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Abstract

sorbent assay (ELISA).

Background: Increased leucine-rich a2-glycoprotein-1 (LRG1) has been observed in plasma of individuals with vari-
ous diseases. However, the role of LRG1 in allergic airway disease has not been investigated.

Objective: To explore the involvement of LRG1 in allergy and its cell origins.

Methods: The expression levels of LRG1 and its receptor transforming growth factor-beta receptor Il (TGFBR2) in
patients with allergic rhinitis (AR) and asthma (AS) were examined by flow cytometry, and enzyme-linked immuno-

Results: LRG1 and soluble TGFBR2 expression in plasma of patients with AR and AS were markedly lower than that
of healthy control (HC) subjects. Large proportions of CD123 + HLA-DR—, CD16+4, CD4+, CD8+, CD144, and CD19+
cells expressed LRG1, although the percentages of LRG1+ cells in these cell populations were lower in AR and AS
patients. Up to 89.8 and 15.5 % of dispersed mast cells expressed LRG1 and TGFBR2. Moreover, allergen extract expo-
sure significantly reduced LRG1 and TGFBR2 expression in the plasma and leukocytes of patients with AR and AS.

Conclusions: Reduced LRG1 and TGFBR2 levels in patients with allergic airway disorders are likely caused by inhibi-
tory actions of allergens in LRG1 producing cells. Thus, LRGT may be a key regulatory factor of allergic responses.
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Background

LRG1 (HGNC: 29480) is a 50-kDa glycoprotein contain-
ing 23 % carbohydrate by weight [1]. It consists of 312
amino acids, of which 66 are leucines. The predicted
secondary structure suggests that LRG1 may be a mem-
brane-associated or membrane-derived protein [2].
LRGI1 belongs to the leucine-rich repeat protein family
[3], members of which are commonly involved in signal
transduction, cell adhesion, development, DNA repair,
recombination, transcription, and RNA processing [4].
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LRG1 is expressed during haematopoiesis, especially
during differentiation of the neutrophilic granulocyte
lineage [5]. It also promotes neovascularization through
binding to the accessory receptor endoglin, and acti-
vates transforming growth factor beta (TGF-P) signal-
ling in endothelial cells via the TGFBR2 (HGNC: 11773)
-ALK-1/Smad1/5/8 pathway [6]. Increased LRG1 levels
have been observed in serum or plasma of patients with
various types of cancers [7] including lung cancer [8]. It
is suggested that LRG1 may be a useful marker of pediat-
ric appendicitis as it was elevated in urine [9] and plasma
[10] of children with acute appendicitis and enriched in
diseased appendices. Because serum LRG concentrations
correlate well with disease activity in ulcerative colitis
[11] and rheumatoid arthritis (RA) [12], this novel serum
biomarker could be a promising surrogate for C-reactive
protein when monitoring disease progression in ulcera-
tive colitis and RA. However, little is known regarding
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the relationship between this unique glycoprotein and
allergic disorders. Since allergy is also an inflammatory
and immunological disease, and LRG may play a role in
it, we investigated the expression of LRG1 in allergic dis-
orders and its potential cell origins in the present study.

LRGI is co-expressed with TGFBR2 and contains a
putative membrane-binding region, thus suggesting
TGFBR2 as a potential cell-surface receptor for LRG1
[13]. Elevated levels of TGFBR2 and LRG1 are observed
in the cerebrospinal fluid of patients with idiopathic
normal pressure hydrocephalus (INPH) [14], suggest-
ing measuring TGFBR2 and LRG1lexpression levels may
be useful for diagnosing INPH. However, the expression
levels of TGFBR2 in the plasma and blood cells under
allergic conditions remain uninvestigated. The aim of the
study is to investigate the expression levels of LRG1 and
its receptor TGFBR2 in the plasma and blood cells under
allergic airway conditions.

Methods

Reagents

Type-1 collagenase, and type-I hyaluronidase were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). FACS
lysing solution and Cytofix/Cytoperm solution were
obtained from BD Pharmingen (San Jose, CA, USA). A
rabbit anti-human LRG1 antibody, a FITC-conjugated
mouse anti-rabbit IgG antibody, and a PE-conjugated
mouse anti-rabbit IgG antibody were purchased from
LifeSpan BioSciences (Seattle, WA, USA). PerCP-conju-
gated mouse anti-human CD4, PE/Cy7-conjugated mouse
anti-human CD8, APC/CY7-conjugated mouse anti-
human CD14, APC-conjugated mouse anti-human CD19,
APC/Cy7-conjugated mouse anti-human CD16, PE/Cy7-
conjugated mouse anti-human CD123, PerCP-conjugated
mouse anti-human HLA-DR, PE/Cy7-conjugated mouse
anti-human CD34, PerCP-conjugated mouse anti-human
FceR1, PE-conjugated mouse anti-human CD117, FITC-
conjugated mouse anti-human CD90, APC-conjugated
mouse anti-human TGFBR2, and PE-conjugated mouse
anti-human TGFBR2 antibodies were purchased from
BioLegend (San Diego, CA, USA). Allergens for skin
prick tests were supplied by ALK-Abelld, Inc. (Denmark).
Human LRGI1, TGFBR2, and tryptase ELISA kits were
purchased from R&D Systems (Minneapolis, MN). Most
general-purpose chemicals such as salts and buffer com-
ponents were of analytical grade.

Patients and samples

A total of 16 AR, 15 AS, 5 combined AR and AS
(AR + AS), 8 RA and 15 HC subjects were recruited
for the study. AS was diagnosed according to the crite-
ria of the Global Initiative for Asthma [15], and AR and
RA diagnosis were based on the allergic rhinitis and its
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impact on asthma [16] and 2010 RA classification crite-
ria [17], respectively. All patients were asked to stop tak-
ing anti-allergy medication for at least 2 weeks prior to
participating in the study. The recruited patients did not
have any airway infection for >1 month. Informed con-
sent was provided from each volunteer according to the
declaration of Helsinki, and this study was approved by
the ethical committees of the First Affiliated Hospital of
Jinzhou Medical University. The general characteristics
of the patients and control subjects are summarized in
Table 1. Peripheral venous blood sample was collected
into K2EDTA anticoagulant containing tubes from each
patient and HC subject, and were immediately processed
to collect cells and plasma for analysis. Human tonsillar
specimen tissues were removed by tonsillectomy, after
which dispersing mast cells and fibroblasts were col-
lected. The protocol for the ethical use of human tissue
in research complied with the Declaration of Helsinki
(2000) and was approved by the Committees of the First
Affiliated Hospital of Jinzhou Medical University.

Cell line and culture

A human mast cell line, HMC-1, was a gift from Dr.
Joseph H. Butterfield (Mayo Clinic, MN, USA). Cells
were cultured in RPMI 1640 medium supplemented with
10 % fetal bovine serum and 1 % penicillin and strepto-
mycin in 75-cm? tissue culture flasks (Falcon) at 37 °C in
a5 % (v/v) CO,, water-saturated atmosphere.

Flow cytometric analysis of LRG1 and TGFBR2 expression

in white blood cells from patients exposed to allergens

To detect LRG1 and TGFBR2 expression on basophilic
granulocytes (CD123 + HLA-DR— cells) and neutro-
phils (CD16+ cells), we added 4 antibodies (APC/CY7-
conjugated mouse anti-human CD16, PE/CY7-conjugated
mouse anti-human CD123, PerCP-conjugated mouse anti-
human HLA-DR, and PE-conjugated mouse anti-human
TGEBR2) to 100 pl whole blood, and the cells were labelled
for 15 min, according to the manufacturer’s instructions.
Following the ligation of red blood cells, white blood cells
were fixed and permeabilized. The rabbit anti-human LRG1
antibody were added to 100 ul cell suspensions for 30 min
at 4 °C, followed by staining with a FITC-conjugated mouse
anti-rabbit IgG antibody. To detect LRG1 and TGFBR2
expression on monocytes (CD14+ cells), helper T cells
(CD4+ cells), cytotoxic T cells (CD8+ cells), and B cells
(CD19+ cells), we stained cells with the following antibod-
ies: PerCP-conjugated mouse anti-human CD4, PE/Cy7-
conjugated mouse anti-human CD8, APC/Cy7-conjugated
mouse anti-human CD14, and APC-conjugated mouse
anti-human CD19. After washing, the cells were analysed
on a fluorescence-activated cell sorting (FACS)Arial flow
cytometer with CellDevia software (BD Biosciences, USA).



Hao et al. J Transl Med (2016) 14:202

Page 3 of 15

Table 1 General characteristics of the patients with rhinitis (AR), asthma (AS), combined rhinitis with asthma (AR + AS),

rheumatoid arthritis (RA) or healthy control subjects (HC)

HC AR AS AR+ AS RA
(n=15) (n=16) (n=15) (n=5) (n=28)
Age (year) 35 (15-65) 43(17-74) 47 (18-78) 43 (16-60) 48 (20-68)
Female/male 8/7 9/7 7/8 3/2 7/1
Median age at onset (year) na 36 (7-56) 42 (10-59) 43 (6-57) 40 (18-63)
Median disease duration (year) na 3.5(0.5-21) 3(0.5-38) 5(1-40) 4(0.5-42)
Blood taken time after the first symptom of the latest attack (h) na 12 (5-18) 9(4-17) 8 (3-16) 12 (6-16)
Number of positive skin prick for house dust mite 0 12 10 3 0
Number of positive skin prick for artemisia 0 9 3 1 0
Number of positive skin prick for platanus pollen 0 2 5 1 0
Number of positive skin prick for cat fur 0 4 4 3 0
Number of positive skin prick for dog fur 0 5 3 0 0

Median (range) data are shown for the number of subjects indicated. All patients stop using long-acting corticosteroids for at least 2 weeks and any other anti-allergic

drugs for 1 week before skin prick being taken

na not applicable

Peripheral blood challenge with allergen extracts
Peripheral blood samples (1.5 ml) from 8 AR, 8 AS, and
8 HC subjects were incubated with Artemisia sieversi-
ana wild allergen extract (ASWE) at 0.1 and 1.0 pug/ml,
Platanus pollen allergen extract (PPE) at 0.1 and 1.0 pg/
ml, and house dust mite allergen extract (HDME) at 0.1
and 1.0 pg/ml for 30 min at room temperature. The chal-
lenged blood was then processed as above.

Isolation of tissue cells and flow cytometric analysis

of LRG1 and TGFBR2 expression

The procedures for dispersing human tonsillar and skin
tissue cells were mainly adopted from a previous study
by He et al. [18]. Briefly, tonsillar and skin tissues were
digested with collagenase, hyaluronidase, and DNase in
DMEM. After centrifugation, the cells were fixed using a
Cytofix/Cytoperm™" solution. Cells were then incubated
with one of the following labelled monoclonal antibodies:
PE/Cy7-conjugated mouse anti-human CD34, PerCP-
conjugated mouse anti-human FceR1, PE-conjugated
mouse anti-human CD117, FITC-conjugated mouse anti-
human CD90, rabbit anti-human LRG1, FITC-conjugated
mouse anti-rabbit IgG, PE-conjugated mouse anti-rabbit
IgG, or APC-conjugated mouse anti-human TGFBR2,
with staining performed for 30 min at 4 °C in the dark.
FITC-conjugated mouse IgGl, PE-conjugated mouse
IgG1, and APC-conjugated mouse IgGl were used as
isotype control. Cells were analysed on a FACSArial flow
cytometer. Data were analysed with CellQuest software.

Time course of LRG1 and TGFBR2 expression in HMC-1 cells
The procedure challenging HMC-1 cells was mainly
adopted from a method previously described by Zhang

et al. for P815 cells [19]. Briefly, cultured HMC-1 cells at
a density of 1 x 10° cells/ml were incubated with ASWE
(0.1 and 1.0 pg/ml), PPE (0.1 and 1.0 pg/ml), or HDME
(0.1 and 1.0 pg/ml) for 1, 6, or 12 days at 37 °C, chang-
ing the culture medium and allergen at every 2 days.
The plates were centrifuged at 450xg for 10 min at 4 °C
before the culture supernatants (1 ml per well) were col-
lected and stored. Cell pellets containing approximately
1 x 10° cells were resuspended for FACS analysis.

Determination of the expression levels of LRG1, TGFBR2,
and cytokines in the plasma of allergic patients

The levels of tryptase, LRG1, and TGFBR2 produced
in the plasma of allergic patients were measured using
ELISA kits, according to the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed with SPSS soft-
ware for windows (version 17.0, IBM Corporation). Data
were presented as median (range) for the number of
experiments indicated. Where analysis of variance indi-
cated significant differences between groups (Kruskal—
Wallis test) for pre-planned comparisons of interests,
the Mann—Whitney U test was applied. For all analyses,
P < 0.05 was considered statistically significant.

Results

Plasma levels of LRG1, TGFBR2, and tryptase and their
correlations

The most direct approach for studying the potential roles
of LRG1 in allergic disorders is to examine changes in
LRGI1 expression under allergic conditions. RA patients
were used as a control disease population. Using ELISA
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kits, we observed that LRG1 levels in the plasma of AR,
AS, and RA subjects, but not AR + AS subjects, were
markedly lower than that of HC subjects (Fig. 1a). Simi-
larly, soluble TGFBR2 levels in the plasma of AR, AS, RA,
and AR + AS groups were also markedly lower than that
of those of the HC group (Fig. 1b). In contrast, tryptase
levels in the plasma of AR, AS, and AR + AS groups were
markedly higher than those of the HC group (Fig. 1c).
LRG1 levels correlated well with TGFBR2 production
in the plasma of AR, AS, AR + AS, and HC subjects.
Tryptase expression was negatively correlated LRG1 and
TGFBR2 in plasma samples from AR, AS, and AR + AS
subjects (Fig. 1d). Positive skin allergen-testing result of
the AR and AS patient population indicates that not all
patients respond to the same allergen, and appears not to
associate with the plasma levels of LRG1 and TGFBR2.

LRG1 and TGFBR2 expression in peripheral blood
leukocytes

To identify the potential sources of LRG1 and TGFBR2
production, we investigated LRG1 and TGFBR2
expression in peripheral blood leukocytes. The result
showed that large proportions of CD123 + HLA-DR—,
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CD16+, CD4+, CD8+, CDI14+, and CD19+ cells
expressed LRG1. The percentages of LRG1+ cells in
CD123 + HLA-DR—, CD16+, CD4+, CD8+, CD14+,
and CD19+ cell populations of AR, AS, and RA patients
were lower than those of HC subjects. However, for
AR + AS patients, LRG1+ cells were only diminished in
CD123 + HLA-DR— and CD8+ cell populations (Fig. 2).
No significant difference in the mean fluoresce intensity
(MFI) of LRG1 expression was observed between AR,
AS, RA or AR + AS, and HC subjects. Decreased LRG1
plasma levels correlated with diminished LRG1 expres-
sion in CD123 + HLA-DR—, CD16+, CD4+, CD8+,
CD14+, and CD19+ cell populations from AR patients;
CD123 + HLA-DR— and CD16 + cells from AS patients;
and CD123 + HLA-DR— and CD8+ cells from AR + AS
patients (Fig. 3b).

The percentage of TGFBR2+ cells present in
CD123 + HLA-DR— cell populations was lower in
patients with AR (median value 9.1 %, P = 0.03) when
compared with HC subjects (median value 15.9 %),
but not when compared to patients with AS, RA, or
AR + AS. It was also observed that the percentages of
TGFBR2+ cells in CD16+, CD4+, CD8+, CD14+, and
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Fig. 1 Scatter plots showing the levels of LRG1 (a), TGFBR2 (b, TR2), and tryptase (¢, Tryp) in the plasma of patients with allergic rhinitis (AR), asthma
(AS), AR + AS, rheumatoid arthritis (RA), and healthy control (HC) subjects. Each symbol represents the value from 1 subject. The median value is
indicated with a horizontal line. d Rank correlation (Spearman’s correlation coefficient) between LRG1, TR2, and Tryp. *P < 0.05. na not applicable




Hao et al. J Transl Med (2016) 14:202

Page 5 of 15

Gate

PerCP-HLA-DR

0102 103 104 105
APC-CY7-CIp16

\ 4
250K |
200K 4 LRG1+
< 150K 0.648%
2 3. 4 5 5
010" 10° 10" 10 010% 10° 10" 10
FITC-LRG1 FITC-LRG1
A
50K 1
250K LRGI+ 250K LRGI+
200K 92.3% 200K 40.5%
< 150K
Q
2 100K
50K
0 " T T T
5 2 3 4 5
010% 10° 10* 10 010" 10” 10" 10
FITC-LRG1 FITC-LRG1
1 250K |
250K LRG1+ 200K LRG1+
200K 34.8% ] 28.9%
< 150K | § 150K P
Q
4 100K 2 100K
50K 4 S0K 4
0 [LE S ———
o Y 2 3 4 5
010% 10° 10% 10° 010" 10” 10" 10
FITC-LRG1 FITC-LRG1
C250K~ LRGI+ 250K LRGI+
200K 4 30.9% 200K 27.9%
*? 150K 4 ‘F 150K
2 2
2 100K 2 100k
50K 4 S0K.
0 T oy T ° ™
0102 10° 10 10° 010" 100 10' 10°
FITC-LRG1 FITC-LRG1
250K 250K |
200K 50.9% 200K |
< 150K 4 < 150K 4 20.8%
9) o)
2 100K 2 100K
50K 50K
0 T 0 W T T T
2 3 4 5
010% 10° 10* 10° 010" 10” 10" 10
FITC-LRG1 FITC-LRG1
250K 4 LRGI1+ 250K | LRGI
200K o ]
46.5% 200K 292%
3 150K 3 150K p
2 100K % 100K
50K 4 50K
0 0

0102 1(]3 104 1(]5

FITC-LRG1

250K 250K ] 250K ]
200K 200K 200K
150K < 150K ] < 150K ]
9 9
100K | & 100K CD8+ & 100K
50K | 50K |
Lret) oo TR .
010”16 10" 10° 010% 10 10f 10°
PE-(JY7-CD8 APC-CY7-¢D14
\ 4 \ 4
250K ] 250K { 250K {
200K 4 200K § 200K LRGI+ 200K
150K | LRGI+| & 150K E 150K 4 0.181% 3 150K
[*}
100K | 2.55% | 2 100K ] LRGI+ | 2 00K | % 100K |
1.15% i
50K | 50K | 50K | é SOK |
0 L3 0 " T T T 0 bl zads T 0 L T T
2 3 4 5 2 3 45
010% 10° 10* 10° 010> 10° 10* 10° 010" 10° 10" 10 010" 10° 10" 10
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
250K { 250K 250K 250K
200K - 200K 200K | 200K
150K | < 150K | < 150K < 150K
2 LRGI+ | 3 9]
100K gggol; & 100K 61.2% % 100K % 100K LRG1+
s0k] 3% 50K M‘ 50K 50K 58.8%
LRI } [ M : 0 I i
5 2 3 4 5 5
010” 10° 10* 10 010" 10 10" 10 010> 10* 10* 10° 010> 10* 10* 10°
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
250K 250K ]
200K 200K
LRG1+
150K 4 471% & 150K
100K 4 % 100K LRG1+
9
S0k ] 0K ] 40.5%
T 0 L T 0 e T
2 3 4 5 2.3 4 5 5
010" 10° 10" 10 010" 10° 10" 10 010> 10> 10% 10 010* 10° 10* 10°
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
250K ] 250K 250K 250K ]
200K 200K 200K LRGL+ 200K
150K 3 150K 4 3 150K 4 45.9% | < 150K
. *]
100K LRG“” % 100K | LRGI+ | 2 100Kk % 100K | LRGI+
36.0% 34.8% 39.5%
50K { 50K | 50K 50K |
[UR S e 0 Jorgeer T T T [UE S [UE Se— T
5
010” 10° 10* 10° 010> 10* 10* 10 010” 10° 10* 10° 010> 10° 10* 10°
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
250K 1 250K 250K 250K
i 200K 200K { 200K 4
200K LRGI+
150K | SIREUS & 150K 10.3% | o 150K:
100K LRGI+ | 2 100K | LRGI+ |2 g0k | 2 100K | LRGI+
13.4% 12.9% 16.7%
50K 50K | EI 50K 50K
04 [UE o i [LES— O i
2 3 45
010% 10° 10" 10° 010” 10° 10* 10° 010% 10° 10" 10° 010" 10° 10" 10
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
250K ] 250K 250K 250K
i ] 200K 200K
200K 200K LRGL+
150K 150K & 150K 351% | & 150K
100K 4 100K LRGI+ | & 100K % 100K |
50K 4 50K 41.6% 50K 50K 4
0] 0 e T T O g T 0 iy
2 3 4 5
0102 103 1(]4 105 0102 103 ll]4 105 010" 10 10 10 0102 103 104 105
FITC-LRG1 FITC-LRG1 FITC-LRG1 FITC-LRG1
Fig. 2 Flow cytometric analysis of LRG1 expression in peripheral blood leukocytes. A representative graph of LRG1+ cells in (A) healthy control (HC)

subjects, (B) allergic rhinitis (AR), (C) asthma (AS), (D) rheumatoid arthritis (RA), and (E) AR + AS as indicated. FMO fluorescence minus one

0102 103 104 105
FITC-LRG1

SSC-A

SSC-A

SSC-A

SSC-A

SSC-A

SSC-A

CD19+ cells from the AR + AS group were lower than
those from the HC group. Compared with the HC group,
the percentage of TGFBR2+ cells in CD19+ cells from
the AS group was slightly low (0.36 vs.1.52 %, P = 0.019).

In contrast, the percentage of TGFBR2+ cells in the
CD14+ cell population from RA subjects was higher
than that from HC subjects (Fig. 4). Similar to LRGI,
the MFI of TGFBR2 expression was not significantly
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Fig. 3 Flow cytometric analysis of LRG1 expression in peripheral blood leukocytes. a Scatter plots of LRG1 expression. P < 0.05 was considered
statistically significant. b Rank correlation (Spearman’s correlation coefficient) between the plasma level of LRG1 and percentage of LRG1 expressing

different between samples from the AR, AS, RA or
AR + AS, and HC groups. Decreased plasma levels of
TGFBR2 correlated with diminished TGFBR2 expres-
sion in the CD123 4+ HLA-DR—, CD4+ and CD14+ cell

populations from the AR group; CD16+ and CD4+ cells
from the AS group; CD16+ and CD4+, CD14+, and
CD19+ cells from the AR 4+ AS group; and CD4+ cells
from the RA group (Fig. 5b).
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Fig. 6 Flow cytometric analysis of LRG1 and TGFBR2 expression in dispersed human mast cells (CD34-CD117 + FceRl + , MC) and fibroblasts
(CD90+). a Dispersed skin MC (A) and fibroblasts (B). b Dispersed tonsil MC. Data are displayed as a boxplot for 6-7 skin or tonsil tissues, which
indicates the median, interquartile range, and the largest and smallest values

Expression of LRG1 and TGFBR2 in dispersed tissue cells

To further identify the potential source of LRG1 and
TGFBR2 production, we investigated the expres-
sion of LRG1 and TGFBR2 in dispersed tissue cells.
The result showed that approximately 89.8 % CD34-
FceRI + CD117+ cells (representing mast cells) and 5.7 %
CD90+ cells (representing fibroblasts) expressed LRG1,
while 15.5 % mast cells and 0.03 % fibroblasts expressed
TGFBR2 in skin tissue. In comparison, only 5.0 and 1.9 %
mast cells expressed LRG1 and TGFBR2 in tonsil tissue,
respectively (Fig. 6).

Time course of LRG1 expression in HMC-1 cells

Since reduced plasma level of LRG1 could result from
decreased expression of LRG1 in mast cells, we inves-
tigated the effects of the ASWE, PPE, and HDME on
HMC-1 cells. The result showed that ASWE, PPE or
HDME all at 0.1 and 1.0 pg/ml induced dose-dependent
downregulation of LRG1 expression in HMC-1 cells
on day 1. On day 6 and 12, these allergen extracts also
suppressed LRG1 expression in HMC-1 cells. It was
also observed that the percentage of LRG1-expressing
HMC-1 cells decreased markedly on day 6 and 12, with
or without allergen challenge (Fig. 7).
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Fig. 7 Induction of LRG1 expression in HMC-1 cells by exposure to Artemisia sieversiana willd extract (ASWE), Platanus pollen extract (PPE), or house
dust mite extract (HDME) for 1, 6, or 12 days before being analyzed by flow cytometry. The data are the mean = SE for 4 separate experiments.
*P < 0.05, compared with unstimulated control on the same day

Decreased levels of LRG1 and TGFBR2 production

in plasma following allergen challenge

To further confirm the reduced plasma levels of LRG1
and TGFBR2 in allergic airway disorders, we investigated
the effects of the ASWE, PPE, and HDME allergens on
LRG1 and TGFBR2 plasma levels. The result showed that
ASWE, PPE, and HDME caused up to 40 and 42.2, 48
and 40, and 38.9 and 43.9 % reduction of plasma LRG1
levels in patients with AR and AS, respectively (Fig. 8a).
Similarly, ASWE, PPE, and HDME treatment resulted
in up to 17.3 and 24.1, 35.9 and 29.7, and 24.1 and 31 %
decrease of TGFBR2 plasma levels in patients with AR
and AS, respectively (Fig. 8b). Compared with the periph-
eral blood from HC subjects, challenging the peripheral
blood from AR and AS subjects by ASWE, PPE, and
HDME reduced the release of LRG1 by up to 54.4 and
55.2, 60.5 and 53.5, and 53.5 and 56.5 %, respectively.
Such treatment also reduced the release of TGFBR2 by
up to 52.4 and 62.6, 63.1 and 65.4, and 56.3 and 66.0 %,
respectively (Fig. 8b).

Downregulation LRG1 and TGFBR2 expression

in peripheral blood leukocytes following allergen
challenge

Since allergen-induced reduction of LRG1 and TGFBR2
plasma levels likely resulted from decreased LRG1 and
TGFBR2 production in peripheral blood leukocytes, we
investigated the effects of the ASWE, PPE, and HDME
allergens on LRG1 and TGFBR2 expression in peripheral

blood leukocytes. The result showed that ASWE, PPE,
and HDME exposure decreased LRG1 expression by up
to 62.4, 57.9, and 43; 23.8, 35.2, and 57; and 33.5, 23.3,
and 41.7 % in CD4+ cells from AR, AS, and HC subjects,
respectively (Fig. 9a). Similarly, ASWE, PPE, and HDME
treatment decreased LRG1 expression by up to 57.7,
47.2, and 41.3; 31.7, 37.4, and 41.8; and 49.6, 37.3, and
48.5 % in CD8 + cells from AR, AS, and HC subjects,
respectively (Fig. 9a). ASWE, PPE, and HDME decreased
LRG1 expression by up to 61.4, 66.1, and 51; 58.7, 19.6,
and 40.7; and 40.3, 33.2, and 47.8 % in CD14+ cells from
AR, AS, and HC subjects, respectively (Fig. 9a). ASWE,
PPE, and HDME treatment also decreased LRG1 expres-
sion by up to 64.4, 65, and 48.9; 38.8, 25.7, and 60.2; and
37, 28.7, and 47.7 % in CD19+ cells from AR, AS, and
HC subjects, respectively (Fig. 9a). ASWE, PPE, and
HDME treatment failed to alter LRG1 expression in
CD123 + HLA-DR— and CD16+ cells (data not shown).

Although only up to 1.1, 4.0, and 1.5 % of CD4+,
CD14+, and CD19+ cells from the HC group expressed
TGFBR2, respectively, HDME and PPE further reduced
TGFBR2 expression to 0.4 and 0.6 % in CD4+ cells
(Fig. 9b), 0.3 and 0.9 % in CD14+ cells (Fig. 9b), and 0.3
and 0.5 % in CD19+ cells (Fig. 9b), respectively, from the
HC group. ASWE, PPE, and HDME treatment also dimin-
ished TGFBR2 expression by up to 35.8, 53.1, and 56.8 %
in CD4+ cells; up to 73.4, 51.7, and 78.3 % in CD14+ cells;
and up to 63.5, 73.1, and 63.5 % in CD19+ cells from the
AR group, respectively. ASWE, PPE, and HDME exhibited
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little effect on TGFBR2 expression in CD123 + HLA-
DR—, CD8+, and CD16+ cells (data not shown).

Discussion

The current study demonstrated for the first time that
plasma production levels of LRG1 and its soluble recep-
tor TGFBR2 in AR, AS, and AR + AS subjects are
reduced and that LRG1 and TGFBR2 expression is down-
regulated in various subsets of blood leukocytes and mast
cells. Since serum LRG concentrations are increased
in autoimmune diseases such as ulcerative colitis [11],
RA [12], and various types of cancers, our current find-
ings may provide a novel diagnostic measure for differ-
entiating autoimmune disease or cancer from allergic
responses. Because allergens diminish plasma LRG1
and TGFBR2 levels in AR and AS subjects and suppress
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LRGI expression in various subsets of blood leukocytes
and mast cells, LRG1 likely mediates the pathogenesis of
allergic airway disorders.

Observing reduced plasma LRGI1 levels in AR, AS and
AR + AS subjects was unexpected, as LRG1 downregu-
lation has not been reported previously under patho-
logical conditions. The overwhelming majority of clinical
reports have shown that serum or plasma LRG1 levels are
elevated during the development of various diseases. For
example, LRG1 was upregulated in the serum or plasma
of patients with hepatocellular carcinoma [20], pan-
creatic cancer [21], ovarian cancer [7], lung cancer [8],
and colorectal cancer [22]. Increased LRG1 expression
was also found in patients undergoing neurodegenera-
tive diseases [23], acute appendicitis [9], hydrocephalus
[24], heart failure [25], autoimmune diseases [12], and
ageing [26]. LRG1 has also been suggested as promising
biomarker in other disease entities, such as Still’s disease
[27] and in peptidomics studies [28, 29].

The observation that plasma LRG1 level in patients
with RA was significantly decreased was unexpected
as previous report [12] demonstrated that LRG level in
patients with RA was elevated compared with those in
the healthy controls. The main difference between the
two studies was the data for HC subjects, which was
~5 pg/ml in the study performed by Serada et al. and
16 pg/ml in the current study. Since different ELISA kits
were used by the two study groups, plasma LRG1 was
measured in the present study and serum LRG was deter-
mined by Serada et al,, it is difficult to compare the data
from these two studies. Nevertheless, the serum level of
LRG for RA in Serada’s study was ~11.5 pg/ml, and the
plasma level of LRG1 for RA in our study was 9.2 pug/ml,
which seems no big difference between the two.

In contrast to findings with LRG1, some reports have
described a decrease of TGFBR2 production under path-
ological conditions. For instance, decreased TGFBR2
expression was observed in prostate cancer cells [30],
carcinoma cells of the urinary bladder [31], and the oro-
pharyngeal mucosa during SIV infection [32]. These data
may support our current observation that plasma lev-
els of TGFBR2 were reduced in AR, AS, and AR + AS
subjects. It should be noticed that the HC group is sig-
nificantly younger than the others in the present study,
which may be a confounding factor for the interpretation
of differences.

LRG1 is expressed during haematopoiesis, especially
during differentiation of the neutrophilic granulocyte
lineage [5]. We found that not only neutrophils, but also
large proportions of basophils, helper T cells, cytotoxic
T cells, monocytes, and B cells populations expressed
LRG1, which could be the major contributors of plasma
LRG1 (pg/ml scale). Thus, reduced plasma LRG1
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Fig. 9 Flow cytometric analysis of LRG1 and TGFBR2 expression in peripheral blood leukocytes of allergic rhinitis (AR, n = 8), asthma (AS, n = 8),
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levels in AR, AS, and AR + AS subjects could result from
decreased LRG1 secretion from these subsets of leuko-
cytes. Indeed, we observed diminished percentages of
LRG1+ cells in all subsets of leukocytes in patients with
AR and AS, in comparison with HC subjects, suggesting
that allergens may suppress LRG1 production in these
cell types. To our surprise, the plasma level of LRG1 in
patients with RA was also lower than that of HC subjects,
which conflicts with data from a previous report [12].
Since the plasma LRG1 levels observed in RA patients in
the present study is similar to previously reported values
(median values: present study, 8.12 vs. previous study,
11.4 pg/ml), the difference between both studies lies in
the LRG1 levels observed in HC subjects (median value:
present study, 15.9 vs. previous study, 3.0 pg/ml). Since
the plasma levels of LRG1 in AR, AS, RA, and AR + AS
subjects were all reduced, it is difficult to clearly differen-
tiate AR or AS from RA, based upon plasma LRG1 levels
alone.

TGE-P receptors are expressed on almost all types of
mammalian cell types examined. The TGEF-p signalling
pathway involves 2 transmembrane serine/threonine
kinases, known as TGF-B receptors I and II [33]. The
type-1I receptor, a 70 kDa transmembrane protein with
a cytoplasm serine/threonine kinase domain, is required
for the antiproliferative activity of TGF-p. The abundance
of cell-surface TGF-B R-II expression is the limiting
factor during initial activation of the signal transduc-
tion pathway [34]. Therefore, our findings that plasma
TGFBR2 levels were reduced in AR, AS, and AR + AS
subjects; that the percentage of TGFBR2+ cells in
CD123 4+ HLA-DR— cells decreased in patients with AR;
and that the percentage of TGFBR2 + cells in CD16+,
CD4+, CD8+, CD14+, and CD19+ cell populations of
AR + AS subjects was lower than that in HC subjects
suggested that LRG1 and TGF-B-provoked cell activities
may be enhanced in the above cell types.

It was found that ASWE, PPE, and HDME allergen
exposure reduced LRG1 and TGFBR2 plasma levels
in patients with AR and AS. Because ASWE, PPE, and
HDME could also suppress the production of LRG1
and TGFBR2 in peripheral blood helper T cells, NKT
cells, monocytes, and B cells from AR and AS subjects,
the reduction of plasma LRG1 and TGFBR2 levels may
results in part from a decreased release of LRG1 and
TGFBR2 from these leukocytes. However, it is difficult to
explain the facts that LRG1 concentration was reduced
in HC subjects when incubated with 1.0 HDME and 0.1
PPE (and not 1.0 PPE), and that TGFBR2 concentrations
were decreased in HC subjects in response to various
allergens. Since expression of LRG1 and TGFBR2 are
not supposed to be reduced in HC subjects when incu-
bated with allergens, further work is required to address
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the issue. Lack of association between allergen type in
skin allergen-testing and the plasma levels of LRG1 and
TGFBR2 in the AR and AS patient population, and 3 dif-
ferent allergens caused similar pattern of reduced LRG1
and TGFBR2 concentrations in plasma, we believe that
reduction of plasma levels of LRG1 and TGFBR2 is a
common feature of allergy regardless of allergen type.
Little is known of expression of LRG1 in mast cells,
the major primary effector cells of allergic responses
[35]. Since mast cell degranulation is a key event occur-
ring during allergic responses, the negative correlations
between tryptase and LRG1 and TGFBR?2 in the plasma
of AR, AS, and AR + AS subjects suggested that plasma
LRGI1 and TGFBR2 may be released from cells other than
tryptase-producing cells, or that allergen may have dual
activities in mast cells (provoking degranulation and
inhibiting LRG1 and TGFBR2 production). Our obser-
vations that approximately 89.8 and 15.5 % of mast cells
expressed LRG1 and TGFBR?2 in skin tissue; that 5.0 and
1.9 % of mast cells expressed TGFBR2 in tonsil tissue; and
that the allergens ASWE, PPE, and HDME diminished
LRGI1 expression in HMC-1 cells support the possibility
that allergens may serve such dual roles in mast cells.

Conclusions

Unlike RA and ulcerative colitis, patients with allergic
airway disorders possess a feature of decreased LRG1
concentration in their plasma, which may serve as a
maker to differentiate allergic disease from autoimmune
disease. The reduced LRG1 and TGFBR2 levels in plasma
of allergic airway disorders are most likely caused by the
inhibitory actions of allergens on LRG1 and TGFBR2
producing cells. Therefore, LRG1 could be a key regula-
tory factor of allergy, and its reduced release may con-
tribute to the development of allergy.
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