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Upregulation of Mas-related G Protein
coupled receptor X2 in asthmatic lung
mast cells and its activation by the novel
neuropeptide hemokinin-1
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Abstract

Hemokinin-1 (HK-1) is a novel neuropeptide produced by human bronchial cells and macrophages and causes
contraction of human bronchi ex vivo. It is also generated by antigen/IgE-activated murine mast cells (MCs) and
contributes to experimental chronic allergic airway inflammation via the activation of the neurokinin receptor-1
(NK-1R) expressed on murine MCs. We found elevated MC numbers in the lungs of individuals who died from
asthma (asthma) when compared to lungs of individuals who died from other causes (non-asthma). Mas-related G
Protein coupled receptor X2 (MRGPRX2) is a novel G-protein coupled receptor (GPCR) that is expressed
predominantly on human MCs. We detected low level of MRGPRX2 in non-asthma lung MCs but its expression was
significantly upregulated in asthma lung MCs. HK-1 caused degranulation in a human MC line (LAD2) and RBL-2H3
cells stably expressing MRGPRX2 and this response was resistant to inhibition by an NK-1R antagonist. However,
knockdown of MRGPRX2 in LAD2 cells resulted in substantial inhibition of HK-1-induced degranulation. These
findings suggest that while HK-1 contributes to the development of experimental asthma in mice via NK-1R on
murine MCs the effect of this neuropeptide on human bronchoconstriction likely reflects the activation of
MRGPRX2 on lung MCs. Thus, development of selective MRGPRX2 antagonists could serve as novel target for the
modulation of asthma.
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Introduction
Hemokinin-1 (HK-1) is a newly discovered neuropeptide,
which is produced by human bronchial cells and lung
macrophages and causes contraction of isolated human
bronchi [1]. In vivo studies demonstrated that HK-1 acti-
vates NK-1R on murine MCs and functions as an adjuvant
for IgE-mediated anaphylaxis and lung inflammation in a
MC-dependent model of chronic asthma [2]. Surprisingly,
NK-1R antagonists, which are highly effective in modulat-
ing experimental allergic inflammation and airway hyper-
responsiveness in mice, lack efficacy in the clinic [3–6].
The reason for this discrepancy is unknown.

Human skin MCs and a human MC line, LAD2 cells
express cell surface MRGPRX2 and respond to the
neuropeptide substance (SP) for signaling and degranu-
lation [7]. Although human lung-derived cultured MCs
express MRGPRX2 mRNA, they do not express the
recept or on the cell surface and are unresponsive to SP
for degranulation [7]. The possibility, however, that
MRGPRX2 protein is expressed on primary human lung
MCs has not been determined. The purpose of this
study was: (a) to utilize double immunofluorescence
technique to compare MRGPRX2 expression on lung
MCs of individuals who died from asthma with those
who died from other causes and (b) to determine if HK-
1 induces degranulation in human MCs via MRGPRX2.
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Methods
Lung samples and Immunofluorescence analysis
Lung samples from individuals who died from complica-
tions of asthma and control subjects who died from
other causes were obtained from either the National Dis-
ease Resource Interchange (NDRI) or International Insti-
tute for the Advancement of Medicine (IIAM) and its
use was approved by Institutional Review Board at Rut-
gers University. All donor tissue samples were harvested
anonymously and de-identified. Thus, the use of these
samples does not constitute human subjects research.
Deparaffinized lung sections were blocked with 5%

donkey serum and immunofluorescence staining of MCs
and MRGPRX2 was performed as described [8]. Images
were captured on a Nikon Eclipse microscope with an
Olympus digital microscope camera using 20X and 40X
objectives. The number of MCs and MRGPRX2-positive
MCs were counted in the 3 visual fields and the average
of the 3 fields was taken as the final count for each sam-
ple. The image size and dimensions were exactly the
same for all analyzed images. For measurement of
MRGPRX2 intensity equal area was selected in 100 non-
asthma and asthma lung MCs and their intensity was
measured by ImageJ software.

Transfection, flow cytometry and MC degranulation
Generation of RBL-2H3 cells stably expressing
MRGPRX2 was described previously [9]. To detect cell
surface MRGPRX2 expression in transfected RBL and

native LAD2 cells, PE conjugated anti-human
MRGPRX2 antibody was used. Cells were washed, fixed
and analyzed on BD LSR II flow cytometer. For transient
expression of NK-1R, RBL-2H3 cells (1 × 106) were
transfected with plasmids encoding NK-1R plasmid
(2 μg), using the Amaxa nucleofector kit. After 24 h,
cells were incubated anti-NK-1R antibody for 30 min at
4°C followed by Goat anti-rabbit IgG-PE, fixed and ana-
lyzed on BD LSR II flow cytometer. Degranulation in
transfected RBL-2H3 cells and LAD2 cells was deter-
mined as described previously [9, 10].

Knockdown of MRGPRX2 in LAD2 cells
Lentivirus shRNA-mediated knockdown of MRGPRX2
in LAD2 cells was performed as described previously
[10]. Cell lysates prepared from control and MRGPRX2
knockdown cells were separated in SDS-PAGE gel, pro-
teins were transferred on to nitrocellulose membrane
and incubated with anti-MRGPRX2 antibody (Novus Bi-
ologicals, dilution 1: 500). This was followed by incuba-
tion with anti-rabbit secondary antibody and developed
by West Pico chemiluminescent substrate.

Results
It is well documented that MC numbers are increased in
the lungs of asthmatics when compared to lungs with
other conditions [11]. Using anti-tryptase antibody, we
confirmed that MC numbers are significantly elevated in
asthma lung when compared to non-asthma lung

Fig. 1 MRGPRX2 expression in human non-asthma and asthma lung. a Representative photomicrographs (n = 6) of immunofluorescence staining
of human non-asthma and asthma lungs. Samples were stained with anti-human tryptase (green) and anti-MRGPRX2 antibody (red). Overlay of
double stained samples are shown. Scale bar = 50 μm. b anti-tryptase stained slides were counted and data are presented as the number of MCs
from 6 non-asthma and 6 asthma lungs. c MRGPRX2-positive MC number was counted in non-asthma vs asthma lung MCs and the data was rep-
resented as mean ± SEM of six lung samples. d MRGPRX2 intensity in 100 normal and asthma lung MCs was quantified using ImageJ software
and data is represented as mean ± SEM. Statistical significance was determined by two-way ANOVA with Bonferroni’s post test
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(Fig. 1a, left panel green cells and Fig. 1b). We detected
faint staining for MRGPRX2 in non-asthma lung, but in-
tense staining was observed in asthma lung (Fig. 1a, red
cells). Overlay of tryptase (green) and MRGPRX2 (red)
showed all MCs in asthma lung express MRGPRX2
(Fig. 1a). We found that number of MRGPRX2-
positive MCs are significantly greater in asthma lungs
when compared with non-asthma lungs (Fig. 1b and
c). Furthermore, the intensity of MRGPRX2 staining
was significantly increased in asthma in lung MCs
when compared to non-asthma lung MCs (Fig. 1d).
Although NK-1R is expressed on murine MCs it is not

found on the surface of human skin and lung MCs [2, 7].

This suggests that if HK-1 induces degranulation in
human MCs, it does so via the activation of a different
GPCR. The neuropeptide substance P (SP) activates
human culture-derived MCs, LAD2 cells and skin MCs
via MRGPRX2 [7]. To determine if HK-1 activates human
MCs via MRGPRX2 we used LAD2 cells, which endogen-
ously express MRGPRX2 and RBL-2H3 cells stably
expressing the receptor (RBL-MRGPRX2) [9, 10]. In both
cases, we confirmed cell surface expression of MRGPRX2
by flow cytometry (Fig. 2a and c). Furthermore, SP and
HK-1 caused degranulation in both cell types but this re-
sponse was resistant to inhibition by the NK-1R antagon-
ist CP96345 (Fig. 2b and d). Both SP and HK-1 induce Ca2

Fig. 2 Role of MRGPRX2 on HK-1-induced degranulation in LAD2 cells and transfected RBL-2H3 cells. a Expression of MRGPRX2 on LAD2 cells b Effects
of NK-1R antagonist CP96345 (10 μM) on SP (1 μM) and HK-1 (3 μM)-induced degranulation in LAD2 cells. c MRGPRX2 expression on RBL-2H3 cells stably
expressing the receptor (RBL-MRGPRX2). d Effects of CP96345 (10 μM) on SP (1 μM) and HK-1(3 μM)-induced degranulation in RBL-MRGPRX2
cells. e Transient expression of NK-1R in RBL-2H3 cells (RBL-NK-1R) and f Effects of CP93645 on SP (1 μM) and HK-1 (3 μM) on degranulation in
RBL-NK-1R cells. g Western blotting to determine the expression of MRGPRX2 in control shRNA and MRGPRX2 shRNA-transduced LAD2 cells.
β–actin was used as a loading control. h Effects of shRNA-mediated knockdown of MRGPRX2 on SP (0.3 μM) and HK-1 (3 μM)-induced degranulation in
LAD2 cells. Flow cytometry (a, c and e) and Western blotting data (g) presented are representative of 3 similar experiments. Degranulation data (b, d, f and
h) are the mean ± SEM of 3 independent experiments. Statistical significance was determined by two-way ANOVA with Bonferroni’s post test. *p< 0.01
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+ mobilization in HEK293 cells transiently expressing NK-
1R [12]. To validate the antagonist activity of CP96345 for
NK-1R, we tested its effect on degranulation in response
to HK-1 and SP in RBL-2H3 cells transiently expressing
NK-1R (RBL-NK-1R) (Fig. 2e). As shown in (Fig. 2f),
CP96345 caused substantial inhibition of HK-1 and SP-
induced degranulation under condition at which it had no
effect in LAD2 or RBL-MRGPRX2 cells (Fig. 2b and d).
To further confirm the role of MRGPRX2 on HK-1-
induced MC degranulation, we used lentivirus shRNA to
silence receptor expression in LAD2 cells. Western blot-
ting analysis confirmed knockdown of MRGPRX2 expres-
sion in LAD2 cells (Fig. 2g). Furthermore, degranulation
in response to SP (0.3 μM) or HK-1 (3 μM) was sig-
nificantly reduced (p ≤ 0.01) in MRGPRX2 knockdown
cells when compared to control shRNA transduced
cells (Fig. 2h).

Discussion
Although studies with animal models have provided
significant insights on the mechanisms of asthma, many
of these models do not fully represent the disease process
in human [13]. Not surprisingly, many therapeutic strat-
egies developed using these models lack efficacy in human
[13, 14]. In this regard, NK-1R signaling by HK-1 is neces-
sary for FcεRI-MC-dependent experimental chronic air-
way inflammation in mice [2]. However, specific NK-1R
antagonists that inhibit allergen-induced bronchoconstric-
tion and airway inflammation in rodents lack efficacy in
the clinic [3, 15]. These findings suggest that the failure of
NK-1R antagonists in the clinic reflects the utilization of
different GPCRs by SP and HK-1 in human versus murine
MCs. In present study, we provide the first demonstration
that expression of MRGPRX2 is upregulated in lung MCs
in asthma when compared to non-asthma lung MCs and
that both SP and HK-1 activate human MCs via
MRGPRX2.
Previous reports indicated that human skin MCs

express MRGPRX2 but lung MCs do not [7, 16]. It is
noteworthy that only ~21% of human skin MCs ob-
tained from control subjects express MRGPRX2. This
increases to ~47% in skin MCs of patients with chronic
urticaria without a change in total number of MCs [7].
In contrast, we found that almost all MCs in non-
asthma lungs express MRGPRX2 at low level and this
likely explains the resistance of these cells to SP for
degranulation [7]. However, the number of MRGPRX2-
positive MCs is significantly elevated in asthma lung
when compared to non-asthma lung. In addition, the in-
tensity of MRGPRX2 staining is significantly higher in
asthma when compared to non-asthma lung MCs. These
findings suggest that unlike the situation with skin MCs in
chronic urticaria, both the number of MRGPRX2-

expressing lung MCs and the level of receptor expression
are upregulated in asthma.
Fujisawa et al., [7] showed that shRNA-mediated

knockdown of MRGPRX2 resulted in substantial loss of
SP-induced degranulation in human skin MCs but NK-
1R antagonist (CP-96345) had no effect. The human MC
line, LAD2 cell has been extensively used to the study of
MRGPRX2 regulation [7, 8]. The data presented herein
confirms the previous findings that SP activates human
MCs via MRGPRX2 and suggests that HK-1 utilizes the
same receptor for MC degranulation. This contention is
supported by the following observations. First, as for SP
[9], HK-1 induces robust degranulation in RBL-2H3 cells
stably expressing MRGPRX2. Second, although the NK-
1R antagonist CP93645 inhibited HK-1 and SP-induced
degranulation in RBL cells expressing NK-1R, it had no
effect on degranulation in LAD2 cells or RBL cells
expressing MRGPRX2. Third, shRNA-mediated knock-
down of MRGPRX2 resulted in substantial inhibition of
both SP and HK-1-induced degranulation in LAD2 cells.
Although NK-1R is the classic GPCR for neurokinins
such as SP and HK-1 [12], it now appears that
MRGPRX2 also acts as a neurokinin receptor [7]. It is
important to note that while NK-1R is expressed in a
variety of cell types including murine MCs, MRGPRX2
is predominantly expressed in human MCs [2, 7, 12].
This may explain why classic NK-1R antagonists, which
effectively modulate experimental allergic and inflamma-
tory responses in mice, lack efficacy in the clinic [3–6].

Conclusion
This study provides the first demonstration that both
the number of MRGPRX2-expressing MCs and the level
of receptor expression are significantly upregulated in
lung MCs of individuals who died from asthma when
compared to individuals who died from other causes.
Previous studies demonstrated that HK-1, which is pro-
duced from multiple sources including the bronchi,
macrophages and MCs, cause chronic allergic lung
inflammation in mice via NK-1R [1, 2]. This study iden-
tified MRGPRX2 as a novel GPCR for HK-1 in human
MCs. Thus, MRGPRX2 may contribute to the develop-
ment of asthma and may serve as a novel target for the
modulation of this chronic inflammatory disease.

Abbreviations
HK-1: Hemokinin-1; MC(s): Mast cell(s); MRGPRX2: Mas-related G protein
coupled receptor X2; NK-1R: Neurokinin-1 receptor; SP: Substance P

Acknowledgements
We thank the FACS core facility of the School of Dental Medicine, University
of Pennsylvania for flow cytometry data acquisition and analysis.

Funding
This work was supported by NIH grants R01-AI124182 to HA and 1P01-HL114471-
01A1 to RAP.

Manorak et al. Respiratory Research  (2018) 19:1 Page 4 of 5



Availability of data and materials
The datasets generated during the current study are presented in Figs. 1 and
2 of this manuscript.

Authors’ contributions
HA and RAP were involved in the conception and design of the study. CI
and KG performed the immunofluorescence studies, WM and SR performed
studies with LAD2 and RBL-2H3 cells. WM, CI and SR conducted data analysis.
HA wrote the initial manuscript and all authors were involved in the critical
review and editing. All authors approved the final version of the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pathology, School of Dental Medicine, University of
Pennsylvania, 240 South 40th Street, Philadelphia, PA 19104-6030, USA.
2Department of Oral Medicine, School of Dental Medicine, University of
Pennsylvania, Philadelphia, PA, USA. 3Present Address: Departmentof Oral
and Maxillofacial Pathology, Medicine and Surgery, Temple University
Kornberg School of Dentistry, Philadelphia, PA, USA. 4Rutgers Institute for
Translational Medicine and Science, Rutgers University, New Brunswick, NJ,
USA.

Received: 10 September 2017 Accepted: 11 December 2017

References
1. Grassin-Delyle S, Naline E, Buenestado A, Risse PA, Sage E, Advenier C, et al.

Expression and function of human hemokinin-1 in human and guinea pig
airways. Respir Res. 2010;11:139.

2. Sumpter TL, Ho CH, Pleet AR, Tkacheva OA, Shufesky WJ, Rojas-Canales DM,
et al. Autocrine hemokinin-1 functions as an endogenous adjuvant for IgE-
mediated mast cell inflammatory responses. J Allergy Clin Immunol. 2015;
135(4):1019–30. e1018

3. Boot JD, de Haas S, Tarasevych S, Roy C, Wang L, Amin D, et al. Effect of an
NK1/NK2 receptor antagonist on airway responses and inflammation to
allergen in asthma. Am J Respir Crit Care Med. 2007;175(5):450–7.

4. Hill R. NK1 (substance P) receptor antagonists–why are they not analgesic in
humans? Trends Pharmacol Sci. 2000;21(7):244–6.

5. Hens G, Raap U, Vanoirbeek J, Meyts I, Callebaut I, Verbinnen B, et al.
Selective nasal allergen provocation induces substance P-mediated
bronchial hyperresponsiveness. Am J Respir Cell Mol Biol. 2011;44(4):517–23.

6. Azimi E, Lerner EA. Implications of MRGPRX2 in human and experimental
cardiometabolic diseases. Nat Rev Cardiol. 2017;14(2):124.

7. Fujisawa D, Kashiwakura J, Kita H, Kikukawa Y, Fujitani Y, Sasaki-Sakamoto T,
et al. Expression of Mas-related gene X2 on mast cells is upregulated in the
skin of patients with severe chronic urticaria. J Allergy Clin Immunol. 2014;
134(3):622–33. e629

8. Gupta K, Idahosa C, Roy S, Lee D, Subramanian H, Dhingra A, et al.
Differential Regulation of Mas-Related G Protein-Coupled Receptor X2-
Mediated Mast Cell Degranulation by Antimicrobial Host Defense Peptides
and Porphyromonas gingivalis Lipopolysaccharide. Infect Immun. 2017;
85(10):e00246–17.

9. Subramanian H, Kashem SW, Collington SJ, Qu H, Lambris JD, Ali H. PMX-53
as a dual CD88 antagonist and an agonist for Mas-related gene 2 (MrgX2)
in human mast cells. Mol Pharmacol. 2011;79(6):1005–13.

10. Subramanian H, Gupta K, Guo Q, Price R, Ali H. Mas-related gene X2 (MrgX2)
is a novel G protein-coupled receptor for the antimicrobial peptide LL-37 in
human mast cells: resistance to receptor phosphorylation, desensitization,
and internalization. J Biol Chem. 2011;286(52):44739–49.

11. Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord ID.
Mast-cell infiltration of airway smooth muscle in asthma. N Engl J Med.
2002;346(22):1699–705.

12. Morteau O, Lu B, Gerard C, Gerard NP. Hemokinin 1 is a full agonist at the
substance P receptor. Nat Immunol. 2001;2(12):1088.

13. Holmes AM, Solari R, Holgate ST. Animal models of asthma: value,
limitations and opportunities for alternative approaches. Drug Discov Today.
2011;16(15–16):659–70.

14. Boyce JA, Austen KF. No audible wheezing: nuggets and conundrums from
mouse asthma models. J Exp Med. 2005;201(12):1869–73.

15. Anthes JC, Chapman RW, Richard C, Eckel S, Corboz M, Hey JA, et al. SCH
206272: a potent, orally active tachykinin NK(1), NK(2), and NK(3) receptor
antagonist. Eur J Pharmacol. 2002;450(2):191–202.

16. Kajiwara N, Sasaki T, Bradding P, Cruse G, Sagara H, Ohmori K, et al.
Activation of human mast cells through the platelet-activating factor
receptor. J Allergy Clin Immunol. 2010;125(5):1137–45. e1136

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Manorak et al. Respiratory Research  (2018) 19:1 Page 5 of 5


	Abstract
	Introduction
	Methods
	Lung samples and Immunofluorescence analysis
	Transfection, flow cytometry and MC degranulation
	Knockdown of MRGPRX2 in LAD2 cells

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

