the primers OL26 and JWA-1b (5'-CATTCAGGGGCCGGAG-
GA-3’). Successful infection was confirmed by identifying a
292bp HRYV specific band [16].

PD-L1, PD-L2, and cytokine mRNA in the nasal mucosa

Total RNA was extracted and purified from the nasal mucosa
tissue using Trizol LS reagent (Thermo Fisher) according to the
manufacturer’s protocol. The extracted RNA was reverse tran-

scribed into ¢cDNA using amfiRivert Platinum cDNA synthesis
master mix (GenDEPOT, Katy, TX, USA) with a thermal cycler.
Real- time PCR was used to detect PD-L1, PD-L2, ICAM-1,
IFN-y, IL-4, IL-5, and IL-10 gene expression. The comparative
cycle of threshold method was used to demonstrate the relative
levels of the target genes.

PD-L1, PD-L2, ICAM-1, and IL-10 protein expression in the
nasal mucosa

PD-L1, PD-L2, ICAM-1, and IL-10 proteins were measured by
Western blot analysis using anti-PD-L1 (Abcam, Cambridge,
MA, USA), anti-PD-L2 (R&D systems, Minneapolis, MN, USA),
anti-ICAM-1 (Cell Signaling Technology, Danvers, MA, USA),
anti-IL-10 (Abcam), and anti-B-actin (Cell Signaling Technology)
antibodies, respectively. Western blots were visualized using Su-
per Signal West Pico Chemiluminescent Substrate (Thermo
Fisher). The quantitative analysis of signal intensity was per-
formed using Alpha View SA software (Protein simple, San Jose,
CA, USA).

Statistical analysis

Data are presented as the mean+standard error of the mean.
Differences between the allergy and non-allergy groups were
analyzed using the Mann-Whitney test, unpaired t-test or Fish-
er’s exact test. The Wilcoxon matched pairs test or the paired
t-test was used for comparisons between control and the HRV-
infected tissues. The Spearman correlation coefficient test was
used to evaluate the correlations between PD-L1 and IL-10 in
the allergy and non-allergy groups. A P-value less than 0.05 was
considered statistically significant. GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA, USA) was used for the sta-
tistical analysis and graphing.

RESULTS

HRYV infection in the allergy and non-allergy groups

Among the 22 uncinate process tissues from the non-allergy
group, 16 tissues (72.7%) showed a HRV-specific band. Of the
39 uncinate process tissues from the allergy group, 29 mucosae
(74.4%) were successfully infected with HRV. There was no sig-
nificant difference between the groups (P=1.0, Fisher’s exact
test).

Different responses to HRV infection according to the presence
or absence of AR

Expression of PD-L1 and PD-L2 in the nasal mucosa

The level of PD-L1 mRNA was significantly elevated in the
HRV-infected nasal tissue, both in the allergy group (P=0.048)
and the non-allergy group (P=0.027); however, increased ex-
pression of the PD-L1 protein was evident only in the infected
nasal tissue from the allergy group (P=0.013) (Fig. 1A). In con-
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Fig. 1. Programmed cell death-ligand (PD-L)1 and PD-L2 expression after human rhinovirus (HRV) infection in the allergy and non-allergy
groups. (A) mRNA and protein levels of PD-L1 after HRV infection (B) mRNA and protein levels of PD-L2 after HRV infection. The relative ex-
pression of MRNA was calculated based on the AACr method; the relative expression of protein represents the ratio of PD-L1 or PD-L2 to
B-actin. Values are presented as mean *standard error of the mean. *P<0.05, **£<0.001.
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Fig. 2. Intracellular adhesion molecule 1 (ICAM-1) expression after human rhinovirus (HRV) infection in the allergy and non-allergy groups.
mRNA and protein levels of ICAM-1 after HRV infection. The relative expression of MRNA was calculated based on the AACr method; the rela-
tive expression of protein represents the ratio of ICAM-1 to B-actin. Values are presented as mean =+ standard error of the mean. *£<0.05.

trast, the PD-L2 mRNA levels were not significantly differentin ~ Expression of ICAM-1 in the nasal mucosa

either group, in both the control and HRV-infected tissues (Fig. In the allergy group, ICAM-1 mRNA levels were slightly higher

1B). The HRV-infected tissue showed significantly lower in the infected tissues (P=0.022); however, ICAM-1 protein ex-

amounts of PD-L2 protein expression than the control tissue, pression did not show a statistically significant difference (Fig. 2).

both in the allergy (P=0.003) and non-allergy groups (P=0.010). In the non-allergy group, the mRNA and protein levels of
ICAM-1 were not significantly different between the control
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Fig. 3. Interleukin (IL)-4, IL-5, IL-10 and interferon (IFN) levels after human rhinovirus (HRV) infection in the allergy and non-allergy groups. (A)
IL-4 mRNA, (B) IL-5 mRNA, (C) IL-10 mRNA, (D) IFN-y mRNA levels after HRV infection. (E) Change in the IL-4/INF-y ratio after HRV infection
in each subject. The relative expression of mRNA was calculated based on the AACr method. Values are presented as the mean =+ standard

error of the mean. *P<0.05.

and HRV-infected tissues. Additionally, when comparing the al- 10

lergy and non-allergy groups, no significant difference was ob- ®

served between their mRNA and protein expression levels. 8 -

Expression of IL-4, IL-5, IL-10, and IFN-y in the nasal mucosa g é 6

HRYV infection significantly increased the level of IL-10 (P=0.040) Tg

in the allergy group, whereas in the non-allergy group, HRV in- E § 4| e Allergy
fection increased the levels of IL-4 (P=0.039), IL-5 (P=0.023) - % b Non-allergy
and IFN-y (P=0.031) (Fig. 3). The infected mucosa in the allergy B ol o e

group tended to show an increase in the level of IL-5, but, the ® °

difference was not statistically significant. Similarly, in the allergy 0 / ’ . . . .
group, the levels of IL-4 and IFN-y did not increase significantly. 1 5 3 4
When the allergy and non-allergy groups were compared, the PD-L1 mRNA

control mucosa from the allergy group showed significantly high-
er [L-4 (P=0.035) and IL-5 (P=0.043) mRNA levels than those
from the non-allergy group. In Fig. 3E, the Y-axis of the graph
represents the IL-4/INF-y ratio in HRV-infected tissue over the
IL-4/IFN-y ratio in control tissue in each subject. In the allergy
group, the IL-4/IFN-y ratio did not change significantly after HRV
infection. In contrast, in the non-allergy group, the IL-4/IFN-y
ratio significantly increased after HRV infection (P=0.043).

Association between PD-L1 and IL-10 in the nasal mucosa

We used the Spearman correlation coefficient test to evaluate
correlations in the allergy and non-allergy groups. There was a
strong correlation between PD-L1 and IL-10 in the allergy group
(r=0.868, P<0.001). In contrast, no correlation was observed in
the non-allergy group (r=-0.018, P=0.973) (Fig. 4). In the aller-

relative expression

Fig. 4. Correlation of programmed cell death-ligand (PD-L)1 and in-
terleukin (IL)-10 after human rhinovirus (HRV) infection. PD-L1 and
IL-10 mRNA levels after HRV infection in the allergy and non-allergy
groups. The relative expression was calculated as the ratio of the
expression in the infected to control tissue in each individual.

gy group, the increase in PD-L1 after HRV infection was likely

associated with an increase in IL-10.

DISCUSSION

There is limited evidence that patients with AR have upper re-
spiratory infections (common colds) more frequently than indi-
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viduals without AR. In this study, we aimed to determine whether
patients with allergies might be more susceptible to HRV infec-
tion and whether the effects of infection on the immune response
are different in allergic and non-allergic patients.

For a better understanding of the pathophysiology of HRV in-
fection, an ideal experimental model is essential. In this study,
we used an airliquid interface organ culture system that appears
to be similar to the real circumstances of HRV infection [16].
When HRVs infect the nasal epithelium, viral replication takes
place; accordingly, HRVSs are released to the cell surface, and can
then be detected in the surface fluid of the nasal mucosa [5].
Some studies have shown that patients with atopic diseases are
more vulnerable to infection, whereas other researchers have
found no such correlations [18,19]. Patients with asthma have a
higher frequency and severity of lower respiratory tract infections
than those without asthma [19]. In addition, the atopic environ-
ment is associated with an increased risk of infection; however,
the risks are affected by the type of virus, the host’s immune ge-
netics, and environmental factors [5,20,21]. In contrast, other
studies reported that patients with asthma and those with atopic
diseases did not appear to have a higher frequency and severity
or longer duration of respiratory tract infections [22,23]. Howev-
er, there is limited evidence that allergic CRS patients are more
susceptible to common colds than non-allergic CRS patients. In
our experimental results, tissues from 74.4% of allergic patients
and 72.7% of non-allergic patients were successfully infected by
HRV. Under chronic inflammatory conditions, allergic and non-
allergic subjects had a similar HRV infection rate. This result sug-
gests that an allergy itself may not increase vulnerability to HRV
infection under chronic inflammatory conditions such as CRS.

Various conditions and many molecules affect rhinovirus in-
fection, and HRV infection also regulates the expression of a
wide range of factors. To determine the response to infection in
the allergy and non-allergy groups, we investigated the levels of
PD-L1, PD-L2, ICAM-1, IL-4, IL-5, IL-10, and IFN-y in the na-
sal mucosa by real-time PCR and western blotting. Viral modula-
tion of the inhibitory molecules PD-L1 and PD-L2 in the nasal
mucosa suppresses or terminates immune responses. PD-L1 ex-
erts an inhibitory effect on type 1 immune responses, whereas
PD-L2 inhibits type 2 responses and stimulates the type 1 re-
sponse required for effective antiviral immunity [11,24,25]. In
our study, HRV infection increased PD-L1 levels in the allergy
group and decreased PD-L2 levels in both groups. This result
implies that HRV infection could enhance the Th2 environment
via the programmed cell death-ligand circuit and is related to
the weakening of the antiviral immune response in AR patients.

To compare the susceptibility and reactivity to viral infection
in the allergy and non-allergy groups, we investigated the ex-
pression of ICAM-1, the cell surface receptor for HRV. Some
studies have reported that the expression of ICAM-1 was upreg-
ulated by HRV infection [9,26]. The allergic environment increas-
es the expression of pattern-recognition receptor and ICAM-1

[26]. Our study did not reveal a difference in the ICAM-1 ex-
pression between the allergy and non-allergy groups (Fig. 2).
ICAM-1 expression was elevated in CRS, and an allergy could
enhance ICAM-1 expression, thereby inducing susceptibility to
HRYV infection [27]. Thus, in our study, pre-existing inflammation
owing to CRS could augment the increased expression of ICAM-
1, implying that any further effect on ICAM-1 by HRV infection
or allergic status would be minimal.

We identified the manner in which HRV infection affected the
levels of IL-4, IL-5, IL-10, and IFN-y in the allergy and non-al-
lergy groups. According to our results, HRV infection significant-
ly increased the expression of IL-10 in the allergy group and that
of IL-4, IL-5, and IFN-y in the non-allergy group. This does not
mean that the levels of IL-4 and IL-5 in the HRV-infected tissues
from the non-allergy group were higher than those in the tissues
from the allergy group. When the allergy and non-allergy groups
were compared, the control tissue from the allergy group showed
significantly higher mRNA levels of IL-4 and IL-5. Interestingly,
the responses to HRV infection were different between the al-
lergy and non-allergy groups. On the one hand, the IL-4/IFN-y
ratio in the non-allergy group significantly increased after HRV
infection; on the other hand, the ratio in the allergy group did
not change significantly. Our data suggest that non-allergic sub-
jects have an elevated risk of developing a Th2-biased environ-
ment after rhinovirus infection via the regulation of the Th2/Th1
balance.

When the nasal mucosa was infected with HRV, the expres-
sion of PD-L1 and IL-10 was elevated in the allergy group. Some
studies have reported results similar to ours. Viral infection in
the allergy group induced the expression of PD-L1, which is a
selective co-stimulator of IL-10 secretion in both human and
mouse T cells [12].To determine the association between PD-L1
and IL-10, we conducted the Spearman correlation coefficient
test in the allergy and non-allergy groups. A strong correlation
was found between PD-L1 and IL-10 in the allergy group (r=
0.868, P<0.001); however, no correlation was evident in the
non-allergy group (r=-0.018, P=0.973) (Fig. 4). Further studies
are needed to elucidate the manner in which allergy factors
work in the pathway underlying the PD-L1-mediated increases
in IL-10. Our study suggests that HRV infection enhances the
Th2 environment by modulating PD-L1 and PD-L2 expression
levels in allergic mucosa and by increasing the IL-4/IFN-y ratio
in non-allergic mucosa.

Our study presents data on the responses of patients with al-
lergies involving chronic inflammation to HRV infection. To as-
sess differences in the infection rate and immune responses based
on allergic status only, HRV infection should be induced in nor-
mal controls and in patients with AR rather than in patients with
CRS. Future studies should also include target groups that are
homogeneous in terms of the CRS type to account for differ-
ences in immune mechanisms according to the type of CRS. In
conclusion, this study shows that, regardless of the allergy condi-
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tion, the HRV infection rate was similar in the nasal mucosa of
patients with CRS. In addition, HRV infection of the nasal mu-
cosa from CRS patients appeared to enhance the Th2 environ-
ment by a different mechanism depending on allergic status.
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