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associated with the loss of integrity of cellular barriers such as allergic and infectious
respiratory reactions.
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INTRODUCTION recent observation that MCs can degranulate directionally

In peripheral tissues, MCs are key effector cells in type
I hypersensitivity reactions [1]. In detail, MC stimulation
by antigen bound to IgE and the consequent FceRI recep-
tor crosslinking results in a Ca2+—dependent activation of
the nuclear factor of activated T cells (NFAT), mitogen-
activated protein kinases (MAPKSs) and nuclear factor-xB
(NF-xB) [2]. In turn, this leads to MC degranulation,
cytokine production [2], and to eicosanoid formation by
activation of cyclooxygenase-1 and cyclooxygenase-2
(COX-1/2) and of 5-lipoxygenase (5-LOX) [3] culminating
in hypersensitivity reactions. MCs have also been shown
to contribute to tissue integrity by expressing receptors
sensing cell stress such as T1/ST2 (IL-33R) [4,5], and the
ATP receptor P2X7. IL-33 activates the MyD88-TAKI1-
IKK2-p65 signalling pathway and MAPKSs, resulting in
cytokine biosynthesis [5], but not degranulation [6]. In
contrast to this, binding of ATP to the Ca®" channel P2X7
[7] activates NFAT and MAPKSs, which are crucial for the
production of cytokines and degranulation [8,9] as well as
for the biosynthesis of 5-LOX-derived leukotrienes (LTs)
[10]. Furthermore, ATP induces the P2X7-dependent ac-
tivation of the NLRP3 inflammasome, which results in
cleavage of pro-IL-1p and pro-IL-18 and thereby, in the
release of mature IL-1p and IL-18 [11]. Of note, IL-33
and ATP are alarmins that are released by damage of the
integrity of cellular barriers or are actively secreted upon
cell stress [9]. Due to the high expression of the IL-33R
and P2X7 [7], MCs are one of the first cellular sensors
for IL-33 and ATP in peripheral tissues [12]. Notably, co-
sensing of ATP and IL-33 by MCs is required to initiate
the full vascular response resulting in contact hypersen-
sitivity reactions (CHS) in vivo [12]. Here, we identified
the cellular mechanism essential for MC-dependent CHS
reactions. We show that ATP/IL-33 co-sensing by MCs
results in a persistent activation of the TAK1-IKK2-p65
signalling pathway resulting in the potentiated production
of IL-2, IL-4, IL-6, GM-CSF and TNFa as well as of pro-
inflammatory LMs. The facts that the levels of IL-33 and
ATP are elevated in patients with COVID-19 and that the
activation status of MCs correlates with the severity of
COVID-19 [13,14] indicate that the principle of ATP/IL-
33 co-sensing might also be relevant for the development
of severe COVID-19. These data in combination with our

into the bloodstream [15] suggest that MCs co-activated
by ATP and IL-33 might be an attractive therapeutic target
to dampen cytokine storm syndromes, shock symptoms or
allergic reactions.

RESULTS
ATP as a strong inducer of MC degranulation

Recently, we found that IL-33 induces a MC degranulation—
dependent skin inflammation [6]. However, IL-33 alone
does not induce MC degranulation in vitro indicating
that an additional stimulus may co-activate MCs for the
induction of degranulation in vivo [6]. Notably, ATP is
required to induce the IL-33-dependent vascular response
to contact allergens, indicating that ATP/IL-33 co-sensing
mediates a strong MC activation characterized by degranu-
lation [12]. We first determined the ATP-induced signal-
ling and the resulting degranulation. To investigate the
general effects on MCs and to avoid cell-specific effects,
we used bone marrow-derived MC (BMMCs) as well as
peritoneal cavity-derived MCs (PCMCs). Indeed, high
levels of ATP induced a massive degranulation in MCs
(shown by CD107a surface expression [16]) (Figure la;
Figure Sla), which was accompanied by c-Kit downregu-
lation in BMMCs and PCMCs (Figure S1b). These char-
acteristics were inhibited by the selective P2X7 inhibitor
A438079 (Figure Slc), demonstrating that the ATP/P2X7
axis induced the formation of highly activated c-Kit'*¥/
CD107aMen degranulating MCs. MC degranulation de-
pends on Ca’* and CaN [17]. Confirming these data, ATP
induced a Ca** influx, which was dependent on P2X7
(Figure S1d), and subsequently resulted in a Ca**/CaN-
mediated degranulation in BMMCs and PCMCs (Figure
1b; Figure Sle). Furthermore, ATP did not activate TAK1
but activated IKK2, p38 and ERK1/2 (Figure S1f-j), and
in line with the degranulation response, the activation of
these signalling molecules was dependent on the Ca*'/
CaN signalling module (Figure lc—f). However, only
ERK1/2 but not IKKs or p38 mediated the ATP-induced
degranulation in BMMCs and PCMCs (Figure 1g; Figure
S1k). These findings show that ATP caused a strong Ca”*/
CaN-ERK1/2-dependent MC degranulation.
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FIGURE 1 ATP-induced MC
degranulation. (a) BMMCs were stimulated
with ATP (30 min) as indicated and were
stained for CD107« and c-Kit. Shown are
contour blots or an overlap histogram as
well as the summary of n = 3 biological
replicates. Shown is the mean + SD; paired
t-test; ¥**¥p < 0-001. (b) Prior to ATP
stimulation, BMMCs were pre-treated with
the indicated inhibitors (Ca** chel. = Ca®*
chelator; CaN-i = Calcineurin inhibitor)
for 30 min. Shown are histograms or the
summary of n = 3 biological replicates as

the means + SD; paired -test; ***p < 0-001.

(c—f) Cell lysates were analysed by Western
blotting. (d—f) Shown are the densitometric
analysis of n = 3 biological replicates as

the means + SD; paired #-test against the
appropriated vehicle/ATP stimulation;

ns: not significant, *p < 0-05, **p < 0-01,
#*%p < 0-001. The molecular weight is
shown on the left side of the Western blots.
(g) BMMCs were pre-treated with the
indicated inhibitors (IKK-i = IKK-inhibitor;
p38-i = p38 inhibitor; ERK-i = ERK-
inhibitor) for 30 min and were stimulated
with ATP for 30 min. Shown are histograms
and the summary of n = 3 biological
replicates as the mean + SD; paired r-test;
ns, not significant; ***p < 0-001
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ATP/IL-33 co-sensing boosted the induced
cytokine responses

Next, we determined the influence of IL-33 on ATP-induced
MC effector functions. When we evaluated whether the ATP-
induced degranulation is modified by IL-33, we could neither
detect an alteration of the ATP-induced Ca®" mobilization
(Figure 2a) nor of MC degranulation (Figure 2b). Therefore,
rapidly triggered MC effector functions in response to ATP,
such as the degranulation-mediated release of preformed
mediators, are not modulated by IL-33. However, the rapid
MC degranulation is followed by a later de novo production
of cytokines. Stimulation of MCs with ATP or IL-33 alone
induced a moderate production of IL-2, IL-4, IL-6, IL-13,
GM-CSF and TNF« (Figure 2c¢). Surprisingly, co-stimulation
with ATP and IL-33 potentiated the production of IL-2, IL-4,
IL-6, IL-13, GM-CSF and TNFa compared to either stimuli
alone (Figure 2c). Consequently, our data show that concom-
itant sensing of ATP and IL-33 culminates in a MC hyperac-
tivation that boosts the cytokine biosynthesis.

ATP/IL-33 co-sensing prolonged the
activation of p65/RelA

Given the excessive cytokine production in MCs hyperacti-
vated by ATP/IL-33 co-sensing, we investigated how IL-33
interferes with the ATP-induced and Ca2+/CaN—dependent ac-
tivation of IKK1/2, ERK1/2 and p38. Confirming prior studies
[5,6], IL-33 alone induced a strong but transient activation of the
TAKI1-IKK2/IkB signalling module (Figure 3a—c). In contrast
to this, ATP did not efficiently activate TAKI, but slightly ac-
tivated IKK2 (Figure 3a—). However, co-stimulation with ATP
and IL-33 resulted in a delayed activation of the TAK1-IKK2/
IxkB signalling module (Figure 3a,c), which was surprisingly
sustained beyond 60 min compared to single stimulation with
IL-33 or ATP alone (Figure S2a,b). Next, we investigated the
influence of ATP/IL-33 co-stimulation on the activation of p65/
RelA, p38 and ERK1/2 the most essential signalling pathways
for ILL-33- and/ or ATP-induced effector functions [6,18,19]. We
found that the persistently active TAK1-IKK2/IxBa signalling
pathway resulted in a delayed and prolonged activation of p65/
RelA, whereas the activation of p38 or ERK1/2 was only slightly
affected (Figure 3a—c; Figure S2a,b). Importantly, the overall
amplified activation of p65/RelA by ATP/IL-33 co-sensing was
confirmed in MC/9-NF-kB-eGFP reporter MCs by the detection
of an enhanced eGFP signal. Compared to ATP alone, IL-33 effi-
ciently induced the expression of eGFP demonstrating p65/RelA
activation (Figure 3d,f). Co-stimulation with ATP and IL-33 fur-
ther increased the p65/RelA activation, which was mediated by
CaN and IKKs (Figure 3e.f). In contrast to this, IL-33 neither
induced nor modulated the ATP-induced activation of NFAT in
MC/9-NFAT-eGFP reporter cells (Figure 3g,h). Collectively,

these data indicate that ATP, likely via the induced Ca™* influx,
supported the IL-33-induced signalling pathways by prolonging
the activation of TAK1 and thus of the IKK2/IxB-p65/RelA sig-
nalling pathway, while NFAT remained unaffected.

The concerted activation of p65/RelA and
NFATc2 enhanced the production of cytokines

IL-33 activates the MyD88-TAK1/IKK2-p65/RelA, but not
the Ca’*/CaN-NFAT signalling pathway and induces the
production of IL-2, IL-6, IL-13 and GM-CSF in MCs [18,19].
In contrast to this, the ATP-induced cytokine production
strongly depended on the Ca2+/CaN-signalling module in
conjunction with NFATc2, IKKs, p38 and ERK1/2 (Figure
S3a—c). While the co-stimulatory effect of ATP/IL-33 was
fully dependent on the IL-33R (Figure S4a), it was only
partially reduced by the selective P2X7 inhibitor A438079
(Figure 4a), which suggested that other ATP receptors may
have compensated the P2X7 inhibition. In line with ATP
single stimulation, all cytokines produced upon ATP/IL-33
co-stimulation were controlled by the Ca®*/CaN signalling
module (Figure 4a) underpinning its key function in activated
MCs. However, in ATP/IL-33-co-activated MCs, NFATc2
substantially contributed to the IL-6 production, which was
in contrast to stimulation with ATP alone (Figure 4b; Figure
S3b). This demonstrated that ATP/IL-33 co-stimulation
broadens the spectrum of NFAT to mediate the production
of an increased range of cytokines. Another central signal-
ling node that is targeted by IL-33 or ATP are IKKs, which
are essentially involved in the activation of p65/RelA and in
the resulting cytokine production [5]. Similar to their role
in ATP-single stimulation, IKKs are essential for the ATP/
IL-33 co-signalling-induced production of all analysed cy-
tokines except IL-4 (Figure 4c). Whereas p38 is essential,
ERK1/2 was dispensable for most of the cytokines produced
in ATP/IL-33-co-stimulated MCs (Figure 4c). Underpinning
the critical role of the Ca>*/CaN signalling network and of
p38 in the potentiated production of IL-2, IL-4, IL-6, IL-
13 and GM-CSF in response to ATP/IL-33 co-activation in
all MCs, these data were also confirmed in PCMCs (Figure
S4b). Collectively, these data demonstrate that the Ca’/
CaN-NFATc2 and the TAK1-IKK2-p65 signalling pathway
in conjunction with p38 triggers a massive cytokine response
upon ATP/IL-33 co-sensing.

Beyond cytokines, co-sensing of ATP and IL-33
boosts the activation of COX1/2

MC:s in general are major sources for LMs like leukotrienes
(LTs) and prostaglandins (PGs) [20,21]. Reflecting the in-
duced cytokine responses, ATP/IL-33 co-sensing is required
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FIGURE 2 Co-sensing of ATP and
IL-33 potentiates the resulting cytokine
production. (a) Ca>* influx was measured
from BMMCs stimulated with ATP, 1L-33
or both together. Shown are measured
[Ca®*), after indicated time points (left
panel) and the single values as fold increase
of the mean of [Ca®"]; after stimulation
against the mean of basal [Caz+]l. Shown
are the summary n = 3 biological replicates,
paired r-test against vehicle; *p < 0-05,

*p < 0-01. (b) BMMCs were stimulated
with IL-33, ATP or both together for

30 min. Shown are contour blots or the
summary of n = 3 biological replicates as
the mean + SD; paired 7-test against ATP
stimulation; ns: not significant. (c) Wt
BMMCs were stimulated with IL-33, ATP
or both together for 24 h. Supernatants were
analysed by cytokine ELISAs. Shown is the
mean + SD from n = 3 ELISA experiments;
paired #-test; ***p < 0-001

(b)

c-Kit

% of max

A
kol
[}

N

[pg/mL] x 103

- —
N o

[pg/mL] x 108
[e+]

@ 3004 R = vehicle
s % 257, - ATP
c
= o] 204 B 1D IL-33
% 200 2 © ® -~ ATP/IL33
O o
= I = 1.5
8 (I 5 B e
S A Ay ol @
3 100 g LR Rl
© =
£ 2 0-5-
= 5
o
0 T T T p =00
0 60 120 180 240
Time [s]
control IL-33 ATP ATP/IL-33
065 | 10983 055 | 10°4120 862 |10°48.90 88,2
10'y 104 10"
10" 10" 10’
o 0 o
029 | 403083 031 | 03074 1,07 | 4:31,08 1,86
10" 10 10° 0 10° 0 10 -10° 0 10 10" 10 10° 0 10 10' 10
CD107a ‘ ‘ ‘ ‘
"1 1009 | fro04 1l
4001 804 o0
5,69 %07 4,38 601 928 €04 94,4
N —T 409 404
1004 20 /\J \ 204 /J \
ol —r 0l e 0L g e

10 10 10 0 10° 10 10 10° 0 10 10 10 10° 0 10 10 10
CD107a 100 L overlay
w0 . |
80
2
S 60
=]
o 40
2 x
[
20 g
0 5|
) &) A %) R
& F R CD107a
Y QA
® control
- ATP
== ATP/IL-33
IL-2 41 16 o 41 14
= g %3
X X
T 2 T2
£ £
21 21
0 0
S & RO S & R D S L R D
oo(\\& \\;{b ® Q\\\/fb 00&& N ® Q\\\;b 00(\& \\;b ® Y
R R R
v v v
5
IL-13 GM-CSF TNFa _—
. .
o o
- 4 —
X X
> 2 B
2 2
0 minn NN 0
> H R > > & R &) > O KL ')
ST &V PR RN
&Q\ S «Q\ &Q\
v v v



546 |

Immunology

The Journal of cells, molecules, systems and technologies

ritish Society for

|mmuno

log(f |

JORDAN ET AL.

40=

75=

IL-33 __ATP_ATP/L-33  (b) IL-33 __ATP_ATP/L-33
CT s e ot DTAKT 40 o o e e - P38
- - enieses e TAK{ 40" : p38
o " mEEKK 4. | T iSSsimees pERK
———f e = KK, s e e ERK
o= ws iwmes plkB 55_-'-—------— Tub.
—— NN S L
R —— KB SR e
- o e e e pPB5 P
- - - ey DB5

MC9-NF-«B
(d) control

IL-33

c-Kit

10'}57.7

10‘2

10°%

EGFP
(e)  ATP/L-33

410 0 10" 10" 10

IKK-i/
ATP/IL-33

&0 0 a0 OO
\‘Oé\Q&Q@%@Q@Q@%@Q@Q@

o
(2)
N

c-Kit

121pTAK1 61 pp65 . s
k] p kS
ns 4
2z 25
3K 38 2 g
= S ;o
] s Q e0
0 £ a0
20 : ¥
Tg] PIKK2 * 501 pp3s © 20
5 5 * R*
s 13 = S . 4 o > ATP/IL-33
£ 12 5 g 30 e R LA
S¥ 10 : s Q S v —
23 8 : 2220 o O &
z & T 10 § P F
£ 2 £ 0 (@
0 MCO-NFAT
control ATP
40 . 25
5 plkB * . . pERK1/2 ns
§ 30 : Sa 20
S22 sy 15
23 2F 10 &
ke] 10 . 5 Q S
e s 5
0 EGFP )
20
> & & O
1,6 L€ & & 8 8
21 kB Q S ©) 8
k] & R ) & 15 ns
s 12 Q
g oo I
om 3
§ 208 O ATP g
5 & 133 5 < s
2 04 & ATPIL-33 X =
0 > ) Q )
N . . & i &
O N N N N W Aol A
& $ 2
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technical replicates (h). ns, not significant

to induce effective 5-LOX- and COX1/2-mediated product
formation (Figure S5a). IL-33 alone did not activate 5-LOX,
whereas stimulation with ATP induced the production of
LTB,, t-LTB, and 5-HETE (Figure S5a), via the P2X7-
Ca’*-ERK1/2-5-LOX signalling pathway, independently
from CaN, p38 (Figure S5b) and NFATc2 (Figure S5c).

Furthermore, IL-33 or ATP alone only slightly induced the
activation of COX-1/2, which resulted in the production of
low levels of PGs and TXB, (Figure S5a). In contrast to this,
ATP/IL-33 co-sensing increased the production of 5-HETE
and 6-trans LTB, (t-LTB,) but not of LTB,. Thereby, the
production of 5-HETE, t-LTB, and LTB, was mediated via
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FIGURE 4 The Ca**/CaN signalling module and IKKSs are essential for the potentiated cytokine and eicosanoid response. (a—c) Wt (a—c)
or wt and mecZ’/ ~ (b) BMMC:s were stimulated with IL-33 or ATP alone (black bars) or both together (white bars) for 24 h. (a, ¢) To block
ATP and Ca®" or to inhibit CaN, IKKs, p38 or ERK1/2, prior to stimulation, BMMCs were pretreated with the respective agents or inhibitors

(ATP-a = ATP-antagonist; Ca>"

c=Ca*" chelator; IKK-i = IKK-inhibitor; p38-i = p38 inhibitor; ERK-i = ERK inhibitor) for 30 min. (a-c)

Supernatants were analysed for cytokines by ELISAs. (a, ¢) Shown are the means + SD from n = 3 biological replicates; paired r-test between the
indicated groups; ns: not significant, *p < 0-05, **p < 0-01, ***p < 0-001. (b) Shown are the means + SD from n = 3 biological replicates from
BMMC:s of wt and NfamZ’/’ mice; paired ¢-test; *p < 0-05, **p < 0-01, ***p < 0-001. (d, e) Shown is the eicosanoid release. To block ATP and

C a2+

or to inhibit CaN, p38 or ERK1/2 BMMCs were pre-treated with the respective agents or inhibitors (ATP-a = ATP-antagonist; Ca’*-

c=Ca®

chelator; p38-1 = p38 inhibitor; ERK-i = ERK inhibitor) for 30 min prior to stimulation with IL-33 or ATP or both together for 24 h. Except of
LTC,, generated eicosanoids were extracted and analysed by UPLC-MS-MS. LTC, was analysed by a LTC-specific ELISA. Shown in the fold
increased compared to the pg-values of ATP/IL-33 stimulations, which were set as 1. Data are the means + SEM, from n = 3 biological replicates;
paired t-test between ATP-single (black) and ATP/IL-33 co-stimulated BMMCs (white bars) or between vehicle/ATP/IL-33- and inhibitor/ATP/IL-
33-stimulated BMMCs (white bars); ns: not significant, *p < 0-05, **p < 0-01, ***p < 0-001
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the P2X7-Ca®"-ERK1/2 signalling pathway but independent
from CaN, p38 (Figure 4d) or NFATc2 (Figure S5d). We also
investigated the production of cysteinyl LTs such as LTC,
a major mediator of MC effector functions. The analysis
of LTC, by the current UPLC-MS-MS method is not suit-
able due to the different chemical structures of glutathione-
conjugated LM; therefore, we used a LTC,-specific ELISA.
In line with the unaltered LTB, levels, ATP/IL-33 co-sensing
did not further increase the production of LTC,, which also
was produced in dependency of a Ca**-ERK1/2 signalling
pathway (Figure 4d).

Importantly, ATP/IL-33 co-sensing resulted in a mas-
sively induced production of PGE,, PGD,, PGF,, and TXB,
(Figure 4e). However, contrasting the mechanism, which
increases the cytokine responses, the P2X7-Ca®*/CaN sig-
nalling module, p38 as well as ERK1/2 (Figure 4e) but not
NFAT (Figure S5e), mediated the production of these LMs.
Except for the production of PGE,, which was only slightly
induced in response to concomitant ATP/IL-33 sensing, the
importance of the Ca®"-ERK1/2 signalling pathway in the in-
duction of 5-LOX or COX1/2 products could be confirmed
in PCMCs (Figure S6a—c). Notably, these data show that in
response to ATP/IL-33 co-sensing MCs produce massively
increased amounts of pro-inflammatory LMs.

ATP/IL-33 co-sensing: a principle relevant for
COVID-19 pathogenesis?

In lung tissues of patients with severe COVID-19, the lev-
els of ATP and IL-33 are strongly increased, concurrent with
the presence of highly activated MCs [13,14,22-24]. This
suggests that MCs are strongly co-activated by the released
ATP/IL-33 in the airways of COVID-19 patients. To inves-
tigate this possibility, we used the NGS data set generated
from Winkler er al. [25] to search for upregulated genes
that are highly expressed in MCs [26] and in total lung tis-
sue of transgenic hACE2 mice upon SARS-CoV-2 infection.
Indeed, we found 12 genes that represent MCs [26] among
genes upregulated in lung tissue from transgenic hACE2
infected with SARS-CoV-2 [25] (Figure S7a). Because IL-
33 sensitizes the local environment and also MCs towards
tissue-damaging events [2,12] and we showed that the IL-
33-induced NF-kB activation dominates in ATP/IL-33-co-
activated MCs, we compared genes differentially expressed
in IL-33-activated MCs with genes differentially expressed
in lung tissue of SARS-CoV-2-infected hACE2 mice [25].
We identified 2410 intersecting genes, which were analysed
with the help of WebGestalt [27-30]. A total of 2386 of these
genes could be mapped to entrez gene and were subsequently
clustered by an overrepresentation analysis (ORA) via the
mammalian phenotype database (The Jackson Laboratories).
Gene clustering with a false discovery rate (FDR) of less than

10~ as calculated by Benjamini and Hochberg's procedure
resulted in 11 categories (Figure S7b). Among them, the cate-
gory ‘abnormal innate immunity’ showed the second-highest
coverage ratio (Figure S7b). We filtered the differentially
expressed genes in IL-33-stimulated MCs for genes consti-
tuting the cluster ‘abnormal innate immunity’. Of note, not
all differentially expressed genes associated with this clus-
ter were upregulated in MCs upon IL-33 stimulation (Figure
5a). Along with upregulated transcripts of IL-2 and IL-13, we
found upregulated IL-6 transcripts in MCs upon IL-33 stimu-
lation validating successful MC activation [6,19] (Figure 5a).
Reflecting the increased LM production upon ATP/IL-33
co-sensing, the Ptgs2 transcripts were massively upregulated
upon IL-33 stimulation (Figure 5a). While the Fcerla was
not found among the differentially expressed genes (data not
shown), we detected increased transcript levels of Fcerly.
Moreover, the transcript level of the canonical NF-kB sub-
unit Nfkbl (pS0) (Figure 5b) was upregulated, whereas the
transcript levels of Nfkbid (the negative regulator of NF-kB)
was downregulated in IL-33-stimulated MCs (Figure 5b).
Importantly, IL-33 upregulated the ATP receptors P2X4 and
P2X7 (Figure 5b). This in line with the fact that ATP recep-
tors were also upregulated in lungs of SARS-CoV-2-infected
hACE2 mice [25], this demonstrates that IL-33 sensitizes
the local environment and also MCs [2,12] to released ATP.
These data point out a potential cross talk between activated
IL-33R and P2X7 and show that of ATP/IL-33 co-sensing by
MCs might be relevant for COVID-19 progression.

DISCUSSION

IL-33 is expressed in endothelial and epithelial cells and is
actively or passively released upon cell stress or cell dam-
age, respectively. In previous studies, we showed that con-
tact hypersensitivity (CHS) reactions in the skin, which are
triggered upon induction of stress and damage of epidermal
cells, depend on simultaneous sensing of IL-33 and ATP by
MCs and, subsequently, results in a MC-dependent recruit-
ment of neutrophils [6,12]. Inactivation of either of these
signals alone on MCs blocked neutrophil recruitment and
thereby, the resulting CHS reaction [6,12]. Here, we identi-
fied the mechanism in MCs behind the strong and transient
MC-dependent CHS reaction. Confirming the principle of
ATP/IL-33 co-sensing by MCs in vivo [12], stimulation with
ATP or IL-33 alone resulted only in a weak MC activation
in vitro. Whereas ATP alone resulted in degranulation and
a moderate cytokine production via a Ca2+/CaN-signalling
network, IL-33 alone did not induce degranulation but ini-
tiated a MyD88-dependent moderate cytokine production
[5]. In contrast to the weak MC activation induced by either
signal alone, ATP/IL-33 co-sensing resulted in formation of
hyperactivated MCs (Figure S8). These MCs did strongly
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degranulate and boosted the production of pro-inflammatory
cytokines such as IL-2, IL-4, IL-6, GM-CSF and TNFa, and
pro-inflammatory arachidonic acid-derived LMs (Figure S8).
Herein, the initial transient TAK1 activation by IL-33 is con-
verted into a persistent TAK1 activation by co-stimulation
with ATP. This in turn prolonged the activity of the IKK?2/
IkB-p65/RelA signalling pathway, which is essential to in-
duce the functional interaction between p65/RelA, NFATc2
and p38, and ultimately resulted in a potentiated cytokine
production (Figure S9). Thereby, we hypothesize that the
prolonged activation of p65/RelA supports NFAT- and
MAP-kinase-dependent effector functions, which might be
mediated by direct interactions between NFAT, NF-xB and/
or MAP-kinases as recently reported [31-33] (Figure S9).
This in turn increases the functionality of these transcription
factors and potentiates the resulting MC effector functions.
Notably, the phenotype of hyperactivated MC and the sig-
nalling mechanisms induced by concomitant ATP/IL-33-
sensing are comparable to the activation modes induced by
FceRI stimulation [2]. Consequently, the innate immune sys-
tem possesses two mechanisms, which result in strong MC
activation: (i) the fast but antigen-independent MC hyperac-
tivation stimulated via liberated alarmins such as ATP and
IL-33 and (ii) the delayed and IgE-dependent MC activation
depending on the adaptive immune system. Interestingly, the
level of ATP and IL-33 is elevated in patients with severe
COVID-19[13,22,23], which might be explained by the mas-
sive destruction of lung tissues in responses to SARS-CoV-2
infection. Given the fact that MCs are tissue-resident mye-
loid cells with a high and stable expression of the IL-33R and
of P2X7 in lung tissues, we hypothesize that MCs sensitively
recognize SARS-CoV-2-induced damage of epithelial cells
by sensing liberated IL-33 and ATP. This might result in the
formation of activated MCs, which were found in COVID-19
patients [24]. This hypothesis is suggested by the fact that
we detected upregulated MC genes in SARS-CoV-2-infected
hACE2 mice [25] as well as upregulated purinergic recep-
tors, which we also detected to be upregulated by IL-33 on
MC:s. Interestingly, the pathogenesis of COVID-19 is char-
acterized by recruitment and local activation of neutrophils,
monocytes/macrophages and T cells and thereby mirrors the
mechanisms found in MC-dependent CHS reactions [6,12].
Intriguingly, we recently found that upon CHS-induced
skin inflammation, the perivascular MCs (activated by IL-
33/ATP co-sensing [6,12]) have the capacity to penetrate
the endothelial barriers and to degranulate directionally into
blood vessels [15]. Therefore, we hypothesize that upon hy-
peractivation, this MC capacity might contribute to CHS re-
actions and also to the COVID-19-associated cytokine and
eicosanoid storm. Connecting all these facts with our data
presented here, we suggest that the principle of ATP/IL-33-
hyperactivated MCs is relevant for the development of cyto-
kine storm syndromes, shock symptoms or allergic reactions.

Consequently, we conclude that therapeutic strategies, which
block the IL-33/IL-33R or the ATP/P2X7 signalling axis
may represent a potential option to treat hyperinflammatory
diseases.

MATERIALS AND METHODS
Mice

WT mice were maintained at the Animal Research Facility
of the Jena University Hospital. Nfate2™™ mice were main-
tained at the Zentrum fiir Experimentelle Molekulare
Medizin (ZEMM), Wiirzburg, Germany. We used sex-
and age-matched wild-type (wt), NIrll™"" and Nfatc2_/_
[34] mice. Isolation of murine tissues was approved by
the Thiiringer Landesamt fiir Lebensmittelsicherheit und
Verbraucherschutz (TLLV); Bad Langensalza. The licence
for organ isolations at the Institute of Immunology, Jena is
twz-36-2017.

BMMC generation

Bone marrow was cultured in IMDM (PAA) (with 10%FCS,
100 U/ml penicillin, 100 mg/ml streptomycin, 50 mM -
mercaptoethanol, 20 ng/ml X63Ag-653 BPV-rmIL-3 su-
pernatant, the source of IL-3 for BMMC generation). Cells
were used for experiments when cultures consisted of 95%
BMMC:s (after 4 weeks). BMMC purity was determined by
analysis of the surface expression of c-Kit and the FceRI via
flow cytometry.

Isolation and expansion of peritoneal cavity
derived MCs (PCMCs)

Peritoneal cavity cells were isolated by flushing the perito-
neal cavity with PBS. Pooled peritoneal cells from 5 mice
represent one biological sample. To get n = 3 biological rep-
licates, we used 15 wt mice. Upon isolation, PCMCs were
cultured in IMDM (PAA) supplemented with 10% FCS,
100 U/ml penicillin, 100 pg/ml streptomycin, 50 mM f-
mercaptoethanol and rmSCF (10 ng/ml) and rmIL-3 (10 ng/
ml) (PeproTech) for 14 days. The purity of c-Kit*/FceRI*
cells was analysed on day 14. MC cultures with a purity of
90-95% c-Kit*/FceRI" cells were used for experiments.

RNA sequencing and analysis

In the presence of IL-3, BMMCs were stimulated with IL-
33 (both 50 ng/ml, from PeproTech) for 24 h. Subsequently,



ATP/IL-33-INDUCED MAST CELL ACTIVATION

. British Society for
Immunology immunolog¢p
The Journal of cells, molecules, systems and technologies 551

total RNA was isolated with Qiazol reagent (Qiagen). The
sequence library was generated by introducing 200 ng of
total RNA into the NEB Next Ultra II directional library
preparation kit including enrichment of polyA RNAs using
NEB Next Poly(A) mRNA Magnetic Isolation Module (both
New England Biolabs). Libraries were sequenced using a
NovaSeq6000 in 71 + 35 cycle paired-end mode (SP 100
cycle kit, Xp workflow, Illumina). Reads were extracted
in FastQ format using Illumina's bcl2fastq v2.20.0.422.
Sequencing resulted in around 62 million reads per sample.
For data analysis, only the forward mates (R1: 71bp) of the
paired-end reads were used. Mapping of reads was done to
GRCm38.p6.92 using Top Hat (v2.1, parameters: --no-con
vert-bam--no-coverage-search -x 1 -g 1) [35]. The reads per
gene were counted using feature Counts (v1.6.3, parameters:
-s 2) [36]. Counts (reads per gene) were analysed using the R
package DESeq2 v1.26 [37] in order to find differentially ex-
pressed genes (DEG). For each gene, a p-value was calculated
using Wald significance test including correction for multi-
ple testing following Benjamini and Hochberg. Differentially
expressed genes were defined by p < 0-05 (10 938 genes).
For GSE154104: FastQ files were downloaded from NCBI's
SRA. Read pairs were adapter trimmed using cutadapt (v2.1,
parameters: -q 10 -m 30). Mapping of read pairs, counting of
reads pairs/fragments per gene and detection of DEGs was
done similar as described above (except for featureCounts,
here parameters -s 0 -p -B were set). DEGs in GSE154104
(DPO vs. DP7) [25] were compared for intersection to genes
listed in Dwyer et al [26]. In order to focus on highly reg-
ulated genes only those were introduced with a log2 (Fold
Change) >2 and <—2. Twelve out of 82 genes from Dwyer
et al. [26] are overlapping with 2001 up-regulated genes
(DPO vs. DP7, p = 5-13#107° , exact binominal test: R func-
tion ‘binom.test’). None of the 82 genes are overlapping with
88 down-regulated genes (not significant).

Stimulation of MCs

BMMCs, PCMCs or the MC/9-NFAT and MC/9-NF-«B re-
porter MC lines [38] were washed and seeded in IL-3-free
media at a density of 1x10° cells/mL. After 1 h, cells were
treated with cyclosporine A (4 pug/ml) (CaN inhibitor, CaN-i),
the Ca** chelator BAPTA-AM (5 uM) (Ca** chel.) for Ca>*
depletion, the IKK VII (1 uM) (IKK inhibitor, IKK-i), U0126
(10 uM) (ERK1/2 inhibitor, ERK-i) (all from Merck), the se-
lective P2X7 inhibitor, A438079 (50 uM) (ATP-antagonist,
ATP-ant.) (Sigma), skepinone-L (1 uM) (p38 inhibitor, p38-
i) (Cayman) or respective amounts of the vehicles (DMSO)
for 30 min. All used inhibitors did not influence cell vi-
ability. Subsequently, cells were stimulated with rmIL-33
(50 ng/mL) (PeproTech) and/ or if not otherwise shown with
ATP (500 uM) (Sigma). For Western blotting experiments,

BMMCs were stimulated for different time points (as shown
in the figures). For ELISA experiments, supernatants were
collected after 24 h, and for degranulation assays (CD107«a
surface expression), MCs were stimulated for 30 min. To
investigate the activation of NFAT or NF-xB in the MC/9
reporter MC lines [38], we stimulated for 8h.

Ca’* imaging

To determine the effect of ATP (Sigma) and/ or IL-33 (50 ng/
ml) (PeproTech) on the intracellular Ca*" concentration
[Ca**];, 5x10° BMMCs were resuspended in KREPS-HEPES
buffer (20 mM HEPES pH 7-4,135 mM NaCl, 5 mM KClI,
1 mM MgSO,, 0-4 mM KH,PO, and 5-5 mM glucose) and in-
cubated with 0-2 uM Fura-2/AM (Thermo Fisher Scientific,
Waltham, MA) for 30min (37°celsius, 5% CO,). After cen-
trifugation, cells were recovered in KREBS-HEPES buffer
supplemented with 1 mM CaCl, and diluted to a final density
of 1 x 10° cells/ml. Cells were transferred onto black 96-
well microplates PS F-bottom (Greiner bio-one), and the sig-
nal was monitored by a NOVOstar microplate reader (BMG
Labtechnologies GmbH) at 37°C : emission at 510 nm, exci-
tation at 340 nm (Ca2+-bound Fura-2) and 380 nm (free Fura-
2). By subsequent cell lysis with triton X-100, the maximal
fluorescence signals were determined, followed by chelating
Ca** with 20 mM EDTA to assess the minimal fluorescence.

Flow cytometry

BMMCs were harvested and washed with PBA (PBS supple-
mented with 5 mg/mL BSA and 10 mM NaN;). BMMCs were
treated with anti-CD16/CD32 and rat-IgG (Jackson) to pre-
vent non-specific binding of the staining antibodies. BMMCs
were stained with PE-anti-CD117 or APC-anti-CD117, FITC-
anti-FceRI or PE-CD107a (all Biolegend). MC/9-NFAT and
MC/9-NF-kB MC lines were stained with PE-anti-CD117.
All cells were analysed with a LSR II flow cytometer (BD).
Data were analysed with FlowJo 10 (Treestar Inc., Ashland,
OR).

Cell stimulation, lysis and immunoblotting

Washed BMMCs were seeded in IL-3-free media at a density
of 10° cells/ml. After 1 h, cells were stimulated with rmIL-
33 (50 ng/ml) (PeproTech) and/or ATP (500 uM) (Sigma).
Lysis of the cells was performed with lysis buffer (20 mM
HEPES, pH7-5; 10 mM EGTA, 40 mM f-glycerophosphate,
2.5 mM MgCl,, 2 mM orthovanadate, 1 mM dithiothrei-
tol, 20 pg/mL aprotinin and 20 pg/ml leupeptin supple-
mented with 1% Triton), and the protein concentration was
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determined (BCA-kit; Pierce). Boiled samples (treated with
6 x Laemmli buffer) were separated on 10% sodium dode-
cyl sulphate (SDS)-Laemmli gels. Gels were transferred
onto nitrocellulose membranes (biostep) by electroblotting.
After blocking (with dry milk), membranes were incubated
with either anti-pT180/pY182-p38, anti-pS177/181-IKK2,
anti-p184/187-pTAK1, anti-pT202/pY204-ERK1/2, anti-
pS32-IkBa, and anti-pS536-p65 or the respective anti-total
antibodies (non-phosphorylated proteins) [all from Cell
Signaling except anti-IKK1/2, anti-ERK1/2 and anti-tubulin
(Santa Cruz)]. Washed membranes (TBS/0-1% Tween) were
incubated with HRP-conjugated secondary anti-rabbit-Ig, or
anti-mouse-Ig or anti-goat-Ig (SeraCare). Detection was per-
formed with ECL reagent (Pierce).

LM metabololipidomics

BMMCs (1 % 10° cells/ml) were seeded in IL-3-free media.
After 1 h, cells were pre-treated with the inhibitors cyclo-
sporine (4 ug/ml) (CaN inhibitor, CaN-i), the Ca’* chelator
BAPTA-AM (5 uM) (Ca" chel.) for Ca®* depletion, U0126
(10 uM) (ERK1/2 inhibitor, ERK-i) (all from Merck), the se-
lective P2X7 inhibitor, A438079 (50 uM) (ATP-antagonist,
ATP-ant.) (Sigma) or skepinone-L (1 uM) (Cayman) (p38
inhibitor, p38-i) or vehicle for 30 min. Afterwards, BMMCs
were stimulated with IL-33 (50 ng/ml) (PeproTech) or
ATP (500 uM) (Sigma) or both in combination for 24 h.
Supernatants were transferred to ice-cold methanol contain-
ing deuterium-labelled internal standards (200 nM d8-5S-
HETE, d4-LTB,, d5-LXA,, d5-RvD2, d4-PGE, and 10 uM
d8-AA; Cayman) for the quantification of LM and sample
recovery. Sample preparation was performed as recently
shown recently reported [39]. In brief, proteins were precipi-
tated, centrifuged and to the supernatant acidified H,O was
added (1/9, v/v, final pH = 3-5). Samples were subjected to
solid-phase extraction using Sep—Pak® Vac 6¢c 500 mg/6 ml
C18 (Waters). After washing with H,O and n-hexane, LM
were eluted with methyl formate. Samples were dried using
an evaporation system (TurboVap LV) and resuspended in
methanol-water (50/50, v/v) for UPLC-MS-MS automated
injections. LM profiling was analysed with an Acquity™
UPLC system (Waters) and a QTRAP 5500 mass spec-
trometer (ABSciex) equipped with a TurboV™ Source and
electrospray ionization. LM was eluted using an ACQUITY
UPLC® BEH C18 column (1-7 pm, 2-1 X 100 mm; Waters) at
50°C with a flow rate of 0-3 ml/min and a mobile phase con-
sisting of methanol-water-acetic acid of 42:58:0-01 (v/v/v)
that was ramped to 86:14:0-01 (v/v/v) over 12.5 min and then
to 98:2:0-01 (v/v/v) for 3 min [40]. The QTrap 5500 was
operated in negative ionization mode using scheduled mul-
tiple reaction monitoring (MRM) coupled with information-
dependent acquisition. The scheduled MRM window was

60 s, optimized LM parameters were adopted, and the curtain
gas pressure was set to 35 psi. The retention time and at least
six diagnostic ions for each LM were confirmed by means of
an external standard (Cayman). Quantification was achieved
by calibration curves for each LM. Linear calibration curves
were obtained for each LM and gave 12 values of 0-998 or
higher (for fatty acids 0-95 or higher). Additionally, the limit
of detection for each targeted LM was determined.

LTC, ELISA

BMMCs (1 x 10° cells/ml) were seeded in IL-3- and serum-
free media. After 1 h, cells were pre-treated with the inhibitors
cyclosporine A (4 pg/ml) (CaN inhibitor, CaN-i), the Ca**
chelator BAPTA-AM (5 uM) (Ca*" chel.) for Ca®* depletion,
U0126 (10 uM) (ERK1/2 inhibitor, ERK-i) (all from Merck)
or skepinone-L (1 uM) (Cayman) (p38 inhibitor, p38-i) or ve-
hicle for 30 min. Afterwards, BMMCs were stimulated with
IL-33 (50 ng/ml) (PeproTech) or ATP (500 uM) (Sigma) or
both in combination for 24 h. Supernatants were transferred
to pre-coated ELISA plates and the competitive LTC, ELISA
was performed as described in the instructions (Cayman).

Statistical analysis

All experiments were performed at least with three biological
replicates. One biological replicate always is the bone marrow
culture from at least 2 mice. Western blots intensities were de-
termined with the ImageJ software (Fiji). The phospho-specific
Western blots were normalized to the total protein blots. The
control (unstimulated sample) of wt BMMCs was set as 1. For
analysis of Ca’* imaging, the fold-increase of measured intra-
cellular Ca®* [Ca®*]; in nM of the mean of basal level against
the mean of treatment level was calculated. For cytokine ELISA
experiments biological replicates were split into at least a 4 tech-
nical replicates. For all experiments, significance was assessed
by the Students #-test. For LM analysis, Students' 7-test was
performed with log-transformed data (*p < 0-05; **p < 0-01;
*##%kp < 0-001). Statistics were performed with IBM SPSS
Statistics version 20.0 (IBM, Ehningen, Germany).
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