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Uridine diphosphate-glucose/P2Y R axis is a
nonchemokine pathway that selectively promotes
eosinophil accumulation
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Asthma

Asthma is a chronic inflammatory disor-
der of the airways with mixed lymphocyt-
ic and myelogenous (e.g., granulocytes/
monocytes) infiltrates (1). Although the
inflammatory response is complex, many
patients with asthma have an aberrant
type 2 immune response, characterized
by the presence of CD4* T helper type 2
lymphocytes (Th2 cells), group-2 innate
lymphoid cells (ILC2s), and eosinophils.
Activation of these inflammatory cells pre-
disposes to many pathognomonic features
of asthma. Th2 cells and ILC2s secrete
interleukin 5 (IL-5) and IL-13, which can
cooperate with the eosinophil-specific
chemokines CCL11, CCL24, and CCL26
(formerly known as eotaxin-1, -2, and -3,
respectively), to regulate eosinophil accu-

Allergic asthma is a chronic inflammatory airway disease characterized by
dysregulated type 2 immune responses, including degranulating airway
eosinophils that induce tissue damage and airway hyperresponsiveness
(AHR). The type 2 cytokines interleukin 5 (IL-5) and IL-13 and the eosinophil-
specific chemokine CCL11/CCL24/CCL26 axis recruit, activate, and regulate
eosinophils in the airways. In this issue of the JCI, Karcz et al. identified a
mechanism involving the nucleotide sugar UDP-glucose (UDP-G) and the
purinergic receptor P2V, R in amplifying eosinophil accumulation in the
lung. During type 2 inflammation, UDP-G activates P2Y, R on eosinophils,
inducing the cells to move and migrate into the lung. Pharmacologically

or genetically inhibiting P2Y_ R on eosinophils attenuated eosinophil
infiltration and AHR. Future experiments, including identifying additional
type 2 factors regulating P2Y, R expression on lung eosinophils, are
necessary to ascertain the impact of targeting P2Y, R as an alternative or
adjunctive therapy to current type 2 biologics for the treatment of asthma.

mulation in the lung (2). Structural cells of
the lung, such as epithelial and endothelial
cells, primarily produce CCL11, CCL24,
and CCL26, which bind to the CC chemo-
kine receptor type 3 (CCR3) on eosinophils
to induce chemotaxis (3, 4).

Regulation of eosinophil
trafficking

Allergen exposure of the asthmatic lung
induces the production of IL-5, IL-13, and
CCL11, -24, and -26 to form a cytokine/
chemokine network that regulates eosino-
phil expansion, homing, and accumulation
(5). IL-5regulates eosinophil development,
activation, migration, and survival (6, 7).
IL-5also facilitates eosinophil expansionin
the bone marrow and their egress into the
blood. IL-13 upregulates the expression of
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adhesion pathways on vascular endotheli-
al cells and increases expression of CCL11,
-24, and -26, which recruit eosinophils
from the blood into airways. IL-13 also
induces a range of proinflammatory mol-
ecules and activates inflammatory cells
to induce the histopathological features
of asthma, airway hyperresponsiveness
(AHR) and mucous hypersecretion (8-12).
Corroborative data from human- and
mouse-based studies demonstrate that
eotaxin chemokines regulate the temporal
and spatial accumulation of eosinophils in
the airways. CCL11 is thought to regulate
the early recruitment of eosinophils into
the lung, while CCL24 and CCL26 reg-
ulate eosinophil tissue localization and
persistence (13, 14). CCL24, like CCL11,
can synergize with IL-5 to promote accu-
mulation of eosinophils in the pulmonary
compartment and the subsequent produc-
tion of IL-13 (15, 16). Eosinophils express
other chemokine receptors, including
CCRY, -3, -6, -8, -9, and CXCR2-CXCR4,
and respond to chemokines derived from
other cell types (e.g., CCL5, -7, -8, and -12).
These alternative chemokine pathways
are thought to be ancillary, amplifying or
cooperating with the IL-5/IL-13/CCR3
axis to promote eosinophil accumulation
within the inflammatory milieu (5).

UDP-G/P2Y R axis promotes
selective eosinophil migration
In this issue of the JCI, Karcz et al. (17)
reveal a role for the uridine diphosphate-
glucose (UDP-G)/P2Y, R axis in the
regulation of eosinophil migration and
the induction of AHR in a mouse model
of protease-induced asthma (Figure 1).
UDP-G is an intracellular nucleotide sugar
that is involved in several metabolic path-
ways, including glycogen biosynthesis and
glycolysis. However, stressed or damaged
cells can release UDP-G to act as a nucleo-
tide alarmin (18), triggering a broad range
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Figure 1. The uridine diphosphate-glucose (UDP-G)/P2Y R axis selectively regulates eosinophil migration by promoting chemokinesis and ampli-
fying chemotaxis. In response to allergen challenge, group-2 innate lymphoid cells (ILC2s) and CD4* T helper type 2 lymphocytes (Th2 cells) expand
and secrete interleukin 5 (IL-5) and IL-13, promoting allergic inflammation. IL-5 promotes eosinophil differentiation, expansion in the bone marrow, and
egress into the circulation. In the lung, IL-13 promotes the local production of eosinophil-specific chemokines CCL11, CCL24, and CCL26, which signal
through CCR3 to promote chemotaxis and eosinophil migration to the airways. This IL-5/IL-13/CCR3 axis is the primary mechanism, in conjunction with
vascular adhesion molecules, for recruiting eosinophils into the lung during type 2 inflammation. UDP-G accumulation in the lung following allergen
provocation signals through P2Y R to induce eosinophil chemokinesis and amplify chemokine-directed eosinophil migration and accumulation in the
lung. Loss of the UDP-G/P2Y, R signaling in P2ry14~ eosinophils diminishes CCR3-mediated eosinophil chemokinesis and eosinophil accumulation in
the lung and induction of the asthma manifestations.

of physiological and metabolic functions.
The cellular functions of adenine and
uridine nucleotides are mediated by two
large classes of receptors, ligand-gated ion
channels (P2X) and the G protein-coupled
receptor family (P2Y). UDP-G binds with
high affinity to P2Y R (19). While it is
reported that P2Y R may regulate neutro-
phil trafficking, airway epithelial cytokine
release, and mast cell degranulation, the
roles of UDP-sugars and P2Y R in regu-
lating pulmonary inflammation are largely
unexplored (20).

Karcz et al. (17) employed an asthma
model in which mice were sensitized by
administering Aspergillus oryzae protease
(ASP) concurrently with the antigen oval-
bumin (OVA) to the oropharyngeal cavity
and then challenged again with OVA (ASP/

OVA). OVA challenge induced an eosino-
phil-rich inflammatory infiltrate, and ele-
vated allergen-specific IgE, IL-5, and IL-13.
Further, the mice developed AHR, mucus
hypersecretion, and all the hallmark
pathognomonic features of allergic asth-
ma. Notably, challenging P2ry14-deficient
mice (P2ryI477) with ASP/OVA induced
mucus hypersecretion, allergen-specific
IgE, and elevated IL-5 and IL-13 levels;
however, eosinophil numbers in broncho-
alveolar lavage fluid (BALF) were reduced
by approximately 50%, and airway reac-
tivity returned to baseline. The authors
showed that the reduction in eosinophil
levels was not due to decreased expression
of eotaxin chemokines or lower expression
of IL-5R or CCR3 on eosinophils. Further,
in a series of elegant adoptive transfer and

pharmacological inhibition experiments
using the P2Y R antagonist 4-[4-(piper-
idin-4-yl)phenyl]-7-[4-(trifluoromethyl)
phenyl]naphthalene-2-carboxylic acid
(PPTN), Karcz et al. established that the
P2Y,,R pathway was dispensable during
allergic sensitization, as loss of P2Y R
function did not directly impact CD4* Th2
cell activation and expansion (17).

P2Y R expression on
pulmonary eosinophils
regulates migration

To begin to determine the mechanism
by which P2Y R regulates eosinophil
recruitment, the authors first examined
the requirement for P2Y,,R expression on
structural or hematopoietic cells in eosin-
ophil accumulation and AHR. Recipro-
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cal bone marrow-chimera experiments
using WT and P2ry147- mice revealed that
P2Y, ,R-expressing hematopoietic cells
and not stromal cells were required for the
accumulation of eosinophils. Molecular
analyses identified several hematopoietic
cell populations, including neutrophils,
conventional CD103* dendritic cells, alve-
olar macrophages, and eosinophils that
express P2ryl4 mRNA; however, expres-
sion was highest in eosinophils. Notably,
P2ryl4 was not expressed by eosinophil
precursors, although appreciable mRNA
levels were observed in mature splenic
and pulmonary eosinophils at steady state
and those infiltrating during type 2 inflam-
mation. Furthermore, stimulating eosino-
phils with IL-5 and CCL24 also increased
P2ryl4 mRNA expression, linking activa-
tion to upregulation of eosinophil regu-
latory pathways. In a series of bone mar-
row-chimera experiments and studies
utilizing conditionally mutant mice that
selectively deleted P2Y, R in myeloid cells,
dendritic cells, or eosinophils (LysM-Cre,
Cdllc-Cre, or Eo-Cre), Karcz et al. revealed
an eosinophil-intrinsic role for P2Y,,R in
recruitment. Moreover, selective deletion
of P2ryl4 only in eosinophils reduced the
number of airway eosinophils during aller-
gic inflammation (17).

These observations clearly established
an eosinophil-intrinsic role for P2Y ,Rin the
recruitment of eosinophils to the allergic
lung. However, the connection with UDP-G
remained elusive. To explore UDP-G
involvement, Karcz and colleagues first
examined the levels of UDP-hexose in aller-
gic mice following allergen challenge and
revealed that challenging the sensitized
mice with allergen triggered the release of
UDP-hexoses into BALF. Furthermore, the
authors demonstrated that the temporal
increase in UDP-hexose levels in the BALF
was associated with eosinophil accumula-
tion in the lung. These studies connected
extracellular UDP-G in BALF with eosino-
phil recruitment in the allergic lung. Impor-
tantly, the observation that peak UDP-
hexose levels in the airway preceded peak
eosinophil accumulation suggested that
eosinophils may also secrete UDP-G, and
that eosinophil-derived UDP-G may in turn
promote more eosinophilia in a positive
feedback loop. These studies firmly linked
UDP-G with the P2Y  R-eosinophil pheno-
type in the allergic lung (17).
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Karzc et al. next examined the spatial
distribution of eosinophils in the lungs of
WT and P2ryl47~ mice during the allergic
inflammatory response. P2ryl47- eosin-
ophils had reduced mobility when com-
pared with WT cells. Moreover, the authors
observed higher quantities of eosinophils
in the blood, with large numbers of eosin-
ophils marginating around blood vessels
compared with that observed in WT mice.
Furthermore, the frequency of P2ryl47
eosinophils in the airspace was reduced
compared with WT mice. Fewer eosino-
phils in the airspace were found despite
having a sufficient primary eosinophilic
recruitment/chemotactic pathway (IL-5/
IL-13/CCL11 and -24 or CCR3). Collec-
tively, these experiments suggested that
in the absence of P2Y,R, eosinophils
were unable to efficiently cross the vas-
cular endothelium and that migration was
impaired at the level of the eosinophil.
RNA-seq analyses of WT and P2ryl47-
eosinophils failed to reveal major differ-
ences in genes governing cell adhesion
and migration. In vitro migration studies
showed that UDP-G elicited eosinophil
chemokinesis (nondirected movement)
and CCL24 amplified chemotaxis (direct-
ed movement). Consistently, instillation
of UDP-G into the allergic lung increased
the number of infiltrating eosinophils,
which directly associated with total UDP-
hexose levels. Thus, the UDP-G/P2Y, R
axis played a role in amplifying eosinophil
accumulation in the allergic lung (17).

The translational importance of Karzc
et al. (17) is currently unclear. Gene-based
analyses have identified P2ry14 as an asth-
ma risk gene (21). Furthermore, P2Y R
protein is expressed by human blood
eosinophils (22). The authors reported
that they did not detect differences in
UDP-G levels between people with mild
asthma and healthy volunteers; however,
UDP-G levels may only increase during
asthma exacerbations, when eosinophil
numbers increase. Interestingly, it has
been reported that patients with obesity
and mild-to-moderate and severe asthma
have a higher submucosal eosinophil bur-
den than nonobese patients with asthma
(23). That study showed increased plasma
UDP-G levels in mice fed a high-fat diet,
suggesting that obesity might contribute
to chronic UDP-G/P2Y, R activation and
increased asthma risk and severity.
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Whether pharmacologically block-
ing the UDP-G/P2Y R signaling axis has
therapeutic potential also remains unclear.
The authors observed that treating mice
with the P2Y, R antagonist PPTN prior to
allergen airway exposure prevented eosin-
ophils from accumulating, suggesting that
prophylactic exposure to P2Y, R antago-
nists may protect against some compo-
nents of the asthma phenotype. However,
it currently remains unknown whether the
reduced eosinophil accumulation following
treatment with the P2Y,,R antagonist was
associated with a reduced mucus hyperse-
cretion or AHR (17). Determining whether
treatment with P2Y, R antagonists could
alleviate an established disease phenotype
would have translational implications.

Concluding remarks

Karcz et al. (17) have identified a role for
the UDP-G/P2Y,,R axis in the amplifi-
cation of eosinophil accumulation in the
lung during allergic inflammation (Figure
1). During type 2 inflammation, UDP-G
released from the damaged epithelium
and/or from infiltrating eosinophils acti-
vates P2Y, R on eosinophils to enhance
chemokinesis and promote chemotaxis.
Interestingly, IL-5 and CCL24 induced
the expression of P2Y R on eosinophils.
This IL-5-CCL24 interaction may regu-
late the selective expression of P2Y, R on
resident and inflammatory eosinophils
during allergic inflammation, and subse-
quently facilitate UDP-G amplification
of the IL-5/CCL11/CCL24 axis, which
controls the spatiotemporal distribution
of eosinophils in the lung. Important next
steps include determining (a) the require-
ment of IL-5 and IL-4/IL-13 (IL-4R) in
the mechanism of P2Y R expression and
induction of eosinophil recruitment and
AHR, (b) the possible role of other nucle-
otide sugars in amplification of allergic
inflammatory cell recruitment, and (c) the
signaling processes that mediate P2Y R
amplification of CCR3-dependent migra-
tion. Answering these questions would
give insights into whether current biolog-
ics may inhibit activation of the UDP-G/
P2Y R pathway or if this axis represents
an independent pathogenic pathway. Fur-
thermore, with the recent rise in other
eosinophil pathologies, such as eosino-
phil-associated gastrointestinal diseases,
it will be intriguing to determine whether
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the UDP-G/P2Y, R axis also contributes
to eosinophil recruitment and effector
function in these disease processes.

Acknowledgments

PSF and HLT are funded by the National
Health and Medical Research Council of
Australia and SPH by NIH grants AI138177,
AlIl112626, and AI140133, the Mary H.
Weiser Food Allergy Center (MHWFAC),
and the Askwith family endowment of the
MHWFAC. PSF and HLT acknowledge the
Awabakal people, the traditional custo-
dians of the land where the University of
Newcastle and Hunter Medical Research
Institute reside. We pay respect to Elders
past, present, and emerging.

Address correspondence to: Simon P.
Hogan, Michigan Medicine, University
of Michigan, 4051-BSRB, 109 Zina Pitch-
er Place, Ann Arbor, Michigan 48109-
2200, USA. Phone:734.647.9923; Email:
sihogan@med.umich.edu.

1. Lambrecht BN, Hammad H. The immunology of
asthma. Nat Immunol. 2015;16(1):45-56.

2. Lloyd CM, Rankin SM. Chemokines in aller-
gic airway disease. Curr Opin Pharmacol.
2003;3(4):443-448.

3.Ying S, et al. Enhanced expression of eotaxin
and CCR3 mRNA and protein in atopic asthma.
Association with airway hyperresponsiveness
and predominant co-localization of eotaxin
mRNA to bronchial epithelial and endothelial

cells. Eur ] Immunol. 1997;27(12):3507-3516.

4. Coleman JM, et al. Epithelial eotaxin-2 and
eotaxin-3 expression: relation to asthma sever-
ity, luminal eosinophilia and age at onset. Tho-
rax.2012;67(12):1061-1066.

5. Foster PS, et al. Elemental signals regulating
eosinophil accumulation in the lung. Immunol
Rev.2001;179:173-181.

6. Kopf M, et al. IL-5-deficient mice have a develop-
mental defect in CD5* B-1 cells and lack eosino-
philia but have normal antibody and cytotoxic T
cell responses. Immunity. 1996;4(1):15-24.

7. Lopez AF, et al. Recombinant human interleukin
5is a selective activator of human eosinophil
function. ] Exp Med. 1988;167(1):219-224.

8. Rothenberg ME, Hogan SP. The eosinophil. Annu
Rev Immunol. 2006;24:147-174.

9. Rosenberg HF, et al. Eosinophils: changing per-
spectives in health and disease. Nat Rev Immu-
nol.2013;13(1):9-22.

10. Lee J], et al. Defining a link with asthma in mice

congenitally deficient in eosinophils. Science.
2004;305(5691):1773-1776.

11. Wills-Karp M, et al. Interleukin-13: cen-

tral mediator of allergic asthma. Science.
1998;282(5397):2258-2261.

12. Yang M, et al. Interleukin-13 mediates airways

hyperreactivity through the IL-4 receptor-
alpha chain and STAT-6 independently of
IL-5 and eotaxin. Am ] Respir Cell Mol Biol.
2001;25(4):522-530.

13. Menzies-Gow A, et al. Eotaxin (CCL11) and

eotaxin-2 (CCL24) induce recruitment of eosin-
ophils, basophils, neutrophils, and macrophages
as well as features of early- and late-phase
allergic reactions following cutaneous injection
in human atopic and nonatopic volunteers. |
Immunol. 2002;169(5):2712-2718.

14. Ying S, et al. Eosinophil chemotactic chemokines

(eotaxin, eotaxin-2, RANTES, monocyte chemo-

The Journal of Clinical Investigation

attractant protein-3 (MCP-3), and MCP-4), and
C-C chemokine receptor 3 expression in bronchi-
al biopsies from atopic and nonatopic (intrinsic)
asthmatics. J Immunol. 1999;163(11):6321-6329.

15. Yang M, et al. Eotaxin-2 and IL-5 cooperate in

the lung to regulate IL-13 production and airway
eosinophilia and hyperreactivity. J Allergy Clin
Immunol. 2003;112(5):935-943.

16. Ochkur SI, et al. Coexpression of IL-5 and

eotaxin-2 in mice creates an eosinophil-depen-
dent model of respiratory inflammation with
characteristics of severe asthma. J Immunol.
2007;178(12):7879-7889.

17. Karcz, et al. UDP-glucose and P2Y14 receptor

amplify allergen induced airway eosinophilia.
J Clin Invest. 2021;131(7):e140709.

18. Lazarowski ER, et al. Release of cellular UDP-glu-

cose as a potential extracellular signaling mole-
cule. Mol Pharmacol. 2003;63(5):1190-1197.

19. Lovaszi M, et al. The role of P2Y receptors in

regulating immunity and metabolism [published
online January 15, 2021]. Biochem Pharmacol.
https://doi.org/10.1016/j.bcp.2021.114419.

20. Lazarowski ER, Harden TK. UDP-sugars as

2

extracellular signaling molecules: cellular and
physiologic consequences of P2Y14 receptor
activation. Mol Pharmacol. 2015;88(1):151-160.

1. Ferreira MA, et al. Gene-based analysis of
regulatory variants identifies 4 putative novel
asthma risk genes related to nucleotide syn-
thesis and signaling. J Allergy Clin Immunol.
2017;139(4):1148-1157.

22. Wilkerson EM, et al. The peripheral blood

eosinophil proteome. ] Proteome Res.
2016;15(5):1524-1533.

23.van der Wiel E, et al. Eosinophilic inflamma-

tion in subjects with mild-to-moderate asthma
with and without obesity: disparity between
sputum and biopsies. Am ] Respir Crit Care Med.
2014;189(10):1281-1284.

J Clin Invest. 2021;131(7):e147735 https://doi.org/10.1172/JCI147735


https://www.jci.org
https://doi.org/10.1172/JCI147735
https://doi.org/10.1016/j.jaci.2003.08.010
https://doi.org/10.1016/j.jaci.2003.08.010
https://doi.org/10.1016/j.jaci.2003.08.010
https://doi.org/10.1016/j.jaci.2003.08.010
https://doi.org/10.4049/jimmunol.178.12.7879
https://doi.org/10.4049/jimmunol.178.12.7879
https://doi.org/10.4049/jimmunol.178.12.7879
https://doi.org/10.4049/jimmunol.178.12.7879
https://doi.org/10.4049/jimmunol.178.12.7879
https://doi.org/10.1172/JCI140709
https://doi.org/10.1172/JCI140709
https://doi.org/10.1172/JCI140709
https://doi.org/10.1124/mol.63.5.1190
https://doi.org/10.1124/mol.63.5.1190
https://doi.org/10.1124/mol.63.5.1190
https://doi.org/10.1016/j.bcp.2021.114419
https://doi.org/10.1124/mol.115.098756
https://doi.org/10.1124/mol.115.098756
https://doi.org/10.1124/mol.115.098756
https://doi.org/10.1124/mol.115.098756
https://doi.org/10.1016/j.jaci.2016.07.017
https://doi.org/10.1016/j.jaci.2016.07.017
https://doi.org/10.1016/j.jaci.2016.07.017
https://doi.org/10.1016/j.jaci.2016.07.017
https://doi.org/10.1016/j.jaci.2016.07.017
https://doi.org/10.1021/acs.jproteome.6b00006
https://doi.org/10.1021/acs.jproteome.6b00006
https://doi.org/10.1021/acs.jproteome.6b00006
https://doi.org/10.1164/rccm.201310-1841LE
https://doi.org/10.1164/rccm.201310-1841LE
https://doi.org/10.1164/rccm.201310-1841LE
https://doi.org/10.1164/rccm.201310-1841LE
https://doi.org/10.1164/rccm.201310-1841LE
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1034/j.1600-065X.2001.790117.x
https://doi.org/10.1034/j.1600-065X.2001.790117.x
https://doi.org/10.1034/j.1600-065X.2001.790117.x
https://doi.org/10.1016/S1074-7613(00)80294-0
https://doi.org/10.1016/S1074-7613(00)80294-0
https://doi.org/10.1016/S1074-7613(00)80294-0
https://doi.org/10.1016/S1074-7613(00)80294-0
https://doi.org/10.1084/jem.167.1.219
https://doi.org/10.1084/jem.167.1.219
https://doi.org/10.1084/jem.167.1.219
https://doi.org/10.1146/annurev.immunol.24.021605.090720
https://doi.org/10.1146/annurev.immunol.24.021605.090720
https://doi.org/10.1038/nri3341
https://doi.org/10.1038/nri3341
https://doi.org/10.1038/nri3341
https://doi.org/10.1126/science.1099472
https://doi.org/10.1126/science.1099472
https://doi.org/10.1126/science.1099472
https://doi.org/10.1126/science.282.5397.2258
https://doi.org/10.1126/science.282.5397.2258
https://doi.org/10.1126/science.282.5397.2258
https://doi.org/10.1165/ajrcmb.25.4.4620
https://doi.org/10.1165/ajrcmb.25.4.4620
https://doi.org/10.1165/ajrcmb.25.4.4620
https://doi.org/10.1165/ajrcmb.25.4.4620
https://doi.org/10.1165/ajrcmb.25.4.4620
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
https://doi.org/10.4049/jimmunol.169.5.2712
mailto://sihogan@med.umich.edu
https://doi.org/10.1038/ni.3049
https://doi.org/10.1038/ni.3049
https://doi.org/10.1016/S1471-4892(03)00069-9
https://doi.org/10.1016/S1471-4892(03)00069-9
https://doi.org/10.1016/S1471-4892(03)00069-9
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1002/eji.1830271252

