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Bilirubin represents a negative regulator of ILC2 in allergic

airway inflammation
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Group 2 innate lymphoid cells (ILC2s) play an important role in allergic airway inflammation. Despite recent advances in defining
molecular mechanisms that control ILC2 development and function, the role of endogenous metabolites in the regulation of ILC2s
remains poorly understood. Herein, we demonstrated that bilirubin, an end product of heme catabolism, was a potent negative
regulator of ILC2s. Bilirubin metabolism was found to be significantly induced during airway inflammation in mouse models. The
administration of unconjugated bilirubin (UCB) dramatically suppressed ILC2 responses to interleukin (IL)—33 in mice, including cell
proliferation and the production of effector cytokines. Furthermore, UCB significantly alleviated ILC2-driven airway inflammation,
which was aggravated upon clearance of endogenous UCB. Mechanistic studies showed that the effects of bilirubin on ILC2s were
associated with downregulation of ERK phosphorylation and GATA3 expression. Clinically, newborns with hyperbilirubinemia

displayed significantly lower levels of ILC2 with impaired function and suppressed ERK signaling. Together, these findings indicate
that bilirubin serves as an endogenous suppressor of ILC2s and might have potential therapeutic value in the treatment of allergic

airway inflammation.

Mucosal Immunology (2022) 15:314-326; https://doi.org/10.1038/s41385-021-00460-0

INTRODUCTION
Group 2 innate lymphoid cells (ILC2s) are type 2 innate immune
cells that lack both antigen-specific receptors and pattern
recognition receptors. The importance of ILC2s in driving allergic
inflammation is well recognized.! Upon allergen exposure, lung
epithelium-derived cytokines, such as interleukin (IL)—33, IL-25,
and thymic stromal lymphopoietin (TSLP), bind to the correspond-
ing ILC2 receptors, which leads to the expansion and activation of
ILC2s in the lung."? The activated ILC2s then rapidly secreted
effector cytokines, which not only initiate allergic inflammation at
an early stage but also promote the activation of Th2 responses at
a later stage.>™ ILC2s are thus considered a novel biomarker and
immunotherapeutic target for airway inflammation in patients
with asthma.®™®

In addition to cytokines, which play critical roles in ILC2
responses, some other endogenous mediators, including meta-
bolites, sex hormones, and neural-derived peptides, are emerging
as important regulators of ILC2s."® The arachidonic acid metabo-
lites leukotrienes and prostaglandins (such as PGD2) are positive
regulators of ILC2s, whereas lipoxin A4 (LXA4), prostaglandin E2
(PGE2), and prostacyclin (PGI2) can suppress ILC2 activation.'®™"?
These findings suggest a crucial role for endogenous factors in
ILC2 biological function.

Bilirubin is an endogenous end product of heme degradation.
The enzyme heme oxygenase (HO) cleaves the heme to produce
biliverdin, which is then reduced to unconjugated bilirubin (UCB),
and the latter circulates in the blood after binding to albumin. The
beneficial effects of bilirubin in suppressing inflammatory
disorders have long been appreciated.'*'> Thus, patients with
jaundice displayed spontaneous remission of inflammatory
disorders, including asthma, allergy, and rheumatoid
arthritis.'*'®"'® Furthermore, bilirubin at physiologically concen-
trations has broad effects on the functions of multiple immune
cells." For example, treatment with UCB was reported to
dramaticallg attenuate Th2 responses in a mouse model of
asthma,'®?° although this conclusion has been disputed in other
reports.2'?* These studies indicate the importance of UCB during
airway inflammation; however, the underlying mechanisms are
not fully understood.

Considering the anti-inflammatory effects of bilirubin and the
importance of ILC2s in airway inflammation, we attempted to
investigate the potential role of bilirubin in the biological function
of ILC2s. Administration of UCB dramatically suppressed ILC2
responses, therefore alleviating airway inflammation in mice. In
contrast, depletion of endogenous bilirubin production clearly
aggravated airway inflammation. Bilirubin responses were
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associated with reduced ERK signaling and GATA3 expression.
Notably, newborns with hyperbilirubinemia showed a reduced
ILC2 levels with impaired function. This study suggests potential
therapeutic value of bilirubin in the treatment of ILC2-driven
allergic airway inflammation.

RESULTS

Bilirubin suppresses ILC2 responses to IL-33

To investigate the potential effect of bilirubin on ILC2s, the activity
of bilirubin metabolism was evaluated in ILC2-driven airway
inflammation models. The concentrations of total bilirubin were
markedly elevated in the peripheral blood from papain- or IL-33-
treated mice, in which ILC2s plays a major role in driving the
airway inflammation (Supplementary Fig. S1A). Meanwhile, the
number of red blood cells was also elevated in the papain model
(Supplementary Fig. S1B). Immunohistochemical staining further
confirmed the accumulation of bilirubin in inflamed lungs
compared with that in tissues under steady-state conditions
(Supplementary Fig. S1C). Interestingly, the elevation of total
bilirubin and the increased red blood cells were also observed in
patients with severe asthma compared with those in patients with
mild asthma and healthy donors (Supplementary Fig. S1D).
Furthermore, the mRNA expression of the key enzymes of
bilirubin metabolism, including HO-1 (Hmox1), biliverdin reductase
B (Blvrb), and UDP-glucuronosyltransferase 1A1 (Ugtlal), was
significantly upregulated in inflamed lungs in both papain- and IL-
33-challenged animals (Supplementary Figs. S1E and S1F). These
findings suggested that local bilirubin metabolism was enhanced
during ILC2-driven lung inflammation. This induction was mainly
observed in lung epithelial cells (EPCAM™ cells), rather than in
CD45" immune cells from the lung (Supplementary Fig. S1G).
Collectively, these observations indicate that the activity of
bilirubin metabolism in lung epithelial cells was induced during
airway inflammation.

To directly evaluate the effect of bilirubin on ILC2s, C57BL/6J mice
were injected with UCB (intraperitoneal [i.p.], 25 mg/kg daily) after IL-
33 administration (i.p., 500 ng/mouse daily). This dosage of UCB was
within the physiological range to avoid harmful effects (20-170
uM)?2* and did not cause any liver damage, as indicated by the
activities of aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) (Supplementary Fig. STH). Lung ILC2s were defined
as CD45%Lin~CD90.2"CD25"ST2¥GATA3™ cells, as described pre-
viously (Supplementary Fig. S2A).2>2® As expected, IL-33 dramatically
induced the expansion of lung ILC2s and enhanced the production
of the effector cytokines IL-5 and IL-13 in vehicle-treated mice, which
were reduced approximately by half upon coadministration of UCB
(Fig. 1a, b). Consistent with the systemic effect of IL-33 on ILC2
responses,®> the frequencies of ILC2s in multiple tissues, including
the bone marrow (BM),*”” mesenteric lymph node (mLN),* liver,*®
adipose tissue,®® and peripheral blood,*® were dramatically
decreased upon coadministration of UCB (Fig. 1c—f). Of note, the
function of ILC2s in the mLN and liver was also markedly impaired
by UCB (Fig. 1g). In agreement with the impaired ILC2 responses, the
proliferation of lung ILC2s was significantly suppressed by UCB
(Fig. 1h). However, there was no noticeably induction of apoptosis in
ILC2s (Supplementary Fig. S2B). These findings suggest that UCB
impairs ILC2 responses to IL-33.

Bilirubin suppresses the function of lung ILC2s

To further investigate the effect of bilirubin on ILC2s, purified lung
ILC2s were adoptively transferred into immunodeficient NCG
(NOD-Prkdc®m26€952)| 2rg®m26¢422/Njy) mice, which lack T cells, B
cells, and ILC2s.2°> The mice were then administered with IL-33
(intranasally [i.n.]) and UCB (i.p.) for 3 days, PBS was used as the
vehicle control. In the absence of IL-33 stimulation, the levels of
ILC2s were comparable in the vehicle and UCB treatment groups,
indicating that the migration or survival of ILC2s was not
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apparently affected by UCB treatment. The administration of IL-
33 dramatically increased the number of ILC2s in the lungs of
recipient mice, whereas the coadministration of UCB almost
completely abrogated this effect (Fig. 2a). The number of
eosinophils (Fig. 2b), as well as the amounts of IL-5 and IL-13 in
the bronchoalveolar lavage (BAL) fluid (Fig. 2c), was consequently
diminished in the IL-33- and UCB-cotreated recipient mice
compared with their number in the IL-33 alone group. The
remission of airway inflammation after UCB treatment was further
evidenced using hematoxylin and eosin (H&E) staining (Fig. 2d).
Further in vitro culture of lung ILC2s showed that UCB suppressed
the production of multiple effector cytokines, including IL-5, IL-13,
granulocyte-macrophage colony stimulating factor (GM-CSF), IL-6,
amphiregulin (Areg), and IL-9, in a concentration-dependent
manner (Fig. 2e). All the concentrations used were within the
physiological range and were nontoxic to ILC2s (Supplementary
Fig. S2C). Meanwhile, different concentrations of bilirubin did not
show any noticeable effects on ST2 expression on ILC2s
(Supplementary Figs. S2D and S2E), which indicated that bilirubin
might diffuse into ILC2s rather than affecting IL-33 receptor
expression. Thus, bilirubin negatively regulates the function of
ILC2s both in vivo and in vitro.

Bilirubin causes remission of ILC2-driven allergic airway
inflammation

As ILC2s are key players in allergic airway inflammation, we
next investigated the effect of UCB on ILC2-induced airway
inflammation using a model of the intranasal instillation of the
protease papain.>?® As expected, the administration of papain
caused dramatic infiltration of eosinophils (Fig. 3a) and enhanced
type 2 cytokine production (Fig. 3b) in the BAL fluid, whereas the
coadministration of UCB significantly diminished these inflamma-
tory responses compared with those in the vehicle controls
(Fig. 3a, b). The remission of ILC2-driven lung inflammation,
caused by UCB, was further confirmed by H&E staining (Fig. 3c). Of
note, the proliferation of lung ILC2s (Fig. 3d), as well as their cell
counts and the production of effector cytokines (Fig. 3e, f), was
reduced approximately by half upon coadministration of UCB.

To further confirm the previous findings, we employed
Alternaria alternata (A. alternata), a clinically relevant allergen, to
induce lung inflammation.?®> Consistently, the total number of
lung ILC2s (Fig. 3g), their proliferation, and the secretion of
effector cytokines (Fig. 3h, i) were clearly diminished upon UCB
treatment. As expected, the frequency of eosinophils (Fig. 3j) and
the concentrations of IL-5 and IL-13 (Fig. 3k) in the BAL fluid were
decreased in UCB-treated mice. The amelioration of lung
inflammation was further confirmed by H&E staining (Fig. 3l).
These findings indicate that UCB significantly alleviates ILC2-
driven airway inflammation.

It has been reported that UCB can suppress Th2 cells in allergic
airway inflammation.'® Using an ovalbumin (OVA)-induced mouse
model of lung inflammation, we confirmed that both Th2 and ILC2
responses were impaired in UCB-treated mice (Supplementary
Figs. S3A and S3B) when lung inflammation was alleviated
(Supplementary Figs. S3C and S3D). Considering the existence of
a crosstalk between Th2 cells and ILC2s during allergic inflamma-
tion,** Rag-1~"~ mice, which lack T and B cells, were used to
induce allergic inflammation. The results showed that the
coadministration of UCB markedly decreased type 2 cytokine
production (Supplementary Fig. S3E) and eosinophil levels
(Supplementary Fig. S3F) in the BAL fluid compared with those
in the papain alone group. Moreover, the total number of ILC2s
(Supplementary Fig. S3G), their production of effector cytokines
(Supplementary Fig. S3H) and ILC2 proliferation (Supplementary
Fig. S3I) were consistently decreased in UCB-treated mice. The
attenuation of lung inflammation was further evidenced by H&E
staining (Supplementary Fig. S3J). Therefore, we concluded that
the effect of UCB on ILC2s was independent of T cells.

31,32
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Fig. 1 Bilirubin suppresses ILC2 responses to IL-33. C57BL/6J mice were injected with the vehicle (Veh) or UCB (ip., 25 mg/kg daily) for 5 days.
From day 2 mice were administered with IL-33 (i.p..500 ng/mouse, daily) or PBS vehicle control for consecutive 4 days (n = 4-6 per group). a, b Flow
cytometric analysis of lung ILC2s and their secretion of IL-5 and IL-13. Both representative results (@) and mean + SEMs from all mice (b) were shown.
Flow cytometric analysis of ILC2s in different tissues including () bone marrow (BM, CD45'Lin~CD90.2"CD127%ST2"), (d) mesenteric
lymph node (mLN, CD45"Lin"CD90.2"CD127"GATA3"), (e) Liver (CD45*Lin~C-kit"CD127*Sca-1"ST2"), (f) WAT (white adipose tissue, WAT)
(CD45"Lin~Sca17CD127CD25™) and peripheral blood mononuclear cells (PBMC, CD45"Lin~CD90.2"CD127"ST2"). g Frequencies of IL5*IL13™ ILC2s
in mLN and liver in mice from d and e. h The proliferation of lung ILC2s was determined by Ki-67 staining. Data are representative of three
independent experiments, mean + SEMs from all mice were shown. Unpaired Student’s t test was used. **p < 0.01, ***p < 0.001. Numbers within flow

plots indicate the percentages of cells gated.

To investigate whether the inhibitory effect of bilirubin is
specific to ILC2s, we used a Citrobacter rodentium (CR)-induced
colitis model to evaluate the effects of UCB on ILC1s and ILC3s.
Consistent with previous reports,®***° the administration of UCB
attenuated CR-induced colitis, as indicated by a milder decrease in
the body weight and a reduced shortening of the colon length
(Supplementary Figs. S4A and S4B). Flow cytometric analysis

SPRINGER NATURE

showed no noticeable differences in the ILC1 levels and their
production of IFN-y (Supplementary Figs. S4C and S4D), as well as
in the ILC3 levels and their production of IL-17A, IL-22, and IFN-y in
the colon (Supplementary Figs. S4E and S4F), between the vehicle-
and UCB-treated groups. Meanwhile, the frequencies of ILC2s
(CD45%Lin~CD90.27GATA3™) in the colon were also evaluated by
flow cytometry. The results showed that UCB did not affect the

Mucosal Immunology (2022) 15:314-326
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Fig.2 Bilirubin impairs ILC2 function in response to IL-33 challenge. a-d Equal number of lung ILC2s (3 x 10%) sorted from IL-33 challenged
WT mice were intravenously injected into NCG mice, followed by intranasal administration with IL-33 (n =6 per group) or PBS (n =4 per
group) in the presence or absence of UCB (25 mg/kg) treatment for 3 d. a The numbers of lung ILC2s in NCG recipients were evaluated by flow
cytometry. b The frequencies and absolute numbers of eosinophils in BAL were evaluated by flow cytometry. ¢ The amounts of IL-5 and IL-13
in BAL were measured by ELISA. d Representative H&E staining of lung sections (bars, 100 pm) and the inflammation was determined by semi-
quantitative scoring. e Lung ILC2s from mice were cultured for 3 days with IL-2, IL-7 and IL-33 with increasing concentration of UCB, the
amounts of effector cytokines in the supernatants were measured by ELISA. Cells cultured in medium containing IL-2 and IL-7 were used as
control. Data are representative of three independent experiments, mean + SEMs were shown. Unpaired Student’s t test (a-c) or one-way
ANOVA with Bonferroni post-test (e) were used. *p < 0.05, **p <0.01, ***p < 0.001. Numbers within flow plots indicate the percentages of

cells gated.

levels of ILC2 in the colon (Supplementary Fig. S4G). It has been
reported that the exposure to UCB does not have an effect on Th2
lymphocytes in colitis.>* According to the results to date, intestinal
ILC2s and Th2s may not be affected by UCB in colitis. The above
results also indicate that UCB may not affect the function of other
ILC subsets.

Clearance of endogenous bilirubin aggravates airway
inflammation

To further investigate its effect on ILC2s, we depleted endogenous
bilirubin during lung inflammation using two different approaches.
First, zinc protoporphyrin IX (ZnPP), a specific inhibitor of the HO-1
enzyme, which controls bilirubin production,*® was used in a papain-
induced airway inflammation model. As expected, total bilirubin
levels were markedly decreased by ZnPP treatment (Fig. 4a).
Notably, the administration of ZnPP significantly aggravated the
papain-induced airway inflammation, as indicated by the number of

Mucosal Immunology (2022) 15:314-326

eosinophils and the amounts of the IL-5 and IL-13 cytokines in the
BAL fluid (Fig. 4b, c), as well as by H&E staining of lung tissues
(Fig. 4d). Meanwhile, ZnPP remarkably enhanced the proliferation of
lung ILC2s and facilitated their expansion and the production of
effector cytokines (Fig. 4e, f). Considering that HO-1 could also block
the production of carbon monoxide, another immunomodulator,®”
TCPOBOP, a potent activator of bilirubin clearance® was alterna-
tively used to deplete endogenous bilirubin. First, we confirmed
that, as expected, the total bilirubin levels were markedly decreased
by TCPOBOP treatment (Supplementary Fig. S4H). In line with the
results of ZnPP treatment, higher eosinophil infiltration and elevated
IL-5 and IL-13 levels in the BAL fluid, as well as aggravated lung
inflammation, were observed upon TCPOBOP treatment (Fig. 4g-i).
As expected, the total lung ILC2 counts, as well as cytokine
production and ILC2 proliferation, were elevated (Fig. 4j, k). These
results indicate that the clearance of endogenous bilirubin
aggravates allergic airway inflammation.
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Fig. 3 Bilirubin causes remission of ILC2-driven allergic airway inflammation. a—f WT mice were intranasally administered with papain or
PBS 6 h after unconjugated bilirubin (UCB) or vehicle (Veh) treatment for consecutive 5 d (n = 4-6 per group). Mice were sacrificed 24 h after
the last treatment. a The frequencies and number of eosinophils in BAL were evaluated by flow cytometry. b The amount of IL-5 and IL-13 in
BAL was measured by ELISA. ¢ Representative H&E staining of lung sections (bars, 100 um). d The proliferation of lung ILC2s was determined
by Ki-67 staining. e The frequencies of lung ILC2s and IL-5%IL-13" ILC2s were determined by flow cytometry. Cells were stimulated with
cocktail for 4 h. f The statistical results of e. g-1 WT mice were intranasally challenged with extract of Alternaria alternata for 4 d (n=6 per
group). Mice were sacrificed 24 h after the last treatment. The number (g) and the proliferation (h) of lung ILC2s were evaluated by flow
cytometry. i The frequencies of IL-57IL-13" ILC2s in lungs after cell stimulation cocktail treatment for 4 h. j The absolute number of eosinophils
in BAL. k The amounts of IL-5 and IL-13 in BAL were measured by ELISA. | Representative H&E staining of lung sections (bars, 100 um). Data are
representative of two (g-I) to three (a—f) independent experiments. Error bars show mean + SEM; *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired
Student’s t test. Numbers within flow plots indicate the percentages of cells gated.

ERK signaling and GATA3 expression are reduced by bilirubin
GATA3 is the master regulator of ILC2s>° To investigate the
mechanisms underlying bilirubin-mediated ILC2 responses, the level
of the GATA3 protein was evaluated. Flow cytometric analysis showed
that UCB significantly downregulated the levels of GATA3 in mouse
lung ILC2s both in the in vivo papain model (Fig. 5a) and in in vitro
cell culture (Fig. 5b). Moreover, the mRNA expression levels of 115, Il13,
I2ra, and Cdkn2b, which are known downstream targets of GATA3,*
were consistently changed in ILC2s upon UCB treatment (Fig. 5c). No
noticeable differences were observed in the Gata3 mRNA levels

SPRINGER NATURE

(Fig. 5¢), suggesting that the dysregulation of GATA3, caused by UCB,
occurs at the posttranscriptional level. The expression of other ILC2
regulators, such as Etsi, Rora, and Gfil, showed no apparent
differences (Fig. 5c). Notably, the overexpression of GATA3 almost
completely rescued the defective cytokine production by ILC2s that
was caused by UCB (Supplementary Fig. S5A and Fig. 5d).

It is well known that bilirubin inhibits the phosphorylation of a
variety of intracellular proteins, including extracellular signal-
regulated kinase (ERK)1/2,'*? to exert its biological functions
upon diffusion into cells. ERK signaling has been reported to

Mucosal Immunology (2022) 15:314-326
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the last treatment. g The numbers of eosinophils in BAL were determined by flow cytometry. h The amounts of IL-5 and IL-13 in BAL were
measured by ELISA. i Representative H&E staining of lung sections (bars, 100 pm) and the inflammation was determined by semi-quantitative
scoring. j The absolute numbers of lung ILC2s and the frequencies of IL-5"IL-137ILC2s in lungs were determined by flow cytometry.
k The proliferation of lung ILC2s were determined by flow cytometry. Data are representative of three independent experiments, mean + SEMs
were shown. Unpaired Student’s t test was used. **p < 0.01, ***p < 0.001. Numbers within flow plots indicate the percentages of cells gated.

regulate the stability of GATA3 via ubiquitin-mediated degrada-
tion*® and also participate in the functional regulation of ILC2s.**
ERK signaling was therefore evaluated in UCB-treated ILC2s. The
results showed that UCB significantly inhibited ERK phosphoryla-
tion (p-ERK1/2) both in vivo and in vitro (Fig. 5e, f). Pretreatment
with the ERK agonist honokiol*® rescued the effect of UCB on

Mucosal Immunology (2022) 15:314-326

ILC2s, including the p-ERK1/2 (Fig. 5f) and GATA3 levels (Fig. 5g),
cell proliferation (Fig. 5h), and the production of IL-5 and IL-13
(Fig. 5i). It has been reported that PKC, a classic upstream of
ERK,***" is strongly involved in ILC2 function.*® Next, we evaluated
the expression of PKC in UCB-treated ILC2s and found that UCB
significantly reduced PKC phosphorylation (p-PKC) in lung ILC2s
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Fig. 5 ERK signaling and GATA3 expression are reduced by bilirubin. a Flow cytometric analysis of GATA3 expression in lung ILC2s from
mice treated with UCB or vehicle (Veh) upon papain administration (n = 3). Both representative results (left) and mean + SEMs were shown.
MFI mean fluorescence intensity. b Flow cytometric analysis of GATA3 expression in sorted lung ILC2s treated with UCB (50 pM) or Vehicle in
the presence of IL-2, IL-7 and IL-33 for 3 days. ¢ The mRNA expression of Gata3, II5, 1113, ll2ra and Cdkn2b (left), and Ets1, Rora and Gfil (right) in
sorted lung ILC2s. d Lung ILC2s were infected with retrovirus expressing GATA3 or empty control, followed by treatment with UCB (50 pM) or
Vehicle in the presence of IL-2, IL-7, IL-33 for 4 days. The amounts of IL-5 and IL-13 in the culture supernatants were measured by ELISA. e Flow
cytometric analysis of p-ERK1/2 levels in lung ILC2s from mice treated with UCB or PBS vehicle in the papain model (n = 3). f Lung ILC2s were
treated with vehicle or UCB (50 pM) and /or Honokiol (5 pM) and /or BIM1 (5 pM) in the presence of IL-2, IL-7 and IL-33 for 48 h. Flow cytometric
analysis of p-ERK1/2 levels was performed. g Lung ILC2s were cultured in the presence of IL-2, IL-7, IL-33, with the indicated treatments for
3 days, the level of GATA3 was determined by flow cytometry. h The proliferation of lung ILC2s was determined by Ki-67 staining, after culture
in the presence of IL-2, IL-7, and IL-33 with indicated treatments for 3 days. i The amounts of IL-5 and IL-13 in the supernatants from g were
measured by ELISA. Data are representative of two (a, d and e) or three (b, ¢, and f-i) independent experiments. Error bars show mean + SEM.
Data were analyzed by unpaired Student’s t test (a—f) or one-way ANOVA with Bonferroni post-test (g-i). *p < 0.05, **p < 0.01, ***p < 0.001,
**¥%p < 0.0001, ns not significant.
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Fig. 6 ERK signaling and GATA3 expression are reduced by bilirubin on human ILC2s. a Human ILC2s sorted from cord blood were
stimulated for 3 days with IL-2 and IL-7 or IL-2, IL-7 plus IL-33 in the presence of increasing concentrations of UCB. The amounts of indicated
cytokines in the supernatants were measured by ELISA. Cells cultured in medium containing IL-2 and IL-7 were used as control. b Human ILC2s
from cord blood were treated with UCB or vehicle (Veh) and /or Honokiol (5 pM) and /or BIM1 (5 pM) for 48 h. Flow cytometric analysis of p-
ERK1/2 levels was performed in sorted human ILC2s. ¢ Flow cytometric analysis of GATA3 expression in sorted human ILC2s cultured in the
presence of IL-2, IL-7, and IL-33 with the indicated treatments for 3 d. d The proliferation of sorted human ILC2s was determined by Ki-67
staining in the presence of IL-2, IL-7, and IL-33 with the indicated treatments for 3 d. e The amount of IL-5 and IL-13 in the supernatants from
d was measured by ELISA. Data are representative of three independent experiments. Error bars show mean + SEM; *p < 0.05; **p < 0.01; ***p <
0.001 by unpaired Student’s t test (b—e) or one-way ANOVA with Bonferroni post-test (a). ns not significant.

(Supplementary Fig. S5B). The coadministration of the PKC (Fig. 6¢), ILC2 proliferation (Fig. 6d), and their production of IL-5 and

inhibitor bisindolylmaleimide | (BIM I) almost completely abro- IL-13 (Fig. 6e) by UCB-treated ILC2s. Meanwhile, the coadministration

gated the effects of honokiol on ILC2s (Fig. 5f-i). These results of BIM | abrogated these effects (Fig. 6b-e), while ERK agonists did

suggest that the effects of bilirubin on ILC2s may be associated not overcome the blockade of PKC. PKC inhibition by BIM | might

with the suppression of PKC-ERK1/2 signaling. reduce the responsiveness of ERK to its agonists in UCB-treated
Next, we examined the inhibitory effects of bilirubin on human ILC2s. These results suggest that, similarly to our murine studies, in

ILC2s. In line with the observations in mice, UCB significantly human ILC2s the effects of bilirubin are associated with reduced

suppressed the production of effector cytokines, including IL-5, IL- PKC-ERK1/2 signaling and GATA3 expression.

13, GM-CSF, IL-6, IL-4, and IL-9, by human ILC2s in a concentration-

dependent manner (Fig. 6a). Flow cytometric analysis showed that Newborns with hyperbilirubinemia display reduced ILC2

the p-ERK1/2 (Fig. 6b) and GATA3 (Fig. 6¢) levels were markedly levels and function

decreased after UCB treatment of human ILC2s. Honokiol treatment Clinical studies have indicated that newborns with hyperbilirubi-

significantly rescued the p-ERK1/2 (Fig. 6b) and GATA3 levels nemia (HB) have a lower risk of airway inflammation.*
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Fig. 7 Newborns with hyperbilirubinemia display lower level of ILC2s with impaired function. a The proportions of human ILC2s in PBMC
and their absolute cell counts in the peripheral blood were analyzed by flow cytometry, including healthy control infants (Ctrl, n = 10), infants
with hyperbilirubinemia (HB, n = 50), infants recovered from hyperbilirubinemia (Recovery, total bilirubin lower than 85 pmol/L) (n = 10), and
healthy adult donors (AD, n = 19). b The levels of ILC2 in the peripheral blood of infants with hyperbilirubinemia from a were analyzed based
on the severity of hyperbilirubinemia. Mild: total bilirubin < 221 pmol/L) (n = 31), severe: total bilirubin =221 umol/L (n = 19). ¢ Correlation
between the frequencies of ILC2 in the peripheral blood and total bilirubin (TB) or UCB in infants (n = 60). d Flow cytometric analysis of IL-
5%IL-137 ILC2s in the peripheral blood from infants with mild (n = 10) or severe hyperbilirubinemia (n = 10), and infants recovered from
hyperbilirubinemia (n=8) and healthy control (n=10). Cells were treated with cytokine stimulation cocktail for 4 h before analysis.
e Representative flow analysis of p-ERK1/2 levels in ILC2s of PBMCs from healthy (Ctrl) (n = 5) and hyperbilirubinemia (HB) newborns (n = 5).
Cells were stimulated with PMA (a known inducer of p-ERK) or DMSO for 15 min before analysis. f Flow cytometric analysis of GATA3
expression in ILC2s of PBMCs from healthy (Ctrl) (n=6) and hyperbilirubinemia (HB) newborns (n=4). Data are representative of three
independent experiments. Error bars show mean + SEM; Unpaired Student’s t test was used. *p <0.05, **p <0.01, ***p <0.001, ns not
significant. Correlations were analyzed using Spearman’s rank correlation test. Numbers within flow plots indicate the percentages of
cells gated.

levels of ILC1s or ILC3s among different groups (Supplementary
Fig. S6B). Further linear regression analysis revealed a significant
correlation between the frequencies of ILC2s, but not ILC1s or
ILC3s, and total bilirubin or UCB in the peripheral blood of infants

Considering the negative regulation of ILC2s by UCB, we
evaluated whether the levels and function of ILC2s were impaired
in  newborns with HB. Human ILC2s were gated as
CD45"Lin"CD127"CRTH2" (Supplementary Fig. S6A), as pre-

viously described,®® and the data showed that infants with HB
(85-425 pmol/L total bilirubin) displayed significantly lower ILC2
levels than those in healthy control infants, infants recovered from
jaundice, and adult controls (Fig. 7a). Moreover, infants with
severe HB (total serum bilirubin higher than 221 umol/L)*>*'
displayed lower ILC2 levels than those in infants with mild HB
(Fig. 7b). However, no noticeable differences were found in the
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(Fig. 7c and Supplementary Figs. S6C and S6D). Meanwhile, no
correlations were found between ILC2s and other clinical
parameters, including gestational age, birth weight, and the way
of delivery (Supplementary Fig. S6E). In addition to the decreased
levels, ILC2s from infants with severe HB displayed impaired
function, as indicated by their reduced ability to produce effector
cytokines (Fig. 7d). Consistently, the levels of p-ERK1/2 (Fig. 7e)

Mucosal Immunology (2022) 15:314-326



and GATA3 (Fig. 7f) in ILC2s from newborns with HB were
dramatically lower than those in ILC2s from healthy controls.
Collectively, these observations indicate that bilirubin may play a
protective role against airway inflammation in newborns by
suppressing ILC2s.

DISCUSSION

Human neonates develop HB physiologically.>' However, the
beneficial effects of bilirubin on infant health are not fully
understood. Herein, we demonstrated that bilirubin exerted
suppressive effects on ILC2 responses, thereby contributing to
the prevention of allergic inflammation in infants. Considering the
allergen-induced challenge and the type 2 immunity-biased
feature of newborns,>? this study supports the notion that HB
may represent a protective mechanism for human beings
after birth.

The beneficial effects of bilirubin against allergic inflammation
have long been appreciated in adults.>>>* Patients with jaundice
showed spontaneous remission of immunologic diseases, includ-
ing allergy®* and asthma.>® Kim et al.'® showed that bilirubin
inhibited Th2 responses both in vivo and in vitro. Other studies
have reported that bilirubin levels at the higher end of the normal
range were associated with a lower risk of respiratory disease,
suggesting a protective role of bilirubin in the lungs.>>>® However,
conflicting observations have also been reported. Several studies
have shown that neonatal jaundice increases the rate and severity
of childhood asthma in subjects aged up to 7-10 years old and
may be a risk factor for childhood asthma.”>*” Therefore, the
clinical value of bilirubin in allergic inflammation in different
populations warrants further investigation. In this study, a
significant induction of bilirubin metabolism in the lungs was
observed in ILC2-driven airway inflammation models, and block-
ing bilirubin production aggravated airway inflammation. These
findings indicate that allergen exposure could induce bilirubin
synthesis, which in turn suppresses airway inflammation during
type 2 innate immune responses in the lungs. The negative
correlation between ILC2s and bilirubin in infants further supports
this possibility.

Although high concentrations of UCB are potentially injurious to
the basal ganglia and neurons,®® studies have indicated that at
physiological concentrations, this metabolite has anti-
inflammatory effects under a variety of conditions, such as
experimental autoimmune encephalomyelitis (EAE)*° and dextran
sodium sulfate (DSS)-induced murine colitis.>***° More recently,
bilirubin has been shown to bind to the peroxisome proliferator
activated receptor-a (PPARa), and this interaction may be the key
to the protective metabolic functions of bilirubin.?® Other studies
have demonstrated the protective effects of HB in preventing the
development of chronic liver disease,®’ diabetes,® and obesity.%®
The biological function of ILC2s in tissues other than lungs has
been well documented,®® and the administration of bilirubin has
been shown to suppresses the systemic response of ILC2s to the
IL-33 challenge, including in the mLN, liver, and adipose tissues.
Therefore, the biological significance of bilirubin-mediated
ILC2 suppression in other tissues deserves further investigation,
which could provide an insight into its effects on other diseases.

Nevertheless, several issues remain to be addressed. First, our
preliminary results clearly showed the induction of bilirubin-
metabolizing enzymes in lung epithelial cells, rather than in
immune cells. However, the source of bilirubin in the lungs, as well
as the molecular events causing the induction of bilirubin-related
genes after allergen exposure, still remains to be determined.
Second, it is unclear how bilirubin, after it is generated in the lung,
affects ERK signaling in ILC2s. UCB accounts for more than 95% of
total serum bilirubin in healthy adults.’ It is selectively taken up
by hepatocytes, conjugated to glucuronic acid by UGT1A1, and
then secreted into bile across the canalicular membrane.®® As

Mucosal Immunology (2022) 15:314-326

J. He et al.

bilirubin is hydrophobic in nature and has high permeability
through lipid bilayer membranes, UCB has been suggested to
cross cellular membranes by diffusion and can be intimately
attached to cell membranes.®”® Its direct interaction with cell
membranes or cell entry by passive diffusion are possible
mechanisms by which UCB elicits intracellular signaling. Third,
studies on the protective effects of bilirubin against inflammatory
diseases, including colitis,** EAE,*° and pneumonia,'® have been
limited to animal models to date. More animal studies and
preclinical trials of bilirubin are needed before its protective effect
can be applied to clinical treatment. In addition, although the
effects of bilirubin on the activity of intracellular kinases are well
documented,*'*? the detailed mechanism of bilirubin involve-
ment in ERK phosphorylation in ILC2s warrants further
investigation.

In summary, our study revealed that the inducible production of
endogenous bilirubin represented a novel mechanism of
ILC2 suppression, which might have therapeutic value in
protecting infants from allergic airway inflammation.

METHODS

Animals

Rag-1~~ mice (B6.12957-Rag1™'™°™/JNju) and NCG mice (NOD-
Prkdc®m26¢d52)12rgem26Cd22)N;j(;) were purchased from Nanjing Biomedical
Research Institute, China. C57BL/6J mice were purchased from Guangdong
Medical Laboratory Animal Center, China. All mice were maintained in
specific pathogen-free condition room and 7-8 weeks old female mice
were used for experiments. Littermates of the same sex were randomly
assigned to experimental groups. During housing, animals were monitored
twice daily for health status. No adverse events were observed. In order to
minimize potential confounders, each batch of experimental model was
completed by the same person and each experiment was repeated at least
twice. The experimenters were blinded to the group allocation while
processing data. All animal experimental procedures were approved by the
IACUC of Tianjin Medical University (Tianjin, China) and Sun Yat-sen
University (Guangzhou, China).

Human samples

This study included a series of infants administrated into the Third
Affiliated Hospital of Sun Yat-sen University, Guangzhou, China from July
2017 to August 2020. A total of 91 infants (0-10 days old) were included.
The peripheral blood samples were taken from infants at the summit of
jaundice which were considered to be hyperbilirubinemia when serum
total bilirubin was 85-425 umol/L (n = 50), infants who had recovered from
hyperbilirubinemia had serum total bilirubin concentration <85 pmol/l)
(n=10), and 31 healthy infant donors and 19 healthy adult donors were
collected as control.

Asthma patients (age 6-11 years) from Guangzhou Women and
Children’s Medical Center, Guangzhou, China, were recruited in this study.
Inclusion criteria for allergic asthma was performed by Severe Asthma
Research Program®® and the Global Initiative for Asthma (GINA) Program.
Patients with mild asthma had positive skin prick test responses, FEV1 of
70% of predicted value or greater, and used less inhaled corticosteroids
(<210 pg/d) with no use of inhaled P2-agonists and Leukotriene
antagonists. Severe asthmatic patients had: (1) prebronchodilator FEV1
of less than 60% of predicted value; (2) use of inhaled corticosteroids
(>400 pg/d); (3) frequent use of inhaled (2-agonists and Leukotriene
antagonists. Healthy donors with similar ages were used as control.
Baseline characteristics are summarized in Supplementary Table S1 in this
article’s supplementary material.

For collection of human cord blood samples, placental cord blood was
collected from women during delivery in Guangzhou Women and
Children’s Medical Center, Guangzhou, China. Women with acute
infections (including pneumonia and urinary tract infections) or fever
were excluded. All subjects were screened for antibodies against serum
HIV-1, hepatitis B surface antigen (HBsAg), antibodies against hepatitis C
virus (HCV), hepatitis D virus (HDV) antigen, and HDV, Individuals with
positive results were excluded.

For experiments using human samples, written informed consent was
received from the participants or their legal guardians, and the protocol
was approved by the human ethics committees of Sun Yat-sen University
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(Guangzhou, China) and Guangzhou Women and Children’s Medical
Center (Guangzhou, China).

Bilirubin treatment in vivo

C57BL/6J mice were intraperitoneally injected with unconjugated bilirubin
(UCB, Sigma-Aldrich, USA) (25 mg/kg) dissolved in an aqueous solution
containing 2 M NaOH and 200 mM Tris-HCl (pH 8.4), and adjusted with 0.5
M HCl to pH 7.0. To deplete the endogenous bilirubin, 1,4-bis-[2-(3,5-
dichloropyridyloxy)] benzene (TCPOBOP, 3 mg/kg/mouse, MEMD Millipore
Corp., USA) and zinc protoporphyrin IX (ZNPP, 25 mg/kg/mouse, Frontier
Scientific, USA) were used.

IL-33 administration

Mice were intraperitoneally injected with 500 ng IL-33 (BioLegend) on days 0,
1, 2 and 3 as described.?> Mice were sacrificed 24 h after the last injection,
lungs were harvested and analyzed. Alternatively, mice were intranasal
instillation of 500 ng IL-33 on days 0, 1 and 2. Mice were sacrificed on day 3,
and the BAL fluid and lungs were collected and analyzed.

Mouse models of allergic airway inflammation

For induction of papain-induced acute type 2 airway inflammation,®
7-8 weeks old mice were anesthetized, followed by intranasal (i.n.)
administration with papain (20 pug papain in 40 pl PBS, daily, Sigma-Aldrich)
or PBS for 5 consecutive days. The BAL fluid and lungs were collected for
analysis on day 6. For Alternaria alternata-induced airway inflammation,
7-8 weeks old mice were anesthetized and intranasally administrated with
100 ug Alternaria alternata (AA, Greerlabs, Lenoir, NC) in 40 ul PBS for 4
consecutive days as previously described.> Mice were sacrificed 24 h after
the last challenge, The BAL fluid and lungs were collected and analyzed.
For OVA-induced chronic allergic inflammation,?®> 7-8 weeks old mice were
i.p. sensitized with 100 ug OVA (Grade V, emulsified in 10 mg of aluminum
hydroxide, Sigma-Aldrich) on days 0 and 7, followed by intranasal
instillation with OVA (100 ug in 40 ul PBS) on days 14, 15, 16, and 17.
Mice were sacrificed for analysis 24 h after the last challenge.

Measurement of bilirubin

The concentrations of serum bilirubin in mice or asthma patients were
measured by total and direct bilirubin kits from Sigma-Aldrich. The
measurement of human serum bilirubin and red blood cell counts was
performed by Sysmex XN9000 automatic modular blood humoral analyzer
(Sysmex Corporation, Japan).

Flow cytometric analysis and sorting

Single-cell suspensions were blocked with anti-Fc receptor antibody (anti-
CD16/CD32) before staining with fluorochrome-conjugated antibodies.
Antibodies used are listed in Supplementary Table S2. Dead cells were
excluded by a cell viability dye (Live/dead fixable Viability Dye, Invitrogen) for
subsequent analysis. For the flow cytometric sorting, a BD FACSArialll (BD
Bioscience) was used. To sort mouse ILC2s, cells were first deleted of T cells, B
cells, NK cells and myeloid, and erythroid lineages by labeling with biotin-
conjugated lineage antibodies cocktail containing anti-CD3e, anti-CD45R/
B220, anti-CD11b, anti-Ly6G, anti-Erythroid marker (TER-119), anti-CD11c,
anti-NK1.1, anti-CD4, anti-CD5, anti-CD8a, anti-TCRp, anti-TCRyS, followed by
streptavidin-paramagnetic particles (BD Bioscience, USA) according to
manufacturer's instructions. The collected cells were then stained with
fluorochrome-conjugated antibodies, including anti-CD45, anti-CD90.2, anti-
CD25, and anti-ST2 before sorting. For human ILC2 sorting, PBMCs were
labeled with biotin-conjugated anti-CD2, anti-CD3, anti-CD14, anti-CD16, anti-
CD19, anti-CD56, anti-CD235a, anti-TCRaB, anti-TCRyS, anti-FCeR1q, anti-
CD94, and anti-CD11C. Then, magnetic beads were used to deplete T cells, B
cells, NK cells, myeloid cells, granulocytes, and red blood cells. The acquired
lineage negative cells were stained with indicated fluorochrome-conjugated
antibodies for ILC2s (CD457CD127"CRTH2™"). All the cells were sorted with a
purity =95%. For intracellular cytokine staining, lung leukocytes were
stimulated with PMA (50 ng/mL, Sigma-Aldrich), lonomycin (1 ug/mL, Sigma)
and Brefeldin A (1 ug/mL, Thermo Fisher Scientific) for 4 h at 37°C, then
stained for ILC2 markers, followed by IC Fixation Buffer (Thermo Fisher
Scientific) and stained with anti-IL-13 and anti-IL-5 antibodies.

Adoptive transfer of ILC2
Lung ILC2s (3 x 10* cells/mouse) were sorted from IL-33 challenged C57BL/6J
mice, followed by tail intravenous injection into NCG mice. Mice were then
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challenged with IL-33 (in) for 3 consecutive days to induce lung
inflammation. Mice were sacrificed and analyzed 24 h after the last challenge.

In vitro culture of ILC2

For ILC2 function analysis in vitro, lung ILC2s were cultured in 96-well
round-bottom plates with a density of 5 x 10% per well, treated with the
vehicle or UCB (Sigma-Aldrich, USA, 50 uM) and /or Honokiol (MedChem-
Express, 5 uM) and /or Bisindolylmaleimide | (BIM I, MedChemExpress, 5
pM) in the presence of mouse IL-33 (20 ng/ml), IL-2 (10 ng/ml) and IL-7 (20
ng/ml) for 72 h. Then, the amount of cytokines in culture supernatants was
measured by ELISA. To evaluate human ILC2 function, human ILC2s (5000
cells/well) were cultured in 96-well round-bottom plates in the presence of
recombinant human IL-33 (20 ng/ml), IL-7 (20 ng/ml) and IL-2 (20 ng/ml)
for 3 days and the supernatants were collected for cytokines measurement.

qRT-PCR

Total RNA from indicated cells was extracted by using TRIzol (Invitrogen) and
reverse transcribed with a synthesis kit (Takara, Japan). Gene mRNA
expression was analyzed by qPCR with SYBR green chemistry (Takara, Japan).
The sequences of primer used were listed in Supplementary Table S3.

Enzyme-linked immunosorbent assay (ELISA)

The BAL fluid from mice or the supernatants from cultured ILC2 were
collected. The levels of individual cytokines were determined by ELISA,
following the manufacturer’s instructions (eBioscience, USA).

Citrobacter rodentium model

Mice were orally gavaged with 200 ul of PBS containing 1 x 10° colony-
forming units (CFUs) of citrobacter rodentium. 24 h after infection, mice
were injected with bilirubin (ip. 25mg/kg) daily. Body weights were
monitored daily. Mice were sacrificed on day 7, and colon length were
measured and flow cytometric analysis of ILC1 and ILC3 were performed.
Citrobacter rodentium were kindly provided by Dr. Ju Qiu from Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences.

Retroviral infection of ILC2

We followed the procedures described previously.”® Sorted lung LC2s were
cultured overnight in the presence of 10ng/ml IL-2, IL-7, and IL-33,
followed by treatment with retrovirus-containing supernatants supple-
mented with polybrene (8 ug/ml). Cells were then centrifuged at 1000 x g
for 2h at 32°C, and cultured at 37°C for another 6h. Cells were
subsequently washed with 1640 medium and cultured in fresh complete
medium containing 10 ng/ml of IL-2, IL-7, and IL-33 in the presence of
vehicle or UCB (50 uM). Four days later, the supernatants were collected for
analysis of IL-5 and IL-13 content by ELISA.

Lung histology

Lung tissues were fixed in 4% phosphate-buffered formaldehyde solution
for 24 h. Tissue sections were prepared and stained with hematoxylin-eosin
(H&E) to assess inflammation. Inflammation was determined by semi-
guantitative scoring (0-4: 0, none; 1, mild; 2, moderate; 3, marked; and 4,
severe. An increment of 0.5 was used when the inflammation fell between
two levels. Three fields were selected randomly for scoring using a Leica
microscope by two treatment-blind pathologists independently. Immuno-
histochemistry were performed following the established protocols.”’
Mouse anti-bilirubin mAb was purchased from Abbexa, UK.

Statistical analysis

All data are derived from two to four independent experiments. Data
are shown as means + SEM except for Supplementary Table 1 shown as
means = SD and statistical significance was determined by two-tailed
unpaired Student’s t test or one-way ANOVA with Bonferroni post-test.
Correlations between different parameters were analyzed using a Spear-
man’s rank correlation test. Statistical analysis was performed wtih
GraphPad Prism 6.0 software (Graphpad Software, La Jolla, CA). P < 0.05
was considered significant.
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