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Abstract

Background: Wasting is known as a prominent feature of tuberculosis (TB). To monitor the disease state, markers of
metabolism and inflammation are potentially useful. We thus analyzed two major adipokines, adiponectin and leptin, and
two other metabolic markers, fetuin-A and retinol-binding protein 4 (RBP4).

Methods: The plasma levels of these markers were measured using enzyme-linked immunosorbent assays in 84 apparently
healthy individuals (=no-symptom group) and 46 patients with active pulmonary TB around the time of treatment,
including at the midpoint evaluation (= active-disease group) and compared them with body mass index (BMI), C-reactive
protein (CRP), chest radiographs and TB-antigen specific response by interferon-y release assay (IGRA).

Results: In the no-symptom group, adiponectin and leptin showed negative and positive correlation with BMI respectively.
In the active-disease group, at the time of diagnosis, leptin, fetuin-A and RBP4 levels were lower than in the no-symptom
group [adjusted means 2.01 versus 4.50 ng/ml, P<<0.0001; 185.58 versus 252.27 ug/ml, P<<0.0001; 23.88 versus 43.79 ng/ml,
P<0.0001, respectively]. High adiponectin and low leptin levels were associated with large infiltrates on chest radiographs
even after adjustment for BMI and other covariates (P=0.0033 and P=0.0020). During treatment, adiponectin levels
increased further and then decreased. Leptin levels remained low. Initial low levels of fetuin-A and RBP4 almost returned to
the normal reference range in concert with reduced CRP.

Conclusions: Our data and recent literature suggest that low fat store and underlying inflammation may regulate these
metabolic markers in TB in a different way. Decreased leptin, increased adiponectin, or this ratio may be a promising marker
for severity of the disease independent of BMI. We should further investigate pathological roles of the balance between
these adipokines.
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Introduction

Tuberculosis (I'B) is a major infectious cause of death around
the world, with most of the 1.5 million deaths per year attributable
to the disease occurring in developing countries. Negative energy
balance in chronic inflammation has been recognized as
a prominent feature of TB and one of the major obstacles to
manage the patients [1,2]. Recent emergence of drug resistant 1B
is assumed to be driven by poorly implemented drug regimens, but
malnutrition as well as HIV co-infection might worsen the
condition: Inflammatory responses evoked by infection increase
the demand for anabolic energy. leading to a synergistic vicious
circle and further deterioration of the clinical condition [3].

PLoS ONE | www.plosone.org

It is generally believed that undernourishment diminishes
protective immunity against AMycobacterium (uberculosis. [4]. A series
of animal experiments, particularly acrosol-infected guinca pig
models have demonstrated that chronic protein-energy malnutri-
tion reduces sceretion of T-helper 1 (Thl) cytokines [3]. It is
rapidly reversed with alimentary supplement, indicating a pivotal
role of nutrition, although it remains unclear what the optimal
nutritional interventions are for improving the human disease in
an cffective manner [4].

On the other hand, in many countrics today, rapid in-
dustrialization and urbanization are accompanied by changing
patterns of diet and physical activity and this results in over-
nutrition [6]. Consequently, a combination of these two unfavor-
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Table 1. Characteristics of study population.

Adipokines and Relevant Markers in Tuberculosis

no-symptom group (N=284) active-disease group (N =46) P values
Male/Ferale (n) 41/43 42/4 <0.0001
Age (yean)* 40.0 (28.1-48.6) 47.2 (34.7-55.0) 0.0064
BMI (kg/mz)* 21.8 (20.0-23.7) 183 (17.1-19.5) <0.0001
BCG history (yes/no/unknown) 33/28/23 10/3/33 <0.0001
positive/negative results of IGRA (n) 55/29 47/4* 0.0015

*Median and 25-to-75 percentiles in parenthesis are shown.
**One indeterminate case is not shown here.
doi:10.1371/journal.pone.0038703.t001

able conditions, a slow decline of infectious discases associated
with undernutrition and a rapid increase in obesity and diabetes
are a scrious double burden to public health and clinical medicine
in resource limited settings [7].

Mainly in studies carried out in industrialized countries, fat-cell-
derived hormones/cytokines designated as adipokines and rele-
vant mediators have been investigated extensively and proposed as
markers of obesity and diabetes [8]. Of these adipokines,
adiponectin is a unique insulin sensitizer with atheroprotective
role [9,10]. Plasma levels of adiponectin are inversely correlated
with body weight and visceral fat mass [11,12]. Leptin is another
major adipokine in proportion to fat stores [13,14] and onc of the
key mediators of energy metabolism [2] Even mild weight loss
induced by dietary restriction is known to reduce leptin levels [11].
These markers supposedly shift towards the opposite in lean
patients with wasting discases. However, the significance of these
metabolic markers in chronic infectious discases like I'B has not
been fully understood [2].

We have recently conducted a protecomic research and
demonstrated that plasma levels of fetuin-A and retinol-binding
protein 4 (RBP4), also closcly linked to the metabolic and
inflammatory state, were significantly lower in patients with active
pulmonary T'B than in control subjects [13]. Fetuin-A, also known
as 92-Heremans-Schmid  glycoprotein, is an abundant plasma

component of hepatic origin [16] and a negative regulator of
insulin signaling [17,18]. Elevation of plasma fetuin-A is strongly
associated with atherogenic lipid profile as well as [atty liver in
obese patients [18]. Lipid components in the liver presumably
upregulate fetuin-A  expression, which may in turn repress
adiponectin and impair adipocyte function [19,20]. Fetuin-A is
also downregulated in acute inflammation as a negative acute-
phase protein [21]. RBP4, synthesized in the liver and adipose
tissue, has recently been identified as another adipokine mvolved
in the development of insulin resistance [22]. In humans, similar to
leptin, circulating RBP4 levels are high in obesity and decreased
afler calorie-restriction induced weight loss [11,23]. RBP4 is also
known as a specific transporter protein [or retinol (vitamin A) and
can be used to assess the short-term fluctuation of nutritional states
as a rapid turnover protein [24].

Alteration of the circulating levels of these markers should be
investigated in T'B, since they are expected to provide a basis of
a critical link among nutritional status, metabolism and immunity
of the disease, and hopelully to consider efficient nutritional
interventions. In the present study, we thus measured circulating
adiponectin and leptin in addition to fetuin-A and RBP4 levels in
patients with active pulmonary TB versus apparently healthy
individuals and compared the levels with body mass index (BMI),
a simple estimate of adiposity [23] and C-reactive protein (CRP),

Table 2. Correlation of tested marker levels with BMI, CRP and IGRA values in each of the no-symptom and active-disease groups.

no-symptom group (N =284)

active-disease group (N =46)

Pearson’s r (P values)®

Pearson’s r (P values)®

by BMI by CRP by IFN-y by BMI by CRP by IFN-y
Variable (kg/m?) (ug/ml) (1U/ml)® (kg/m?) (Lg/ml) (IU/mh)®
Adiponectin (1g/ml) ~0.4530 ~0.2892 —0.2254 ~0.4421 0.1477 —0.1092
(<0.0001)* (0.0076) (0.0393) (0.0021) (0.3274) (0.4700)
Leptin (ng/ml) 04518 0.1694 0.1179 0.2771 ~0.0918 0.3568
(<0.0001)* (0.1234) (0.2855) (0.0623) (0.5442) (0.0149)
Leptin/adiponectin ratio 0.5820 0.2793 0.2067 0.4901 ~0.1633 0.2804
(<0.0001)* (0.0101) (0.0592) (0.0005)* (0.2783) (0.0591)
Fetuin-A (ug/ml) 0.0309 0.0415 0.0322 0.1243 ~0.1833 0.2402
(0.7805) (0.7079) (0.7714) (0.4105) (0.2226) (0.1078)
RBP4 (j1g/ml) 0.1605 —0.0213 0.0716 0.1535 ~0.3018 —0.0916
(0.1447) (0.8475) (0.5173) (0.3085) (0.0415) (0.5448)

TB-antigen stimulated IFN-y response

doi:10.1371/journal.pone.0038703.t002

@ PLoS ONE | www.plosone.org

®Pearson’s correlation coefficients with P values were calculated. Plasma concentrations were analyzed after logarithmic transformation.

*Statistically significant when the significance level is set as P<0.002 based on the Bonferrroni correction.
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Table 3. BMI, CRP and tested marker levels in IGRA-positive and -negative subgroups in the no-symptom group.

IGRA-negative (N=29)

IGRA-positive (N=55)

P values
marker adjusted mean® (95%Cl) adjusted mean® (95%C1) (ANCOVA)
BMI (kg/mz) 2152 (20.58-22.46) 2148 (20.74-22.22) 0.9392
CRP (ng/ml) 112 (0.60-2.08) 1.30 (0.80-2.12) 0.6663
Adiponectin (1ug/ml) 7.19 (5.67-9.11) 6.39 (5.30-7.70 ) 0.3792
Leptin (ng/ml) 4.50 (3.34-6.05) 438 (3.47-5.54) 0.8783
Leptin/adiponectin ratio 0.63 (0.40-0.97) 0.69 (0.49-0.97) 0.7080
Fetuin-A (ug/ml) 234.22 (212.40-258.29) 263.88 (244.26-285.06) 0.0333
RBP4 (ug/ml) 39.64 (32.28-48.69) 42.88 (36.45-50.43) 0.4997

transformed back to the original unit.

doi:10.1371/journal.pone.0038703.t003

a representative positive acute phase protein [26]. We further
characterized their relationship with discase severity and altera-
tions during the course of treatment.

Methods
Study design

We randomly selected and used plasma samples and de-
mographic information in 46 patients with active pulmonary TB
(=active-disease group) without treatment history as a biomarker
sub-study of a large cohort study [27]. All patients entered the
study [rom July 2007 to March 2009. Diagnosis of active
pulmonary TB was made clinically and radiologically and
confirmed bacteriologically in Hanoi Lung Hospital. A sputum
smear test showed positive results in all of the patients in the active
disease group and all of them completed anti-TB treatment
following the national standard regimen, 2 months of streptomy-
cin, isoniazid, rifampicin, and pyrazinamide followed by 6 months
of isoniazid and ethambutol (2SHRZ/6HE).

Chest radiographs were taken at the time of diagnosis and
interpreted by two readers independently in a blind manner. The
presence of cavitary lesions and the number of lung zones (zero to
six corresponding to the upper, middle, and lower fields on the

Estimated means of plasma concentrations were compared after logarithmic transformation, being adjusted for gender and age as covariates. The data shown are

No P values were statistically significant when the significance level is set as P<0.007 based on the Bonferrroni correction.

right and left sides of the lung) aflected by infiltrates were recorded
[28]. HIV status was examined before starting anti-1B treatment.
The proportion of HIV co-infection is less than 10% in this study
arca and those with HIV positive were excluded [rom the drawing
up of this sub-study.

As a reference, we also measured plasma samples derived from
84 apparently healthy men and women who may have chances of
dircct or indirect contacts with TB patients as health carc stafl
(= no-symptom group). All participants were tested for TB-antigen
specific interferon-y response by the commercially available
enzyme-linked immunosorbent assay (ELISA)-based interferon-y
rclease assay (IGRA), QuantiFERON-TB Gold In-Tube™
(Cellestis, Victoria, Australia). In the no-symptom group, IGRA-
positive individuals suspected of latent TB infection were
recommended to take chest radiography and to confirm there
were no active pulmonary lesions. Subsequently a chance of
receiving isoniazid prophylactic therapy was given. The protocol
was approved by ecthical committees of the Ministry of Health,
Viet Nam and National Center for Global Health and Medicine,
Japan respectively and written informed consent was obtained
from cach participant.

Table 4. BMI, CRP and tested marker levels in the no-symptom and active-disease groups after adjustment for gender and age.

no-symptom group (N=84)

active-disease group (N=46)

adjusted adjusted P values
marker mean® (95%Cl) mean® (95%Cl) (ANCOVA)
BMI (kg/mz) 21.68 (21.06-22.30) 17.65 (16.66-18.65) <0.0001*
CRP (ng/ml) 1.22 (0.86-1.74) 36.88 (20.94-64.94) <0.0001*
Adiponectin (ug/ml) 6.82 (5.73-8.12) 9.29 (7.02-12.30) 0.0136
Leptin (ng/ml) 4.50 (3.78-5.35) 2.01 (1.52-2.66) <0.0001*
Leptin/adiponectin 0.66 (0.50-0.88) 0.22 (0.14-0.34) <0.0001*
ratio
Fetuin-A (1g/ml) 252.27 (234.55-271.33) 185.58 (165.07-208.64) <0.0001*
RBP4 (ng/ml) 43.79 (38.09-50.34) 23.88 (19.08-29.88) <0.0001*

transformed back to the original unit.

doi:10.1371/journal.pone.0038703.t004

@ PLoS ONE | www.plosone.org

2Estimated means of plasma concentrations were compared after logarithmic transformation, being adjusted for gender and age as covariates. The data shown are

*Statistically significant when the significance level is set as P<<0.007 based on the Bonferrroni correction.
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Table 5. CRP and tested marker levels in the no-symptom and active-disease groups after adjustment for gender, age and BMI.

no-symptom group (N=84)

active-disease group (N =46)

P values
marker adjusted mean® (95%Cl) adjusted mean® (95%Cl) (ANCOVA)
CRP (ug/ml) ™ (0.77-1.60) 47.80 (25.36-90.09) <0.0001*
Adiponectin (pg/ml) 7.80 (6.63-9.19) 6.39 (4.81-8.49) 0.1671
Leptin (ng/ml) 377 (3.26-4.37) 3.28 (2.54-4.24) 0.2790
Leptin/adiponectin ratio 048 (0.38-0.61) 0.51 (0.35-0.76) 0.7704
Fetuin-A (ng/ml) 248.04 (229.95-267.57) 194.46 (170.48-221.80) 0.0004*
RBP4 (lg/ml) 42.90 (37.08-49.63) 25.27 (19.62-32.55) 0.0001*

transformed back to the original unit.

doi:10.1371/journal.pone.0038703.t005

Measurements of markers of metabolism and

inflammation

Immediately after making the diagnosis of active TB discase,
heparinized blood samples were drawn for IGRA before starting
anti-1'B treatment (0 month) and the remaining plasma without
mixing any stimulants was reserved in a —80°C freezer until
measurement. Samples were collected twice again, after the initial
phase of treatment (2 months) and at the end of treatment (7
months) in the active discase group. This study was originally
intended to identify a varicty of biomarkers associated with T'B
phenotypes [15] and the participants were not obliged to keep
fasting. The blood was collected in the daytime between 8 am and
4 pm at the outpatient clinic to avoid interference in dosing
schedule of anti-1TB drugs.

The AssayMax Human C-Reactive Protein ELISA kit was used
for detection of human c-reactive protein (CRP) in plasma
(Assaypro LLC. St. Charles, MO, USA). The minimum detectable
dose was less than 0.25 ng/ml. The Quantikine® Human Total
Adiponectin/Acrp30 Immunoassay kit was used to detect total
(low, middle and high molecular weight) human adiponectin in
plasma (R&D Systems, Inc.; Minneapolis, MN, USA). The mean

gender and age.

2Estimated means of plasma concentrations were compared after logarithmic transformation, being adjusted for gender, age and BMI as covariates. The data shown are

*Statistically significant when the significance level is set as P<0.008 based on the Bonferrroni correction.

minimum detectable dose was 0.246 ng/ml. The Quantikine®
Human Leptin Immunoassay kit was used to detect human leptin
in plasma (R&D Systems, Inc.). The mean minimum detectable
dose was 7.8 pg/ml. The AHSG ELISA kit was used to detect
fetuin-A m  plasma (BioVender Laboratory Medicine Inc;
Modrice, Czech Republic). The detection limit was 0.35 ng/ml.
A competitive ELISA for quantitative determination of RBP4 in
human plasma was also applied (AdipoGen Inc.; Scoul, Korea)
and the detection limit was 1 ng/ml. All were performed
according to the manufacturer’s instructions. Dillerences in
measured concentrations between EDTA plasma samples as
reference and these heparin samples were within a range of
variation generally accepted in ELISA (coeflicient of variance
<15%) (data not shown)

Statistical analysis

Plasma protein levels were served for subsequent statistical
analysis after logarithmic transformation of the measurcments to
minimize distortion of the data distribution. Means of de-
mographic data between two groups were compared by analysis
of variance (ANOVA) alfter testing for cqual variances and

Table 6. BMI, CRP and tested marker levels in patients with small and large infiltrates on chest radiographs after adjustment for

small infiltrates® (N=22)

large infiltrates® (N =23)

marker adjusted mean® (95%Cl) adjusted mean® (95%Cl) Pvalues (ANCOVA)
BMI (kg/mz) 18.73 (16.74-20.71) 18.11 (15.95-20.27) 0.3065

CRP (ug/ml) 26.14 (12.63-54.10) 35.92 (16.29-79.21) 0.1520

Adiponectin (iLg/ml) 10.28 (5.38-19.66) 18.83 (9.31-38.11) 0.0033*

Leptin (ng/ml) 242 (1.64-3.57) 1.65 (1.08-2.52) 0.0020*
Leptin/adiponectin ratio  0.24 (0.11-0.52) 0.09 (0.04-0.21) 0.0002*

Fetuin-A (ug/ml) 201.97: (149.87-272.18) 184.68 (133.52-255.46) 03222

RBP4 (pg/ml) 36.14 (21.76-60.03) 31.56 (18.17-54.79) 0.3770

IFN-y (IU/mD)® 11.04 (2.13-57.16) 5.80 (0.97-34.82) 0.2039

transformed back to the original unit.
“TB-antigen stimulated IFN-y response

doi:10.1371/journal.pone.0038703.t006

@ PLoS ONE | www.plosone.org

2Small infiltrates = less than 3 of 6 zones in the lung affected, large infiltrates=3 or more than 3 of 6 zones affected
PEstimated means of plasma concentrations were compared after logarithmic transformation, being adjusted for gender and age as covariates. The data shown are

*Statistically significant when the significance level is set as P<0.006 based on the Bonferrroni correction.
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proportions between two groups were compared by the chi-
squared test. Since it is well known that levels of adipokines such as
leptin arc influenced by gender and age, measurements of protein
markers in any two groups were compared by analysis of
covariance (ANCOVA) to allow for the covariates. The relation-
ship between markers and other parameters were assessed by
Overall alterations of the
measurements at three time points were initially analyzed by
repeated-measures ANOVA and only when statistically significant,
post-hoc comparisons were proceeded to: Difference of values
between two time points was assessed by the paired-T test, under

Pecarson’s correlatdon cocllicients.

Table 7. CRP and tested marker levels in patients with small and large infiltrates on chest radiographs after adjustment for gender,
age and BML.
small infiltrates® (N=22) large infiltrates® (N =23)
marker adjusted mean® (95%Cl) adjusted mean” (95%Cl) Pvalues (ANCOVA)
CRP (ug/ml) 26.59 (12.78-55.28) 35.50 (16.02-78.63) 0.1991
Adiponectin (jlg/ml) 10.84 (6.01-19.53) 18.15 (9.57-34.40) 0.0061*
Leptin (ng/ml) 237 (1.63-3.47) 1.67 (1.11-2.52) 0.0040%
Leptin/adiponectin ratio 0,22 (0.11-0.44) 0.09 (0.04-0.20) 0.0002*
Fetuin-A (Lg/ml) 200.77 (148.59-271.28) 185.46 (133.74-257.18) 0.3886
RBP4 (ug/ml) 35.69 (21.43-59.46) 31.83 (18.29-55.42) 0.4626
IFN-v (IU/ml) 11.41 (2.17-59.90) 5.68 (0.94-34.53) 0.1760
2Small infiltrates = less than 3 of 6 zones in the lung affected, large infiltrates =3 or more than 3 of 6 zones affected
®Estimated means of plasma concentrations were compared after logarithmic transformation, being adjusted for gender, age and BMI as covariates. The data shown are
transformed back to the original unit.
“TB-antigen stimulated IFN-y response
*Statistically significant when the significance level is set as P<<0.007 based on the Bonferrroni correction.
doi:10.1371/journal.pone.0038703.t007

normal approximation based on the central limit thecorem. P
values<<0.05 were considered to be statistically significant in
general. When the Bonlerroni correction was applied, however,
a level of statistical significance was set as 0.05/n (n = the number
of comparisons). Statistical analysis was performed using Stata

version 11 (StataCorp, College Station, TX, USA).
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Figure 1. CRP and tested marker levels in patients with active TB before (0 month), during (2 months) and at the end (7 months) of
anti-TB treatment (N =46). Vertical bars with diamonds on the left side (M and F) indicate reference values, means = SEM of the values in men
(N=41) and women (N =43) of the no-symptom group. A horizontal bar indicates the grand mean of the values in each condition. * indicates P<0.05
by paired comparison between 0 month and 2 months. When significant, 2 months and 7 months were also compared.

doi:10.1371/journal.pone.0038703.g001
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Results

Characteristics of study population

The no-symptom group consisted of 84 apparently healthy
individuals, whose blood samples were used to obtain the standard
values of markers in the study population. This group includes an
approximately cqual number of men and women with median age
ol 40, and more than half of the individuals had latent TB
infection diagnosed by the IGRA method (Table 1). The active-
disease group members were 46 patients with smear-positive active
pulmonary TB. The majority of the patients were male with low
body mass index (BMI<18.5 kg/m?) and the median age was 47,
slightly older than in the non-symptom group.

Correlation of adiponectin, leptin, fetuin-A and RBP4
levels with BMI, CRP and IGRA values in the no-symptom
and active-disease groups

Clorrelation coeflicients (7} were calculated in the no-symptom
and active-cliscase groups respectively (Table 2). Adiponectin and
leptin  showed negative and positive corrclations with BMI
respectively in the no-symptom group (r=—0.4530, P<0.0001;
r=0.4518, P<0.0001). Leptin/adiponectin ratio showed a positive
correlation with BMI in the active-ciscase group (r=0.4901,
P=0.0005) as well as in the no-symptom group (r=0.5820,
P<0.0001). These correlations were statistically significant even
afler Bonferroni correction for multiple comparisons. The other
possible correlations including a pair of leptin and TB-antigen
stimulated IFN-y response did not reach significant levels in this
study, when Bonferroni correction was applied.

Pairwise correlations between four tested markers

Pairwise correlation coeflicients (1) between four tested meta-
bolic markers were further calculated in the no-symptom and
active-discasc  groups respectively  (Table SI). A significant
correlation was found only between fetuin-A and RBP4 levels
(r=0.4007, P=0.0038) in the active discase group.

Adiponectin, leptin, fetuin-A and RBP4 levels with IGRA-
positive and -negative subgroups in the no-symptom
group

1IGRA-positive values higher than the cutofl value, 0.35 1U/ml
are regarded as latent TB infection after active discase is ruled out.
We thus categorized the no-symptom group into IGRA-positive
and -negative subgroups and compared plasma concentrations of
the above markers. However, none of the marker levels including
fetuin-A were significantly different between IGRA-positive and -
negative subgroups after adjustment for gender and age, when
considering the number of comparisons (Lable 3).

Adiponectin, leptin, fetuin-A and RBP4 levels in the no-
symptom and active-disease groups

The active-disease group had significantly low BMI and very
high CRP levels at the time of diagnosis, when assessed by using
ANCOVA with adjusted means (Table 4). In the disease group,
leptin, leptin/adiponcctin ratio, fetuin-A and RBP4 levels were
remarkably lower than in the no-symptom group (£<0.0001
respectively) afler adjustment for gender and age and these
differences were statistically significant cven after Bonferroni
correction (Table 4).

Since BMI was strongly correlated with some of the adipokine
values as shown in Table 2, we further analyzed levels of the four
markers after adjustment for BMI as well as gender and age.
Consequently, adiponectin and leptin levels were not significantly

PLoS ONE | www.plosone.org
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different between the two groups any more, whereas {etuin-A and
RBP4 levels remained significant (£=0.0004 and P=0.0001)
(Table 3)

Adiponectin, leptin, fetuin-A and RBP4 levels in patients
with mild and severe disease

At the time of diagnosis, severity of the discase was assessed by
spread of infiltrates on chest radiographs (Table 6). Small
mfiltrates affecting less than 3 of the 6 lung zones and large ones
aflecting more, categorized the patients into two subgroups
(=mild and severe disease) half-and-half.

After adjustment for gender and age, adiponectin levels were
higher and leptin levels were lower in patients with large infiltrates
than in those with small mfltrates (£=0.0033 and P=0.0020).
Interestingly, differences in the levels of these two adipokines
between small and large mfiltrates were significant respectively
(P=0.0061 and P=0.0040), even after adjustment [or BMI as well
as gender and age (Table 7). Leptin/adiponectin ratio was lower,
or adiponectin/leptin ratio was higher, in patients with large
infiltrates than in those with small infiltrates independent of BMI
(P=0.0002). None of the markers were associated with the
presence of cavity on the chest radiographs (data not shown).

Adiponectin, leptin, fetuin-A and RBP4 levels in patients
with active TB before, during and at the end of anti-TB
treatment

Figure 1 shows plasma values at the time points before (0
month), during (2 months) and at the end (7 months) of anti-1'B
treatment. Mean values in men (N =41) and women (N =43) of
the no-symptom group arc shown as a reference, in which gender
difference was observed in leptin levels and leptin/adiponectin
ratio (£<0.0001).

Overall differences of the measurements during anti-1B
treatment in all of these four markers were statistically significant
by repeated-measures ANOVA  (P<0.01). Post-hoc analysis
showed that adiponectin levels inereased transiently (2= 0.0004;
0 month vs. 2 months) and then decreased close to the reference
range by the end of treatment (£<<0.0001; 2 months vs. 7 months).
Leptin levels remained low throughout the treatment course,
though gradually clevated (£=0.0226; 0 month vs. 2 months).
Initial low levels of fetuin-A and RBP4 significantly improved
during treatment (P=0.0001 and P£=0.0016; 0 month vs. 2
months), almost reaching the reference range by the end in concert
with reduced CRP levels.

Discussion

We assessed the clinical significance of four metabolic markers,
adiponcctin, leptin, fetuin-A and RBP4 in patients with active T'B,
analyzing them in relation to classical nutritional and inflamma-
tory parameters, BMI and CRP, severity of discase and treatment
course. BMI is known to be lower in patients with active 1B than
in control subjects [1,2]. After effective treatment, weight often
increases but patients may remain underweight [11].

Plasma levels of adiponectin were inversely correlated with BMI
in concordance with previous results [11,12]. The adiponectin
levels tended to be elevated in the active-discase group character-
ized by low BMI, though it did not reach significant levels, which
was_also shown by others [29]. Interestingly in our study,
adiponectin levels were significantly higher in severe disease with
extensive pulmonary lesions than in mild discase, cven after
adjustment for BMI. Adiponectin as a modulator of inflammation
in a variety of discases has recently been highlighted [30]. For
instance, in critically ill paticnts, adiponectin levels appear to be
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transiently suppressed at the initial phase and then gradually
clevated at the recovery phase [31,32]. The plasma concentrations
in patients with active TB were further increased after starting
treatment and then decreased close to the reference range by the
end of treatment. Elevated adiponectin levels in chronic in-
lammatory discases may be explained by compensatory response
to the underlying discase as well as concomitant low body fat mass,
which is postulated by others [33,34]. A study designed to measure
alteration of adiponectin and BMI simultaneously throughout the
treatment period would be able to characterize it further.

In most recent reports, leptin levels are low in TB [29,35-38],
though other carlier or smaller studies have shown conflicting
results [39—42]. In the present study, using a commercial ELISA,
significantly lower levels of leptin were demonstrated in patients
with active TB, which could be mostly explained by marked
undernutrition in our disease population. Within the active-disease
group, however, correlation between leptin and BMI was less
clear. BMI-independent regulation of plasma leptin concentrations
should also be taken into consideration in TB at least in part
[13,37]. This idca is also supported by an ex zwo study by others
demonstrating that continuous exposure of IL-1 or TINF-o provides
a signal to downregulate leptin in human adipose tissue [43],
though acute inflammation such as sepsis may rather upregulate
circulating leptin levels transiently [44-46]. In addition to
relatively high levels of adiponectin, low levels of leptin were
observed in patients with large infiltrates, even after adjustment for
BMI. This is concordant with a recent study showing that leptin
levels were low in severe TB discase [29]. We have further
demonstrated that low leptin/adiponcctin ratio, or high adipo-
nectin/leptin ratio is characteristic to severe I'B discase in this
study. This ratio was originally proposed as an atherogenic index
indicating a balance between the two markers bearing apparently
opposite functions in inflammation [47]. Our findings support the
idea that suppressed production of leptin may be detrimental to
host defense against I'B by virtue of impairment of Thl cell-
mediated immunity [13,29,48]. After starting treatment, leptin
levels were slightly clevated, but remained low during the
treatment period. This is also compatible with reports made by
others [37,38], although the mechanism remains unknown. Long-
lasting low levels of leptin may be attributed to individual
predisposition to TB or delayed recovery from wasting discase.

In our study, {etuin-A levels were considerably low in TB even
after adjustment for BMI. Soon after starting treatment, the levels
were increased in inverse proportion to the decrcase in CRP. In
T'B, fetuin-A may be downregulated by at least dual mechanisms,
strongly mediated by underlying inflammation [21] and partly
controlled by depleted liver fat duc to wasting or malnutrition
[18]. Low fetuin-A levels may also result in impairment of
macrophage function to kill the pathogen and ectopic calcification
possibly in TB lesions [49,50].

RBP4 levels were also low in TB even after adjustment for BMI.
Throughout the treatment course, the levels were gradually
elevated close to the reference range inversely with the decrease in
CRP. These findings are supported by a recent report demon-
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The 2’,5'-oligoadenylate synthetase 1 (OAS1) is one of the major interferon-inducible proteins and a crit-
ical component of the host defense system against viral infection. A single nucleotide polymorphism
(SNP), rs10774671, presumably responsible for alternate splicing of this gene, has frequently been asso-
ciated with a variety of viral diseases, including emerging respiratory infections. We investigated the
SNP-dependent expression of OAS1 variants in primary cultured human bronchial epithelial cells. Total
RNA was subjected to real-time RT-PCR with specific primer sets designed to amplify each transcript var-
iant. We found that the p46 transcript was mainly expressed in cells with the GG genotype, whereas the
p42 transcript was highly expressed, and the p44a (alternate exon in intron 5), p48, and p52 transcripts
were expressed to a lesser extent, in cells with the AA genotype. Immunoblot analysis revealed that the
p46 isoform and a smaller amount of the p42 isoform were present in cells with the GG genotype,
whereas only the p42 isoform was clearly observed in cells with the AA genotype. Cellular DNA fragmen-
tation induced by neutrophil elastase was more preferentially found in cells with the AA genotype. Thus,
our findings provide insights into the potential role of OAST polymorphisms in respiratory infection.

© 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

Innate immune responses are the first line of defenses against
viruses. When viral infection is detected by pattern recognition
receptors, infected cells produce type I (o and B) and type III (A)
interferons (IFNs) [1]. Binding of IFNs to their specific receptors
leads to the induction of more than 300 IFN-stimulated genes,
including OAS1, which encodes the enzyme 2',5'-oligoadenylate
synthetase 1 (OAS1T) [2]. Typically, OAS1 is activated by the binding
of double-stranded RNA and catalyzes the oligomerization of ATP
into 2’,5'-linked oligoadenylates (2-5A) [3,4]. These 2-5A, in turn,
bind to latent ribonuclease L (RNase L), which then dimerizes into
an active form. The activated RNase L degrades viral and cellular
single-stranded RNA [5].

Eight isoforms of OAS1 with different carboxyl (C)-terminal
amino acid sequences have been registered in the public database.

Abbreviations: LD, linkage disequilibrium; HBE, human bronchial epithelial
cells; SARS, severe acute respiratory syndrome; NE, neutrophil elastase.
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Among them, the p42, p46, and p48 isoforms were found earlier
and their functions have been studied well [6]. The C-terminal tail
of the p48 isoform has a unique Bcl-2 homology-3 (BH3) domain,
which interacts with anti-apoptotic proteins of the Bcl-2 family
[7]. Therefore, the p48 isoform may have dual functions, potentiat-
ing apoptosis through the BH3 domain as well as activating RNase
L via the classical anti-viral pathway [8,9].

Bonnevie-Nielsen et al. have demonstrated that an A/G single
nucleotide polymorphism (SNP) at the splice acceptor site of exon
6 (rs10774671) contributes to generation of these three isoforms
through alternative splicing [10]. According to their study using
human lymphocytes, the G allele generates the p46 transcript,
while the A allele abrogates the production of the p46 transcript
and drives splicing to occur further downstream, leading to gener-
ation of the p48 and p52 transcripts.

To date, polymorphisms of OASI and other immune-related
genes have been reported to affect susceptibility to a variety of vir-
al diseases [11]. In mice, a single missense mutation of the 2/,5’-oli-
goadenylate synthetase 1B (Oasib) gene, a murine ortholog of
0OAS1, determines resistance to flaviviruses, including West Nile
virus (WNV) [12,13]. In humans, the A allele of SNP rs10774671
in OAS1 was associated with susceptibility to infection with WNV
[14]. An OAST SNP (rs2660) in strong linkage disequilibrium (LD)
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with rs10774671 [10] was also associated with the outcome of
hepatitis C virus (HCV) infection [15]. However, the allele associ-
ated with susceptibility to infection varied among studies, and
the production of different OAST isoforms have not yet been fully
investigated [16]. Considering that the interactions between virus
and host are complex and cell-type-specific, OAS1 expression pat-
terns should be characterized in a particular cell type infected by
a virus of interest. In particular, host genetic factors affecting the
airway defense mechanism against emerging respiratory viral
infections, such as severe acute respiratory syndrome (SARS) and
avian influenza, which pose potential global threats, should be
studied intensively in preparation for future outbreaks.

We previously reported association of OAS1 polymorphisms
with susceptibility to infection by the SARS coronavirus in Viet-
namese population [17]. In the present study, we investigated
the splice site SNP (rs10774671)-dependent expression of tran-
script variants and production of functional isoforms of OAST in
primary cultured human bronchial epithelial (HBE) cells, a site
for replication of many respiratory viruses.

2. Materials and methods
2.1. Cell culture

The ethical committee of National Center for Global Health and
Medicine (formerly International Medical Center of Japan) ap-
proved the study protocol. Primary cultured HBE cells were ob-
tained from the cancer-free bronchi of surgically resected lungs,
after obtaining written informed consent from the individuals con-
cerned, all of whom were Japanese.

We isolated and cultured HBE cells from the resected lung tis-
sue as previously described [18], and cells of passages 3-5 were
used in this study. Briefly, HBE cells were seeded at a density of
5 x 10°/well onto collagen-coated 6-well Transwell plates (Corn-
ing, Corning, NY, USA) and cultured in bronchial epithelial growth
medium (BEGM; Biowhittaker, Walkersville, MD, USA) for 24 h.
Thereafter, cells were stimulated with 1000 IU/ml IFN-B (Biosource
International, Camarillo, CA, USA) for 18 h and then harvested.

2.2. DNA isolation and genotyping of the SNP at the splice acceptor site

Genomic DNA was extracted from HBE cells using the QlAamp
DNA Mini Kit (QIAGEN, Hamburg, Germany). The SNP
rs10774671 was genotyped utilizing PCR and restriction fragment
length polymorphism (RFLP) methods. Genomic DNA was ampli-

Table 1
0AS1 isoforms and real-time RT-PCR conditions.

fied using AmpliTaq Gold DNA polymerase (Applied Biosystems,
Foster City, CA, USA) with the primers listed in Supplementary Ta-
ble 1. The cycling conditions involved 45 cycles at 95 °C for 15 s,
55 °C for 15 s, and 72 °C for 30 s. The PCR products (532 bp) were
digested with Alu I (New England Biolabs, Ipswich, MA, USA) at
37 °C for 2 h, and were then electrophoresed on 3% agarose gels
including ethidium bromide. Genotypes were determined by the
size of the digested PCR products observed upon visualization of
the gels (306, 181, 33, and 12 bp for the G allele and 255, 181,
51, 33, and 12 bp for the A allele).

2.3. Real-time reverse transcription (RT)-PCR

We selected HBE cells with AA (n=6), AG (n=3),and GG (n=2)
genotypes of rs10774671; these cells were stimulated with IFN-.
Total RNA was extracted using an RNeasy Mini Kit (QIAGEN). One
microgram of the total RNA was subjected to RT with random
nonamers using SuperScript III Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA), as recommended by the manufacturer. Expres-
sion of 0AST mRNA was analyzed by real-time RT-PCR using Power
SYBR Green PCR Master Mix (Applied Biosystems) and CFX96 (Bio-
Rad, Hercules, CA, USA) according to the manufacturer’s
instructions.

Previous reports indicated that OAST can give rise to as many as
eight alternatively spliced transcripts [16,19,20]. A primer set com-
mon to all transcript variants was used to amplify all OAS1 tran-
scripts, and transcript-specific primer sets were used to amplify
each transcript. Primers and annealing/extension temperatures
are listed in Table 1. The cycling conditions were as follows: initial
activation of the Taq DNA Polymerase for 10 min at 95 °C, followed
by 40 cycles of 15s denaturation at 95°C, and annealing and
extension for 1 min at the appropriate temperature. Specific ampli-
fication of the target was confirmed by a single peak in the disso-
ciation curve and by visualization of the expected size of RT-PCR
products on an agarose gel.

To compare the mRNA copy numbers among transcript variants,
the absolute quantification method was used [21]. Isoform-specific
RT-PCR products containing the target sequences, amplified with
primers in Supplementary Table 1, were purified using the Wizard
PCR Preps DNA Purification System (Promega, Fitchburg, WI, USA).
Their copy numbers were calculated from the concentration of
DNA determined by measuring absorbance at 260 nm. The stan-
dard curve was generated with serial 5-fold dilutions of each of
the RT-PCR products. The linear dependence of the threshold cycles
was confirmed from the concentration of the templates. We used
the B-actin gene (primers in Supplementary Table 1) to normalize

Serial Isoform  GenBank Expected protein sizes Real-time RT-PCR Nucleotide sequences (5 — 3) Annealing and extension
number accession no. (kDa) primers temperature (°C)
1 p42 NM_002534.2 41.7 Forward ACCTGAGAAGGCAGCTCACGAAAC 60
Reverse CAGGGAGGAAGCAGGAGGTCTCAC
2 p46 NM_016816.2 46.0 Forward ACCTGAGAAGGCAGCTCACGAAAC 68
Reverse ATCGTCTGTACTGTTGCTTTCAGCC
3 p23 AK301498.1 228 N/T
4 p35 AK300346 354 Forward CTCATCCGCCTAGTCAAGCAC 60
Reverse CCAAGGCACTGTACCTGTATCC
5 p44a CF272298 44.1 Forward ACCTGAGAAGGCAGCTCACGAAAC 66
Reverse CATTTCCACCACTTGTTAGCTGATGTC
6 p52 AY730627.1 521 Forward ACCTGAGAAGGCAGCTCACGAAAC 68
Reverse ATCGTCTGTACTGTTGCTTTCAGCA
7 p48 NM_001032409.1 47.4 Forward ACCTGAGAAGGCAGCTCACGAAAC 68
Reverse GCTGCCTGGAGTGTGCTGGGTCAG
8 p44b AJ629455.1 43.9 Forward ACCTGAGAAGGCAGCTCACGAAAC 60
Reverse TAGTTCCTTCTGCCAACCAGTGTG

" Not tested.
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0AS1 expression. Fold-changes of total OAS1 expression with IFN-$
and relative mRNA amounts of each transcript with respect to the
amount of mRNA for the p42 transcript in AA cells without stimu-
lation of IFN-B were calculated. Data are expressed as the
mean £ standard error of the mean (SEM).

2.4. Immunoblot analysis

HBE cells with AA (n = 8), AG (n = 3), and GG (n = 2) genotypes of
rs10774671 were stimulated with IFN-B and harvested with lysis
buffer Complete Lysis-M, EDTA-free buffer (Roche Applied Science,
Penzberg, Germany). The total protein concentration in each sam-
ple was measured using the BioRad Protein Assay (BioRad). Equal
amounts of total protein from each lysate (20 pg/lane) was resus-
pended in SDS buffer (125 mM Tris-HCl, pH 6.8, 10% glycerol, 2%
SDS, 1.55% dithiothreitol, and 0.1% bromophenol biue), boiled for
5 min, and analyzed on a 10% SDS-PAGE gel (e-PAGEL; ATTO, To-
kyo, Japan). Resolved proteins were transferred to a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). After blocking
the membrane in Tris-buffered saline with 0.1% Tween 20 and 2%
blocking reagent at 4 °C overnight, blots were hybridized for 1h
at room temperature with primary antibody against the protein
fragment (amino acids 80-221) common to all OAS1 isoforms (Sig-
ma-Aldrich, St. Louis, MO, USA; product number, HPA003657), at a
dilution of 1:1000. After hybridization with horseradish peroxi-
dase-conjugated secondary antibody, the immunocomplexes were
visualized using an ECL Western blotting detection system (GE
Healthcare, Little Chalfont, United Kingdom). The intensity of each
band was semi-quantitatively determined using a densitometer
with the Quantity One 1-D software (BioRad). The same blot was
reprobed with anti-B-tubulin monoclonal antibody (Thermo Fisher
Scientific, Waltham, MA, USA) as a loading control.

2.5. Rapid amplification of cDNA ends (5'-RACE and 3'-RACE)

RNA ligase-mediated rapid amplification of cDNA ends (RLM-
RACE) was carried out using total RNA from IFN-B-stimulated
HBE cells with AA or GG genotypes of rs10774671, using the
First-Choice RLM-RACE Kit (Ambion, Austin, TX, USA) according
to the manufacturer’s instructions. Gene-specific primers are listed
in Supplementary Table 1. PCR products were purified and se-
quenced with the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) using a 3100 Genetic Analyzer (Applied Bio-
systems). PCR products from 3’-RACE were electrophoresed on 2%
agarose gels containing ethidium bromide.

2.6. SNP screening of OAS1 gene

Information about SNP genotypes of OAST in the Japanese pop-
ulation from Tokyo (JPT) was obtained from HapMap data sets [22],
and was analyzed using Haploview (v. 4.2) [23]. LD blocks were
determined using the confidence interval method [24]. Tag SNPs
were selected and genotyped from the DNA of study participants.

In addition, we screened genetic polymorphisms from the pro-
moter region [6] to exon 6 of OASI, using 4 DNA samples with
genotypes representing the tag SNP. The entire region was ampli-
fied using three overlapping PCR products. Primers are listed in
Supplementary Table 1. Amplified products were purified and se-
quenced using appropriate inner primers as described above.

2.7. DNA fragmentation ELISA

HBE cells with AA (n=5) and GG (n=3) genotypes of
rs10774671 were stimulated with or without IFN-B (1000 IU/ml)
for 12 h, were further treated with 5 x 1073 M neutrophil elastase
(NE; Elastin Products Company, Owensville, MO, USA) for 6 h.

Then, cells were pelleted and lysed, and apoptosis assessed using
a cell death detection ELISA system (Cell Death Detection ELISA
PLUS; Roche Applied Science). Enrichment for mono- and oligonu-
cleosomes released into the cytoplasmic fractions of cell lysates
was detected by biotinylated antihistone- and peroxidase-coupled
anti-DNA antibodies. The relative absorbance ratio (absorbance of
sample cells/absorbance of control cells) was calculated in tripli-
cate, and used as a parameter of DNA fragmentation.

2.8. Statistical analysis

All data were expressed as mean + SEM. To assess the effect of the
number of A (or G) alleles on expression levels of transcript variants,
a linear regression model was applied (JMP, version 9.0.0; SAS Insti-
tute Inc., Cary, NC, USA). Relative absorbance ratio from the apopto-
sis assay was analyzed by the unpaired Student’s t-test. Differences
were considered to be statistically significant when p < 0.05.

3. Results
3.1. Difference in OAS1 expression between AA, AG, and GG genotypes

According to previous reports, OAST gives rise to eight alterna-
tively spliced transcripts [16,19,20], and the corresponding gene
products with various molecular weights are shown in Fig. 1 and
Table 1. Supplementary Fig. 1 shows the results of RT-PCR with pri-
mer sets designed to specifically amplify each transcript variant.
We did not detect the p23 transcript in HBE cells with any of the
three genotypes.

We next analyzed the total and transcript-specific expression of
OAST1 in the presence or absence of I[FN-B stimulation by real-time
RT-PCR (Fig. 2). When HBE cells were stimulated with IFN-B, total
0AST1 expression was increased up to 20-fold, irrespective of geno-
type (p = 0.432). Of the splicing variants, p42 was the main tran-
script expressed in HBE cells with the AA genotype, whereas p46
transcripts were predominant in those with the GG genotype.
Expression of the p46 transcript was significantly higher in propor-
tion to the number of G alleles carried by HBE cells, under both
unstimulated and stimulated conditions (p < 0.001, p <0.001). By
contrast, expression of the p42, p44a (alternate exon in intron 5),
p52, and p48 transcripts was all higher in proportion to the num-
ber of A alleles present in the cells, under both unstimulated and
stimulated conditions (p42: p <0.001, p <0.001; p44a: p=0.014,

exon 1 2 3 4 5
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Fig. 1. Schematic representation of OAS] transcript variants. Alternatively spliced
exons, the predicted protein size, and the position of the SNP at the splice acceptor
site (rs10774671) are shown. The number in parenthesis indicates each transcript,
corresponding to that in Table 1. Coding regions are indicated by wide rectangles,
noncoding regions by narrow rectangles, and introns by lines. We designated the
isoform with an alternate exon in intron 5 as p44a, and that with exon7 as p44b,
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Fig. 2. Difference in the amount of transcript variants among genotypes in HBE cells. The expression of total OAST and that of each individual transcript variant in HBE cells
with the AA (n =6), AG (n=3), or GG (n = 2) genotypes of rs10774671 was obtained by real-time RT-PCR. Fold-inductions of total OAST expression by IFN-B, and the relative
mRNA amounts of each transcript over that of the p42 transcript in AA cells without stimulation of IFN-p are shown as mean + SEM.

p<0.001; p52: p<0.001, p=0.013; p48: p<0.001, p=0.001).
Expression of the p35 transcript was not associated with either al-
lele under both conditions (p = 0.245, p = 0.495). We did not quan-
tify the p44b transcript containing exon 7 because the threshold
cycle number was high and non-specific PCR amplification was
observed.

Immunoblot analysis demonstrated expression of the p46 iso-
form and a low level of p42 in HBE cells with the GG and AG geno-
types; another faint band slightly smaller than p46 was also
detected. In cells with the AA genotype, only the p42 isoform
was distinctly observed (Fig. 3). To compare the protein levels with
the corresponding mRNA expression levels, the band intensity cor-
responding to each protein isoform was semi-quantified. While the
p46 transcript was expressed approximately 20-fold more than the
p42 transcript at the mRNA level in the GG cells stimulated with
IFN-B, the p46 isoform was expressed only 2.2-fold more than
the p42 isoform at the protein level.

AA AG GG

IFN-B -
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Fig. 3. Difference in the expression of OAS1 isoforms among genotypes. Western
blotting was performed using antibody against the epitope common to all isoforms
of OAS1. HBE cells with AA (n=8), AG (n=3), and GG (n=2) genotypes of
rs10774671 were analyzed, and the isoform expression pattern was the same in
each genotype. Two representative results in each genotype are shown. As a loading
control, the same blot was reprobed with anti-8-tubulin monoclonal antibody
(bottom part).

3.2. Identification of the transcription start site of OAS1 in cells with
the AA and GG genotypes

Using 5'-RACE, we found that the transcription start site of OAS1
was 81 bp upstream of the translation start site in IFN-B-stimu-
lated HBE cells with the AA and GG genotypes, indicating that
the transcription start site did not differ between the genotypes.
Using the 3’-RACE method, we showed that the p42, p48, and
p52 transcripts were present in HBE cells with the AA genotype,
while only the p42 and p46 transcripts were identified in those
with the GG genotype (Supplementary Fig. 2). No other novel tran-
scripts were amplified.

3.3. Search for other genetic polymorphisms and LD structures of OAS1

To search for other variants which may influence gene expres-
sion, we further analyzed nucleotide sequences throughout the re-
gion from the promoter to exon 6 and investigated the LD structure
of OAS1. We selected rs3741981 (non-synonymous; exon 3),
1s4766662 (intron 1), rs2240190 (intron 1), and rs10774671 as
tag SNPs for genotyping. The exon 3 SNP was in complete LD with
rs10774671 (D'=1, r*=0.38). The minor allele frequency of
rs4766662 was less than 5%, while rs2240190 was not in LD with
rs10774671 (D' = 04, * =0.13).

The SNP genotypes indicated that only SNPs in the region be-
tween intron 3 and exon 6 were in strong LD (r*>0.8) with
rs10774671. The LD block was bordered by exon 3, and we did
not identify any SNP in strong LD with rs10774671 in the region
extending from the promoter to intron 2. The LD pattern derived
in our study was consistent with that obtained from the HapMap
data (Supplementary Fig. 3).

3.4. DNA fragmentation assay

Since a previous report [7] suggested that the p48 isoform
potentiates apoptosis through the BH3 domain in its specific C-ter-
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Fig. 4. Difference in DNA fragmentation between AA and GG genotypes. HBE cells with AA (n=5) or GG (n = 3) genotypes were stimulated with IFN-B (1000 {U/ml) for 12 h
and/or with NE (5 x 1078 M) for 6 h. With an apoptosis determination kit, relative absorbance ratios (absorbance of sample cells/absorbance of control cells) were obtained
and shown as mean + SEM. Experiments were performed in triplicate. Statistically significant: *p < 0.05.

minal, HBE cells were pretreated with IFN-B and further incubated
with NE, an apoptosis-inducing agent. Although NE itself did not
affect OAST expression, as assessed by immunoblot analysis (data
not shown), treatment with NE and IFN-B caused a larger amount
of DNA fragmentation in cells with the AA genotype than in those
with the GG genotype (p = 0.021). The genotype-dependent differ-
ence caused by NE in the absence of IFN-B did not reach significant
levels (p = 0.068, Fig. 4).

4. Discussion

In this study, we investigated the differential effects of a splice
site SNP on expression of transcript variants and production of
functional isoforms of OAST in primary cultured bronchial epithe-
lial cells isolated from human lung, a major site of replication for
respiratory viruses. We clearly demonstrated the G allele-depen-
dent expression of the p46 isoform and the A allele-dependent
expression of the p42, p44a, p48, and p52 transcripts. Expression
of the p35 transcript did not differ among genotypes.

The G allele-dependent expression of p46 and the A allele-
dependent expression of p48 and p52 in HBE cells were consistent
with the pioneering report of Bonnevie-Nielsen et al. using human
lymphocytes [10]. Prior to their report, such a common splice site
SNP had not been identified, and the expression patterns of OAS1
transcript variants had been assumed to be cell-type specific
[25,26].

Furthermore, recent RNA sequencing studies using lymphoblast
cell lines revealed that not only p48 and p52 transcripts but also
p42 and p44a transcripts are expressed when the A allele is present
[19,27]. We confirmed these observations in primary cultured HBE
cells. However, the read-through transcript of intron 4 was ampli-
fied with the full exon 3 (p35 transcript). The short exon 3 using
the alternative splice acceptor site within the exon 3 (p23 tran-
script) reported in lymphoblast cell lines [19] was not observed
in our study.

The total amount of OAST mRNA expression appeared to be
slightly lower in proportion to the number of G alleles present,
but this tendency was not statistically significant. In a previous
study on HIV patients, significantly lower expression of OAS1 was
observed in peripheral blood mononuclear cells carrying the G al-
lele of rs3177979, which is in LD with the G allele of rs10774671
[28]. Conversely, there was a 1.9-fold higher expression in lympho-

blastoid cell lines with the GG genotype of rs10774671 than in
those with the AG genotype [19]. This discrepancy may have been
caused by differences in ethnicity or cell type.

Since the transcription start site was the same for transcripts
arising from the A allele and the G allele, and because there was
no SNP in the 5'-region of the gene that was in strong LD with
rs10774671 according to both our SNP screening and analyses of
HapMap data, the transcriptional activity resulting in each tran-
script variant is presumably similar. Thus, their expression levels
would be expected to be determined by the efficiency of splicing
and mRNA stability.

Immunoblot analysis revealed that the p46 isoform, and a lower
level of p42, were detected in cells with the GG genotype. Interest-
ingly, the amount of p42 isoform was about half that of the p46
isoform in the GG cells at the protein level, although mRNA expres-
sion of the p42 transcript was markedly lower than that of the p46
transcript in those cells. Laronde et al. reported that the p42 tran-
script accounted for 5% of the total OAST transcripts in a lympho-
blast cell line with a GG genotype, as determined by RNA
sequencing [19]; this was in accord with the results obtained from
our absolute quantification method. The translational efficiency
may differ between p42 and p46 transcripts because they have dis-
tinct 3’-UTR sequences that may differentially bind to RNA-binding
proteins [29] or to micro RNAs [30]. In Daudi lymphoid cells with a
GG genotype [10], only the p46 isoform was detected [26]. There-
fore, expression of the p42 isoform in cells bearing a GG genotype
may be specific to the cell type, presumably through tissue-specific
regulation of alternative splicing [31].

Another band slightly smaller than p46 was observed in the G
allele-carrying cells. A similar band was also visible in Daudi cells
with the GG genotype [26]. Thus far, the isoform corresponding to
this size has not been identified, and we did not find any novel
transcript by 3/-RACE. The band may indicate some degradation
of the p46 isoform, although there is no evidence that the C-termi-
nal tail contains a cleavage site.

We predominantly detected the p42 isoform, but not p46 in the
cells with the AA genotype, under the same immunoblotting con-
dition. The other isoforms (p35, p44a, p48, and p52), of which
the transcripts could be amplified in the AA cells by real-time
RT-PCR, were not detected either, possibly because of their low
expression levels.

Only a few studies have been conducted on the differences in
the function of different isoforms. Bonnevie-Nielsen et al. reported
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that the total enzyme activity of OAST in unstimulated lympho-
cytes was highest in individuals with the GG genotype, intermedi-
ate in those with the AG genotype, and lowest in those with the AA
genotype. They raised the possibility that the p46 isoform, arising
from the G allele, has higher enzymatic activity than the p48 and
p52 isoforms arising from the A allele. This suggests that individu-
als carrying the A allele are more susceptible to some viruses; con-
sequently, Lim et al. demonstrated that the A allele was associated
with susceptibility to WNV infection and that WNV replicated to
higher levels in lymphoid tissues from donors carrying the A allele
[14]. Lin et al. reported that p42 and p46, but not the other OAS1
isoforms (p44b, p48, and p52), blocked dengue viral replication
via an RNase L-dependent mechanism [16]. Since HBE cells pro-
duce a considerable amount of the p42 isoform in the presence
of the AA genotype, functional roles of the A allele are worth recon-
sidering in respiratory virus infection.

In our study, NE-induced cellular DNA fragmentation was pref-
erentially found in HBE cells with the AA genotype when stimu-
lated with IFN-B. NE is a major apoptotic inducer in inflamed
airway epithelium, and Suzuki et al. showed molecular mecha-
nisms of leukocyte elastase-induced apoptosis in HBE cells [32].
We also found that NE increased the level of annexin-V staining
in an immortalized HBE cell line, BEAS-2B (unpublished observa-
tion). However, we could not further investigate other key features
of apoptosis than DNA fragmentation in the present study, because
the number of experiments using primary cultured cells had limi-
tations. Since the p48 isoform arising from the A allele was previ-
ously shown to have proapoptotic activity independent of RNase L
activation [7], it is conceivable that the increased DNA fragmenta-
tion in HBE cells with the AA genotype is attributed to this unique
activity of the p48 isoform that is presumably absent in the cells
with the GG genotype. RNase L activation may not be involved in
the difference observed in the present study because OAS
enzymatic activity is detectable in the presence of exogenous
dsRNA [4]. However, it remains elusive whether genotypic differ-
ences.in DNA fragmentation was derived from the p48 isoform, be-
cause its protein expression was not detected by the sensitivity of
Western blotting. Alternatively, the predominant p42 isoform in
cells bearing the AA genotype may be related to DNA fragmenta-
tion through an unknown mechanism. It is generally known
that apoptosis can contribute to protection against viral infection
by killing virus-infected cells, but it may also serve as a mechanism
for virus-induced tissue injury and progression of disease [33].
We have postulated that. HBE cells carrying the A allele are
more likely to inhibit spreading of the virus infection through pro-
motion of apoptosis of virus-infected cells; thus, the A allele is
associated with resistance to SARS infection [17]. Our findings
indicate a requirement for further understanding of allele-spe-
cific functions other than classical enzymatic activity of OAS
isoforms.

The G allele of rs10774671 is possibly an ancestral type because
it had been identified in hominoid primates (Pan troglodytes), Old
World monkeys (Macaca mulatta), and New World monkeys (Calli-
thrix jacchus), according to the sequence data from public dat-
abases. Additionally, a recent study reported that the region
carrying the splice site variant was neutrally evolving [20]. It is
intriguing to speculate that the G to A substitution of
rs10774671 generated isoforms with low enzymatic activity and
high apoptosis-inducing activity, resulting in maintaining the bal-
ance between resistance and susceptibility to viral infection.

In conclusion, we have characterized the rs10774671 SNP-
dependent expression profile of OAS1 transcript variants and iso-
forms with possibly different functions in primary cultured HBE
cells. Our findings may lead to an improved understanding of the
association of OAS1 gene with susceptibility to infection with respi-
ratory viruses.
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Abstract Myxovirus resistance A (MxA) is a major inter-
feron (IFN)-inducible antiviral protein. Promoter single-
nucleotide polymorphisms (SNPs) of MxA near the IFN-
stimulated response element (ISRE) have been frequently
associated with various viral diseases, including emerging
respiratory infections. We investigated the expression pro-
file of MxA transcripts with distinct first exons in human
bronchial epithelial cells. For primary culture, the bronchial
epithelium was isolated from lung tissues with different
genotypes, and total RNA was subjected to real-time reverse
transcription polymerase chain reaction. The previously
reported MxA transcript (T1) and a recently registered
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transcript with a distinct 5’ first exon (T0) were identified.
IFN-f and polyinosinic—polycytidylic acid induced approx-
imately 100-fold higher expression of the T1 transcript than
that of the TO transcript, which also had a potential ISRE
motif near its transcription start site. Even without inducers,
the T1 transcript accounted for approximately two thirds of
the total expression of MxA, levels of which were signifi-
cantly associated with its promoter and exon 1 SNPs
(1517000900, rs2071430, and rs464138). Our results sug-
gest that MxA observed in respiratory viral infections is
possibly dominated by the T1 transcript and partly influ-
enced by relevant 5' SNPs.

Keywords Myxovirus resistance A - Single-nucleotide
polymorphism - Human bronchial epithelial cells -
Transcript variants

Abbreviations

LD Linkage disequilibrium

HBE Human bronchial epithelial

ISRE Interferon-stimulated response element

Introduction

The interferon (IFN) system plays an important role in
innate immunity against pathogens. When viral components
are detected by pattern recognition receptors, infected cells
produce type I (o« and (3) and type III (A) IFNs (Randall and
Goodbourn 2008). Binding of IFNs to their specific recep-
tors leads to the induction of more than 300 IFN-stimulated
genes, including myxovirus resistance A (MxA), also
known as the myxovirus (influenza virus) resistance 1,
IFN-inducible protein p78 (mouse) (MX1) gene. Following
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IFN-induced expression, MxA is thought to form oligomer-
ic rings around the nucleocapsid structures of viruses, there-
by inhibiting their transcriptional and replicative functions
(Haller and Kochs 2011).

The promoter of the human MxA transcript in the original
report contains two IFN-stimulated response elements (ISRE),
ISRE1 and ISRE2, near the transcription start site, and both
are involved in IFN responsiveness (Ronni et al. 1998). The
IFN-stimulated gene factor 3 complex binds to the most
proximal ISRE1 and the second ISRE2. ISRE1 is essential
for MxA promoter activation, whereas ISRE2 has an enhanc-
ing effect in the presence of activated ISRE1 (Romni et al.
1998). IFN regulatory factor 3 can only bind to ISRE2 for
enhancing promoter activation (Holzinger et al. 2007). Around
ISRE2, there are two single-nucleotide polymorphisms (SNPs)
atnucleotide positions —88 and —123, which confer differences
in the promoter activity and binding affinity to nuclear proteins
(Hijikata et al. 2001; Ching et al. 2010). Promoter SNPs of
MxA are reportedly associated with diseases, including hepa-
titis C (Hijikata et al. 2000; Hijikata et al. 2001), hepatitis B
(Peng et al. 2007), multiple sclerosis (Furuyama et al. 2006),
and subacute sclerosing panencephalitis (Torisu et al. 2004).
‘We previously reported the association of MxA promoter SNP
with the severity of severe acute respiratory syndrome (SARS;
Hamano et al. 2005), and Ching et al. (2010) reported its
association with susceptibility to SARS in a larger case—con-
trol study. However, the expression levels of MxA have been
analyzed only in peripheral blood mononuclear cells (PBMC)
or liver cells (Fernandez-Arcas et al. 2004; Kong et al. 2007;
Abe et al. 2011; McGilvray et al. 2012).

Because MxA has a pivotal role in host defense against not
only SARS coronavirus but also other respiratory viruses such
as influenza virus (Haller and Kochs 2011), it is important to
characterize the expression profile of MxA in human bronchi-
al epithelial (HBE) cells, a site for replication of many respi-
ratory viruses. In addition, a new transcript variant with
alternative 5' untranslated exons starting 5.5 kb upstream of
the original exon 1 has recently been registered in the public
database (NM_001144925.1). In the present study, we ana-
lyzed the expression patterns of MxA transcripts with distinct
first exons. We further investigated the possible effects of their
5' SNPs on gene expression levels in a panel of primary
cultured HBE cells with different genotypes.

Materials and methods

Cell culture

The study protocol was approved by the ethical committee
of the National Center for Global Health and Medicine

(formerly, International Medical Center of Japan). Primary
cultured HBE cells were obtained from the cancer-free
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bronchi of surgically resected lungs after obtaining written
informed consent from the individuals concerned, all of
whom were Japanese. HBE cells (n=38) were isolated and
cultured as described previously (Gray et al. 1996) and used
after three—five passages in this study. In brief, HBE cells
were seeded at a density of 5x 10°/well onto collagen-coated
six-well Transwell plates (Corning Inc., Corning, NY, USA)
and cultured in bronchial epithelial growth medium (Bio-
Whittaker, Walkersville, MD, USA) for 24 h. Thereafter,
HBE cells (n=3) were stimulated with 1,000 TU/ml IFN-x
(PeproTech EC Ltd., London W6 8LL, UK), 1,000 TU/ml
IFN-3 (Biosource International, Camarillo, CA, USA),
100 pg/ml polyinosinic—polycytidylic acid [poly(I:C);
Sigma-Aldrich, St. Louis, MO, USA], 10 ng/ml IFN-y
(R&D Systems, Minneapolis, MN, USA), 50 ng/ml TNF-
o (R&D Systems), 20 pg/ml lipopolysaccharide (LPS,
Sigma-Aldrich), 10 pg/ml x-defensin 1 (Peptide Institute
Inc., Osaka, Japan), 10 pg/ml B-defensin 1 (Peptide Insti-
tute Inc.), and 10 pg/ml 3-defensin 2 (Peptide Institute Inc.)
for 24 h and then harvested. Unstimulated HBE cells (n=38)
and those stimulated with 100 pg/ml poly(I:C) for 24 h (n=
29) or with 1,000 IU/ml IFN-f3 for 12 h (n=9) were har-
vested, and gene expression levels were then analyzed. To
assess time-dependent changes in mRNA expression,
BEAS-2B cells (ATCC number CRL-9609) were stimulated
with 100 pg/ml poly(I:C) for 6, 12, 24, and 48 h.

Real-time reverse transcription polymerase chain reaction

We designated the MxA transcript originally reported by
Horisberger et al. (1990) (NM_002462.3) as the T1 tran-
script and the new transcript variant in the public database
(NM_001144925.1) as the TO transcript. Distinct exons
used in the TO transcript are shown as exons Oa, Ob, and
Oc (Fig. 1). Translational start codons of both the T1 and T0
transcripts originate from exon 5, indicating that exons Oa—
Oc and exons 1-4 are all 5" untranslated exons.

Total RNA of the cells was extracted using the RNeasy
Mini Kit (Qiagen, Hamburg, Germany). Human Total RNA
Master panel II (Clontech, Mountain View, CA, USA) was
used to investigate gene expression in various tissue types.
Most of the tissue RNA in this panel consisted of pooled
RNA from two or more donors, and their genotypes were
not available. One microgram of total RNA was subjected to
RT with random nonamers using SuperScript III Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA). MxA
mRNA expression was analyzed by real-time reverse tran-
scription polymerase chain reaction (RT-PCR) using SYBR
Premix Ex Taq (Takara Bio, Shiga, Japan) and CFX96
(BioRad, Hercules, CA, USA). Sense and antisense primers
were located in exons Ob and Oc (5'-CCAGAGCAACT-
CCACACCGGGTGC-3" and 5-GCTATGGTTCCAATC
CAGGTGATC-3") for the TO transcript and exons 1 and 2
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5.5kk 12 3 4 5
— — ' T1 transcript
0a 0b Oc
N - [R——— |,-~.,.,.M.T0 transcript
-77 CIG SNP ISRE

TTGACTTTTCCTTTCTGGAAACCA AGCAGAAATGAAACCGAAACTGA

NF-xB
T0 ATTGTCCGGGAAATTCGCGGTGGGGGCGGAGAGLGCAGGGAGAAGTAAGC

exon 0a
CCEGTGCAGGATCCTGAG GCCCGTGTTTGCAGGACCAGGGCCGGCLTTCC

-123 CIASNP

CTCCCGCBAGTTCCCGCCAGGCAAGTGCTEAAGGTGCGGGGCCAGGAGCT
ISRE2  -88 GIT SNP B
AGGTTTCGTTTCTGCTCCCGGAGCCGCCCTCAGCACAGGGTCTGTGAGTT

Fig.1 Alternate splicing of 5’ exons in MxA. The 5 genomic structure
of MxA and nucleotide sequences around the transcription start sites of
the TO and T1 transcripts are shown. White boxes represent the un-
translated mRNA sequence, and black boxes represent the translated
sequence. Potential ISREs are double underlined, NF-kB binding site
is underlined, and promoter and exon 1| SNPs are boxed. The tran-
scription start site (Horisberger et al. 1990) and nucleotide positions
shown in the T1 transcript are displayed in accordance with MxA
promoter analysis by Ronni et al. (1998)

(5'-GCACTGCGCAGGGACCG-3' and 5-TGGG-TGAG-
CAGGTGGGCGGCA-3") for the T1 transcript. PCR con-
ditions consisted of 40 cycles of denaturation for 15 s at
95 °C and annealing and extension for 1 min at 60 °C.
Specific target amplification was confirmed by a single
peak in the dissociation curve. The mRNA copy numbers
between different transcripts were compared using the
absolute quantification method (Leong et al. 2007). RT-
PCR products were purified using the Wizard PCR Preps
DNA Purification System (Promega, Fitchburg, WI,
USA), and their copy numbers were calculated from the
DNA concentration determined by measuring the absor-
bance at 260 nm. The standard curve was generated with
a serial fivefold dilution of each RT-PCR product, and the
linear dependence of the threshold cycles was confirmed
from the template concentrations. We used the P-actin
gene (primers listed in Online Resource 1) to normalize
the expression of MxA for calculating the relative
amounts of mRNA of each transcript. The TagMan Gene
Expression Assay (Hs00182073_ml) (Applied Biosys-
tems, Foster City, CA, USA) that amplifies exons 1617
of MxA was used with TagMan Universal Master Mix II
(Applied Biosystems) in the StepOne Plus Real-Time PCR
System (Applied Biosystems), and the relative amount of
total transcripts, indicating the overall expression of MxA,
was calculated using the standard curve method with
glyceraldehyde 3-phosphate dehydrogenase as an internal
control.

Rapid amplification of 5' cDNA end

RNA ligase-mediated rapid amplification of 5’ cDNA end (5’
RACE) was performed using total RNA from IFN-f3-
stimulated HBE cells to determine the transcription start site
of TO using the First-Choice RLM-RACE Kit (Ambion, Aus-
tin, TX, USA). Gene-specific primers are listed in Online
Resource 1. PCR products were sequenced with the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
using a 3130x! Genetic Analyzer (Applied Biosystems).

Screening and genotyping of polymorphisms in the 5 region

Genomic DNA was extracted from HBE cells (»=38) using
the QIAamp DNA Mini Kit (Qiagen). The 5" upstream
region of the transcription start site for the TO transcript
was amplified with two overlapping PCR products, and
the amplified products were sequenced using appropriate
inner primers. Three SNPs, ~123 C/A (rs17000900), —88
G/T (rs2071430), and +20 C/A (1s464138), two in the
promoter and one in exon 1 of the T1 transcript, were
genotyped by PCR and restriction fragment length polymor-
phism methods (Hamano et al. 2005), with Pst I (Takara
Bio) for rs17000900, Hha I (Takara Bio) for rs2071430, and
Bpm I (New England Biolabs, Ipswich, MA, USA) for
rs464138. The primers are listed in Online Resource 1.
Linkage disequilibrium (LD) between promoter SNPs was
analyzed using Haploview (v. 4.2) (Barrett et al. 2005).

Statistical analysis

All data were expressed as mean+standard error of the mean
(SEM). To assess the relationship between the number of
single alleles of ~123 C/A, —88 G/T, and +20 C/A SNPs and
expression levels of the transcript variants, a simple linear
regression model was applied (JMP, version 9.0.0; SAS
Institute Inc., Cary, NC, USA). A multiple linear regression
model was also applied to assess the combined effects of
these SNPs on expression of the T1 transcript. The numbers
of alleles of the three abovementioned SNPs were incorpo-
rated in the model as explanatory variables. Correlations of
the total amount of the MxA transcripts with expression
levels of the TO and T1 transcripts were further analyzed
using Spearman’s rank correlation coefficient. A p value
<0.05 was considered to be statistically significant.

Results
Expression patterns of MxA transcripts in human tissues

The originally reported MxA transcript, T1, and a recently
registered transcript variant, TO, were both successfully
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amplified by RT-PCR from various human tissues (Fig. 2).
Expression of the T1 transcript was predominant in the
tissues examined, including the lung and trachea, whereas
expression of the TO transcript was inconspicuous, except in
the testis and adrenal gland.

Induction patterns of MxA transcripts in HBE cells
incubated with type I IFNs and other stimuli

MXxA transcripts, TO and T1, were both detected in the
unstimulated primary cultured HBE cells (n=3), and their
expression was markedly induced by type I IFNs and poly(T:
C), although induction of the T1 transcript was much stron-
ger than that of the TO transcript (Fig. 3). IFN-y, TNF-«,
and o-defensin 1 also induced expression of the T1 tran-
script to a lesser extent, whereas this increase was not
observed in the TO transcript.

Genomic structure and genetic polymorphisms in the 5’
upstream regions of MxA transcripts with distinct first
exons

Because the transcript variant TO with alternatively spliced
exons was moderately induced by type I IFNs, 5' RACE was
performed to determine the 5’ end of exon Oa, the transcription
start site of TO, in IFN-P-stimulated HBE cells (Fig. 1). A
putative ISRE motif and a possible binding site for NF-xB
were revealed in the 5" upstream region of the TO transcript
(Fig. 1). The nearly full-length transcript TO was amplified
with the sense primer in exon Oc and the antisense primer in
the last exon 17; however, no alternatively spliced exon was
observed in the protein-coding region (data not shown). Al-
though the transcript variant that skips untranslated exons 2
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Fig. 2 Relative expression levels of two MxA transcript variants in
human tissues. Relative expression levels of the T0 and T1 transcripts
in various human tissues were obtained by real-time RT-PCR using a
commercial RNA panel, Human Total RNA Master panel II
(Clontech). The RNA consisted of pooled RNA from two or more
donors. Their genotypes were not available but presumably mixture of
different genotypes
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Fig. 3 Induction of TO and T1 transcript variants by various stimuli in
HBE cells. HBE cells (n=3) were stimulated with IFN-«, IFN-, poly
(I:C), IFN-y, TNF-a, LPS, o-defensin 1, f-defensin 1, and -defensin
2 for 24 h and then harvested. Expression levels of the T0O and T1
transcripts were compared with those of unstimulated cells by real-time
RT-PCR. Fold inductions are shown as the mean+SEM. The genotypes
of the promoter SNPs were as follows: sample #1, ~77 SNP (1s457274)
C/G, —123 SNP (rs17000900) C/A, —88 SNP (rs2071430) G/T, and
+20 SNP (rs464138) C/A; sample #2, 77 C/C, —123 C/A, —88 T/T,
and +20 A/A and; sample #3, ~77 C/G, —123 C/C, 88 G/G, and +20
C/A

and 4 has also been registered in the public database
(NM_001178046.1), its expression level was very low in the
HBE cells (data not shown).

Sequence analysis of the 5’ upstream region of the TO
transcript using our DNA samples identified genomic varia-
tions, =77 C/G SNP (rs457274) near the putative ISRE motif
(Fig. 1), —326 deletion/insertion polymorphism (rs60467231),
and —504 A/G SNP (rs12483338). Three other SNPs, —123 C/
A (rs17000900), —88 G/T (rs2071430), and +20 C/A
(rs464138), near the 5' end of the T1 transcript were also
detected (Fig. 1). As shown in Online Resource 2, =77 C/G
SNP of the TO transcript and the three SNPs near the 5’ end of
the T1 transcript were all in strong LD with each other (D'>
0.8, >0.4).

Differences in expression levels of MxA among SNP genotypes

Next, the mRNA expression levels of the TO and T1 tran-
scripts were analyzed in HBE cells with different genotypes.
The expression of the T1 transcript assessed by real-time RT-
PCR was 2.3-fold higher than that of the TO transcript under
the unstimulated condition (n=38). Baseline expression of the
T1 transcript was significantly higher in proportion to the
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number of A alleles of =123 C/A SNP, T alleles of —88 G/T
SNP, and A alleles of +20 C/A SNP carried by HBE cells
according to a simple regression analysis (p=0.013, p=
0.0035, and p<0.0001, respectively) (Fig. 4b). Multiple re-
gression analysis showed that the association of +20 C/A SNP
remained significant (p=0.016), whereas the association of
—123 C/A and —88 G/T SNPs was insignificant (p=0.67 and
p=0.78, respectively). In contrast, baseline expression of the
TO transcript was slightly higher in proportion to the number
of C alleles of =77 C/G SNP; however, this increase was not
statistically significant (p=0.086) (Fig. 4a).

When the relative expression of the total MxA transcripts
was compared with expression of the T1 and TO transcripts
under the unstimulated condition, the overall expression of
MxA strongly correlated with expression of the T1 tran-
script (Spearman’s rank correlation coefficient; rs=0.759),
whereas it weakly correlated with expression of the TO
transcript (rs=0.388). The total expression of MxA was
significantly higher in proportion to the number of —123
A, —88 T, and +20 A alleles (p=0.0004, p<0.0001, and p<
0.0001, respectively), which was similar to the linear rela-
tionship between the T1 transcript and number of alleles
shown above.

When immortalized HBE cell line BEAS-2B was stimu-
lated with poly(I:C), time-course analysis revealed that ex-
pression of the TO transcript was the highest after 24 h,
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Fig. 4 Differences in the baseline expression of transcript variants
among the genotypes of the promoter and exon 1 SNPs in HBE cells.
Expression of a TO and b T1 transcripts under the unstimulated
condition in HBE cells with each genotype of —77 C/G SNP for the
TO transcript (C/C, n=8; C/G, n=18; G/G, n=12), of —123 C/A SNP
(A/A, n=2; A/C, n=18; C/C, n=18), of 88 G/T SNP (T/T, n=3; G/T,
n=19; G/G, n=16), and of +20 C/A SNP (A/A, n=5; A/C, n=22; C/C,
n=11) for the T1 transcript is shown. The relative amounts of mRNA
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whereas that of the T1 transcript was the highest after 6—
12 h of incubation (Online Resource 3). We therefore inves-
tigated the expression of TO and T1 transcripts in HBE cells
(n=29) stimulated with poly(I:C) for 24 h. The expression
of the TO transcript increased eightfold, whereas that of the
T1 transcript increased 870-fold. Poly(I:C)-induced expres-
sion of both transcripts was not associated with either allele
of the four SNPs (Fig. 5a, b). When HBE cells (n=9) were
stimulated with IFN-f for 12 h, the TO transcript was
induced eightfold, and the T1 transcript was induced 640-
fold. IFN-B-induced expression of the transcripts did not
vary among genotypes (data not shown).

Discussion

In this study, we investigated the expression profile of MxA
by analyzing expression of the original transcript T1 and the
transcript variant TO in primary cultured HBE cells. Accord-
ing to our absolute quantification method using real-time
RT-PCR, the amount of the TO transcript was approximately
half of that of the T1 transcript at the baseline level. Al-
though expression of the TO transcript was also induced by
type I IFNs and poly(I:C) and its 5’ proximal region has a
potential ISRE motif, IFN-f and poly(I:C) inducibility of
the T1 transcript was at least 100-fold higher than that of the

Transcript T1

NA AC cre
+20 SNP (rs464138)

of each transcript compared with that of the TO transcript in GG cells
without poly(I:C) stimulation are shown as mean+SEM. Possible
associations between the number of alleles and the amount of the
corresponding transcripts were assessed by a simple regression model
respectively (p=0.086 for the number of =77 C alleles, p=0.013 for
—123 A alleles, p=0.0035 for —88 T alleles, and p<0.0001 for +20 A
alleles)
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