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Mast cell-derived BH4 is a critical mediator of postoperative pain
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Abstract

Postoperative pain affects most patients after major surgery and can transition to chronic pain. Here,
we discovered that postoperative pain hypersensitivity correlated with markedly increased local levels
of the metabolite BH4. Gene transcription and reporter mouse analyses after skin injury identified
neutrophils, macrophages and mast cells as primary postoperative sources of GTP cyclohydrolase-1
(Gch1) expression, the rate-limiting enzyme in BH4 production. While specific Gchl deficiency in
neutrophils or macrophages had no effect, mice deficient in mast cells or mast cell-specific Gch1
showed drastically decreased postoperative pain after surgery. Skin injury induced the nociceptive
neuropeptide substance P, which directly triggers the release of BH4-dependent serotonin in mouse
and human mast cells. Substance P receptor blockade substantially ameliorated postoperative pain.
Our findings underline the unique position of mast cells at the neuro-immune interface and highlight
substance P-driven mast cell BH4 production as promising therapeutic targets for the treatment of

postoperative pain.

Main Text

Introduction

Each year a quarter of a billion people undergo surgery, with the vast majority experiencing acute
postoperative pain (Gan, 2017; Weiser et al., 2008). Postoperative pain causes suffering, delays
recovery, and can transition into chronic pain, causing a massive economic burden on individuals and
the healthcare sector (Gan, 2017; Kehlet et al., 2006; Weiser et al., 2008). The intensity of acute pain
is a major predictor for the chronification of postoperative pain (Fletcher et al.,, 2015). Current
treatments of acute postoperative pain, such as opioids, ketamine or non-steroidal anti-inflammatory
drugs (NSAIDs) have undesirable side effects, can be ineffective and bear the risk of enormous
additional socioeconomic and healthcare burden upon misuse (Dolin et al., 2002; Foley, 2006; Shipton
et al., 2018). Thorough characterization of the molecular and cellular mechanisms involved in

postoperative pain hypersensitivity could facilitate the development of novel therapeutic strategies.

Tetrahydrobiopterin, BH4, is an essential cofactor for several enzymes with critical physiologic and
metabolic functions, including nitric oxide (NO) production and synthesis of amine neurotransmitters,
such as norepinephrine, epinephrine, serotonin and dopamine (Werner et al., 2011). BH4 production
is controlled by GTP cyclohydrolase-1 (hereafter referred to as GCH1), which is the first and rate-
limiting enzyme of the de novo BH4 biosynthesis pathway. We and others have demonstrated a close

correlation between GCH1 and BH4 levels in injured nerves and pain intensity in animal models and
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in humans suffering from chronic pain (Belfer et al., 2015; Cronin et al., 2022; Fujita et al., 2020;
Latremoliere et al., 2015; Nasser and Moller, 2014; Tegeder et al., 2006). Furthermore, BH4 has
important functions in various immune cells, including macrophages (McNeill et al., 2018), neutrophils

(Nagarkoti et al., 2019), and T cells (Cronin et al., 2018).

Surgical tissue injury causes inflammation, characterized by the infiltration and activation of immune
cells (Arias et al., 2009). Inflammatory mediators produced during this process, such as interleukin (IL)-
1B, IL-6 or tumor necrosis factor-alpha (TNFa) cause pain-like behaviors by direct activation of pain-
initiating sensory nerves (nociceptors) (Baral et al., 2019). On the other hand, activated nociceptors
release chemotactic compounds that recruit and/or activate immune cells (Tauber et al., 2021),
establishing a potential reciprocal interaction between the nervous and immune systems in
postoperative pain. Improved knowledge of such neuro-immune crosstalk is required to fully
understand the pathophysiology associated with postsurgical pain hypersensitivity. Here, we chart
this crosstalk and identify an immune cell-specific GCH1/BH4 pathway in mast cells as a critical

regulator of pain hypersensitivity after surgical injury.

Results

Skin immune cells express Gehl after surgical tissue damage.
To explore postoperative pain, we performed an incision of the hind paw skin in mice with a tearing

of the underlying skeletal muscle, as described previously (Brennan et al., 1996; Pogatzki and Raja,
2003). The subsequent pain hypersensitivity is a result of the injury-induced inflammation (Ghasemlou
etal., 2015) as well as nerve damage (Hill et al., 2010). We observed that incision-mediated mechanical
pain sensitivity peaked after 24 hours and returned to baseline threshold levels after ~96 hours (Figure
1A and B). Similarly, we observed, thermal hyperalgesia at 24 hours after incision, which returned to
baseline after 48 hours. Using the 24-hour time point after incision, when pain hypersensitivity was
strongest, we observed a significant increase in paw thickness in the incised (ipsilateral) compared to
the control (contralateral) paw (Figure 1C). GCH1 is the rate-limiting enzyme in de novo BH4
biosynthesis and contributes to neuropathic pain by driving increased BH4 levels in nerves and dorsal
root ganglia (DRG) after nerve injury as observed in the spared nerve injury (SNI) neuropathic pain
rodent model (Decosterd and Woolf, 2000; Fujita et al., 2020; Latremoliere et al., 2015; Tegeder et al.,
2006). Incision injury increased BH4 levels in the incised paw but not in the respective sciatic nerve in
wild type mice (Figure 1D, E). Whereas SNI enhanced sciatic nerve BH4 levels (Figure 1E) and Gchl
expression in the ipsilateral DRGs, such Gch1 induction was not observed following surgical injury, as

determined by Gch1-GFP reporter mice (Figure 1F and Figure S1A) (Latremoliere et al., 2015).
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To determine whether sensory neuron-derived BH4 contributes to the pain hypersensitivity after paw
incision, we deleted Gchl in DRG neurons in adult mice using a tamoxifen inducible Cre line, Brn3A-
CreffT (Shacham-Silverberg et al., 2018) combined with floxed Gch1 alleles (Gch17/f°* mice, hereafter
referred to as Gchl) (Chuaiphichai et al., 2014; Latremoliere et al., 2015) (Figure 1G). There were no
significant differences in mechanical hypersensitivity between control and Brn3A-cret®’; Gech1 animals
after incision (Figure 1H). Interestingly, mice with Gchl-deficient sensory neurons showed
substantially less BH4 in the incised paw compared to control animals (Figure 1l), indicating that
neuronal BH4 contributes to the local increase of the metabolite after injury but not to the pain
hypersensitivity. Altogether, these data show that paw surgery leads to locally-increased BH4 which
correlates with enhanced pain sensitivity. However, while sensory neurons contribute to elevated
BH4, Gch1 deficiency in these neurons apparently did not influence mechanical allodynia after surgical

incision.

Besides its role in neuronal physiology (Werner et al., 2011), BH4 exerts important immune functions,
including NO production in macrophages (McNeill et al., 2018) and cofactor-independent roles in T
cell proliferation by regulating mitochondrial bioenergetics (Cronin et al., 2018). To assess whether
immune cells could be an additional source of BH4 after surgery and contribute to postoperative pain,
we screened Gchl expression in various immune cell populations using publicly available gene
expression data (Heng et al., 2008; Seita et al., 2012; Wu et al., 2009). We found that Gch1 is expressed
in a plethora of immune cell types, including dendritic cells (DCs), natural killer (NK) cells, neutrophils,
type 1 innate lymphoid cells (ILC1s), ILC3s, eosinophils, macrophages and mast cells (Figure 2A; Figure
S1B and Table S1). Using these data sets as a guide, we next aimed to identify Gchl-expressing
immune cells after surgery and found increased leukocyte Gch1 expression in the incised paw of Gch1-
GFP reporter mice (Figure 2B; Figure S1C and S1D). Among the immune cell populations meeting two
thresholds (threshold 1: more than 1 cell with Gch1-GFP signal above autofluorescence of respective
wild type controls; threshold 2: representing more than 1% of all Gch1-GFP* leukocytes; Figure S1D),
we prioritized neutrophils, macrophages and mast cells as potential candidates for surgery-induced

cellular BH4 production (Figure 2C).

Mast cells contribute to postoperative pain hypersensitivity.
Neutrophils represented the subtype with the highest proportion (69.5%) among Gchl-expressing

leukocytes in the incised paw (Figure 2C; Figure S1D). To investigate their role in incision-induced pain,
we generated MRP8-cre; DTR mice in which the diphtheria toxin receptor (DTR) is specifically
expressed by neutrophils (Reber et al., 2017). Administration of diphtheria toxin (DT) resulted in

efficient neutrophil depletion (Figure S2A). However, we observed no differences in mechanical
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allodynia between DT-treated control and MRP8-cre; DTR mice (Figure S2B and S2C). Moreover, a
neutrophil deficiency did not affect paw BH4 levels (Figure S2D). We also used mice with a neutrophil-
specific Gech1 knockout (MRP8-cre; Geh1) to directly assess if there is any contribution of neutrophil-
derived GCH1/BH4 to postoperative pain (Figure 2D). Animals with Gch1-deficient neutrophils and
their respective controls displayed comparable mechanical pain hypersensitivity as well as paw BH4
levels before and after injury (Figure 2E and 2F). These data are consistent with previous reports of
only minor neutrophil contributions to incision-induced pain hypersensitivity (Ghasemlou et al., 2015;
Segelcke et al.,, 2021). To analyze the potential contribution of macrophage-derived BH4 to
postoperative pain, we investigated mechanical hypersensitivity and paw metabolites in LysM-cre;
Gch1 mice (with a Cre-mediated Gch1 deletion in macrophages as well as neutrophils and monocytes
(Abram et al., 2014; Imai et al., 2008)) (Figure 2G). Ablation of Gch1 in LysM-expressing cells did not

influence pain hypersensitivity (Figure 2H) nor paw BH4 (Figure 2I) after incision.

Although neutrophils and macrophages constitute the cell types with the highest proportion of Gch1*
leukocytes, mast cells exhibited the highest Gch1 expression (Figure 2C; FigureS1D). In addition, we
observed Gchl-expressing mast cells in the injured paw of Gch1-GFP reporter mice (Figure 3A). Upon
appropriate activation, mast cells rapidly release cytoplasmic granules loaded with various preformed
bioactive compounds (Mukai et al., 2018; St John et al., 2022). Two of the major mediators stored in
mast cell granules are serotonin and histamine, which induce pain and itch (Rosa and Fantozzi, 2013;
Sommer, 2004). Serotonin is of particular interest since BH4 is a necessary cofactor for serotonin
synthesis from tryptophan by tryptophan hydroxylase (Werner et al., 2011). Interestingly, serotonin,
but not histamine, levels increased significantly upon paw incision in wild type mice (Figure 3B),
mirroring the BH4 dynamics and pain hypersensitivity. We next examined a role for mast cells in the
postoperative pain hypersensitivity using mast cell-deficient Mcpt5-cre; DTA mice (Dudeck et al.,
2011) in which expression of diphtheria toxin subunit A (DTA) is driven by the connective tissue mast
cell-specific promoter mast cell protease 5 (Mcpt5) (Figure 3C; Figure S3A). Strikingly, mast cell-
deficient Mcpt5-cre; DTA mice exhibited decreased pain hypersensitivity (Figure 3D). This observation
was accompanied by a marked reduction in serotonin and histamine levels (Figure 3E) while paw
thickness was not affected (Figure S3B). These results demonstrate a prominent role for mast cells in

pain hypersensitivity after surgical tissue injury.

Manipulation of mast cell BH4 modulates pain hypersensitivity after surgical injury.
To dissect the involvement of mast cell-derived BH4 in pain hypersensitivity, we generated Mcpt5-cre;

Gchl mice with mast cell-specific Gechl1 deficiency (Figure 4A). Following the surgical injury, Mcpt5-

cre; Gechl mice displayed markedly reduced mechanical (Figure 4B) as well as thermal (Figure 4C)
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hypersensitivity compared to control animals. Importantly, the reduced mechanical allodynia was
observed in both male and female Mcpt5-cre; Gch1 mice (Figure S3C). The reduced pain-like behaviors
of Mcpt5-cre; Gchl mice were accompanied by lower paw BH4 and serotonin levels, whereas
histamine levels remained unaffected (Figure 4D). Paw incision induces robust infiltration of immune
cells and a significant increase in paw weight after injury (Green et al., 2019); however, mast cell-
specific loss of Gehl did not influence paw thickness and weight (Figure 4E and Figure S3D) nor the
numbers and distributions of infiltrating immune cells (leukocytes, neutrophils, macrophages, mast
cells) after paw injury (Figure S3E). Having observed the drastically decreased pain hypersensitivity
associated with specific mast cell BH4 deficiency, we asked whether enhancing the mast cell BH4
production machinery would increase postoperative allodynia. To test this idea, we generated mice
combining the Mcpt5-cre line with an allele construct allowing cre-mediated Gchl overexpression
(Mcpt5-cre; GOE Figure 4F) (Latremoliere et al., 2015). Notably, Gch1 overexpression per se did not
cause altered pain sensitivity (Figure 4G) despite substantially increased tissue BH4 and serotonin
levels at baseline (Figure 4H). In contrast, Mcpt5-cre; GOE responded to paw incision with significantly
greater postoperative pain hypersensitivity (Figure 4G) which was associated with higher amounts of
skin serotonin (Figure 4H). Similar to mast cell-specific Gch1 deletion, overexpression neither affected

paw weight (Figure S4A) nor immune cell influx (Figure S4B).

Given the critical role of mast cell BH4 in our model, we next wanted to explore the therapeutic
applicability of local interference with BH4 production. We recently described a novel inhibitor of BH4
synthesis, QM385, which targets sepiapterin reductase (SPR), the terminal enzyme in the de novo BH4
biosynthesis pathway (Cronin et al., 2018). Intradermal QM385 administration significantly reduced
skin BH4 and serotonin and elevated sepiapterin (which accumulates due to the QM385-mediated SPR
blockade) after 8 hours, returning to baseline levels 24 hours after treatment (Figure S4C). Although
a single paw injection of QM385 two hours before incision did not significantly alter mechanical

allodynia, there was a trend towards an amelioration of the pain (Figure S4D).

Overall, our results indicate that mast cell-specific Gch1 levels profoundly influence BH4, serotonin

and mechanical allodynia upon paw incision.

Stimulated mast cells rapidly release BH4, serotonin and their biosynthetic enzymes after
activation.
Nociceptors express the serotoninergic receptors 5-HT3 and 5-HT2A (Van Steenwinckel et al., 2009;

Zeitz et al., 2002) and serotonin stimulation via these receptors increases neuronal excitability and

pain signaling (Liu et al., 2020). Our in vivo and in vitro data indicate that BH4 levels in mast cells
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regulate serotonin synthesis and directly affect post-injury pain thresholds. Tamoxifen-treated Brn3a-
creERT; Gchl mice displayed significantly reduced BH4 levels in the paw after incision but this
reduction per se did not affect pain sensitivity (Figure 1H). Moreover, serotonin levels were unaffected
in these animals (Figure S5A). To determine whether BH4 levels influence the amount of serotonin
secreted by activated mast cells, we generated bone marrow-derived cultured mast cells (BMCMCs)
from control, Mcpt5-cre; Gchl as well as Mcpt5-cre; GOE mice and stimulated them with (anti-2,4-
dinitrophenyl; DNP) IgE and antigen (DNP-coupled human serum albumin) (Starkl et al., 2022).
Activated Gchl-deficient BMCMCs released significantly decreased serotonin amounts while Gchl
overexpression resulted in increased serotonin secretion (Figure 5A). In line with our in vivo
observations, altered Gchl1 expression did not influence the amount of secreted histamine nor the
pain-inducing cytokine IL-6; moreover, mast cell degranulation responses induced by IgE and antigen
or compound 48/80 were unaffected (Figure S5B). Of note, the limited maturity of BMCMCs, as
compared to in vivo connective tissue mast cells, was associated with an incomplete Mcpt5-cre-
mediated recombination, found only in approximately 35% of cultured BMCMCs (Figure S5C) and the
extent of BH4 and serotonin reduction in this in vitro model may therefore be underestimated.
However, these experiments confirm that Gchl modulates mast cell BH4 and serotonin synthesis and

release while leaving other aspects of mast cell biology and function unaffected.

Interestingly, we found that stimulated mast cells not only released serotonin, but also BH4 itself
within 1 hour after activation (Figure 5B). BH4 can be produced via three (de novo, salvage and
recycling) major pathways (Werner et al., 2011) (Figure S5D). To further investigate the increased
release of BH4 and serotonin from degranulated mast cells, we characterized the mast cell secretome
by mass spectrometry. Astoundingly, we identified all major enzymes involved in these three BH4
biosynthetic pathways (Figure 5C and 5D). Moreover, we identified tryptophan hydroxylase (TPH) and
dopa decarboxylase (DDC), the key enzymes necessary for serotonin synthesis from tryptophan
(Figure 5C, 5D and Figure S5D). Altogether these experiments reveal that mast cells not only release
BH4 and serotonin but also the necessary enzymatic machinery required for synthesis of both

metabolites rapidly after activation.

Substance P-mediated hypersensitivity is driven by mast cell BH4.
Apart from IgE and antigen-mediated stimulation via the high affinity IgE receptor FceRI, mast cells

respond to a variety of exogenous and endogenous compounds (Redegeld et al., 2018) including the
neuropeptide substance P, which potently activates mast cells via a specific receptor, Mas-related
GPCR-B2 (Mrgprb2) in mice and MRGPRX2 in humans (Gaudenzio et al., 2016; McNeil et al., 2015).
Studies using substance P-deficient mice (Sahbaie et al., 2009) or substance P blocking antibodies

(Green et al., 2019) have demonstrated key roles of this neuropeptide in pain hypersensitivity after
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paw incision. We confirmed that surgical incision leads to a dramatic increase of the substance P
precursors a- and B-preprotachykinin in the skin about 8 hours after incision (Figure 6A). In contrast
to BMCMCs, mouse primary peritoneal mast cells express high levels of Mrgprb2 and respond to
substance P (Akula et al., 2020; McNeil et al., 2015). Using enriched peritoneal mast cells (ePMCs)
from wild type mice ex vivo (Figure S6A), we found that substance P induced mast cell degranulation
(Figure S6B) and the release of serotonin and histamine (Figure 6B). Treatment with the
Mrgprb2/MRGPRX2 (and neurokinin-1 receptor; NK-1R) tripeptide antagonist QWF (Azimi et al., 2016)

significantly blocked the substance P-mediated ePMC serotonin and histamine release (Figure 6B).

Since substance P activates skin mast cells in vivo (Gaudenzio et al., 2016) and mast cell-derived BH4
is a critical mediator of postoperative pain (Figure 3H), we assessed the possible connection between
these observations using Mcpt5-cre; Gch1 mice (Figure 6C). A single intradermal injection of substance
P induced pain hypersensitivity after 24 hours in control mice to levels similar to that observed upon
paw incision (Figure 6D and 6E). Strikingly, substance P-mediated pain hypersensitivity was profoundly
blocked in Mcpt5-cre; Gchl mice (Figure 6D and 6E). To explore the therapeutic application of
substance P receptor interference to alleviate postoperative hypersensitivity, we treated wild type
mice with QWF prior to surgery (Figure 6F). Injecting the compound 30 minutes before paw incision
alleviated mechanical allodynia (Figure 6G and 6H). QWF treatment of human peripheral blood-
derived cultured mast cells (hu PBCMCs; Figure S6C) prior to substance P stimulation also significantly
reduced their degranulation (Figure S6D) as well as histamine and serotonin release (Figure 6l). These

data highlight the key role of mast cell BH4 in substance P-mediated pain hypersensitivity.

Discussion

Timely and effective pain control after surgery is crucial as the severity of immediate postoperative
pain correlates with the likelihood of transition into chronic pain (Fletcher et al., 2015). Neuroimmune
interactions are major orchestrators of immune responses in barrier tissues such as the lung, intestine
or skin under physiological and pathophysiological conditions (Schiller et al.,, 2021). Since
inflammatory compounds can directly mediate and shape pain sensitivity (Baral et al.,, 2019),
deciphering the coded signals between nerves and immune cells offers a novel avenue to therapeutic
interventions for effective pain management. One metabolite that acts in neurons and immune cells
is BH4, primarily generated by the enzyme GCH1. BH4 in sensory neurons has been demonstrated to
regulate pain thresholds and has a prominent functional role in immune cells such as macrophages

and T cells (Cronin et al., 2018; McNeill et al., 2018; Nagarkoti et al., 2019).
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By both mining public gene expression datasets and using Gch1-GFP reporter mice, we identified
neutrophils, macrophages and mast cells as major Gch1-expressing immune cells in injured skin. While
neutrophils were the most numerous Gchl-expressing immune cells after surgical skin incision,
genetic ablation of or Gchl deletion specifically in neutrophils neither altered pain hypersensitivity
nor BH4 levels in the injured paw. Neutrophils do not, therefore, produce BH4 in injured skin or
significantly contribute to the associated pain hypersensitivity. Similarly, macrophage-specific Gch1
deletion did not affect the increased BH4 or pain sensitivity in the skin after incision. The GCH1/BH4
pathway is linked to peripheral sensory neurons in the context of chronic pain in both animal models
and human patients (Belfer et al., 2015; Fujita et al., 2020; Latremoliere et al., 2015; Nasser and Moller,
2014; Tegeder et al., 2006). Whereas chronic nerve injury induces Gch1 expression in injured sensory
DRG neurons, we failed to detect Gchl induction or de novo BH4 synthesis in sensory neurons upon
acute skin incision. Moreover, while surgery-induced injury triggered local sensory neuron release of
preformed BH4, our data show that the sensory neuron-derived BH4 does not contribute to the
postoperative serotonin production and pain hypersensitivity. The function of the sensory neuron-
derived BH4 remains to be investigated but our data highlight that the specific cellular source of BH4

is an important indicator for pain threshold regulation in this model.

A striking new finding is the key importance of mast cell GCH1 and BH4 in the pain response to surgical
skin injury. Mast cells are resident in most organs and are especially prominent in barrier tissues (St
John et al.,, 2022). The broad expression of various receptors for exogenous and endogenous
molecules combined with their capacity of releasing a plethora of mediators has positioned mast cells
as central communication hubs between the nervous, immune, vascular, epithelial, and endocrine
systems (Mukai et al., 2018; Redegeld et al., 2018; St John et al., 2022). Mast cell-derived molecules
can activate nociceptors and contribute to visceral pain sensitivity (Aguilera-Lizarraga et al., 2021;
Barbara et al., 2007), intracranial headaches such as migraines (Levy et al., 2007), or neuropathic pain
development after nerve injury (Zuo et al., 2003). While previous reports link mast cell activation and
degranulation to postoperative pain, most of these studies involved use of chemicals to manipulate
mast cell function such as compound 48/80 and sodium cromoglycate (cromolyn) to induce or prevent
mast cell degranulation (Oliveira et al., 2011; Yasuda et al., 2013). However, the conclusions from
these studies are limited since compound 48/80 can also directly activate neurons (Schemann et al.,
2012) and cromolyn exhibits only minor mast cell inhibitory capacity in mice (Oka et al., 2012) but
rather affects other immune cells directly, such as neutrophils and macrophages (Holian et al., 1991;
Kay et al., 1987). More recently, a genetic approach using DTR expression driven by the Mrgprb2
promoter combined with DT application showed the importance of Mrgprb2-expressing cells in

postoperative pain (Green et al., 2019). Using Mcpt5-cre; DTA mice which lack connective tissue mast
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cells (Dudeck et al., 2011; Galli et al., 2020; St John et al., 2022), we now directly show the critical
contribution of mast cells to postoperative pain hypersensitivity. Our results further show that the
prominent role of mast cells depends on BH4 production since the phenotype of mast cell-deficient
mice was recapitulated in Mcpt5-cre; Gchl animals. Moreover, specific Gchl overexpression in mast
cells increased pain-like behavior, further highlighting the importance of mast cell-derived BH4 in

promoting pain hypersensitivity after surgical tissue damage.

Activated mast cells release a variety of mediators with pain modulating roles (Mukai et al., 2018). For
instance, IL-6, histamine and serotonin enhance nociception after tissue damage in models of
inflammatory and neuropathic pain (Medhurst et al., 2008; Wei et al., 2005; Zeitz et al., 2002; Zuo et
al., 2003). However, mast cell-specific BH4 modulation had no apparent effect on paw histamine levels
after incision or in an in vitro BMCMC degranulation assay. Given that BH4 is required for NO synthesis
(as a cofactor for NO synthase) and its association with pain (Aley et al., 1998; Freire et al., 2009), we
also investigated whether cultured mast cells release NO upon Igk and antigen-mediated activation
but were unable to detect quantifiable NO levels (data not shown). IL-6 secretion was also comparable
between control, Gchl-deficient as well as Gchl-overexpressing mast cells. However, regulation of
Gchl expression and the resulting alterations in BH4 levels markedly affected total serotonin
production and the amount of serotonin released by activated mast cells. BH4 is an essential cofactor
for tryptophan hydroxylase, the enzyme required for serotonin biosynthesis (Werner et al., 2011).
Moreover, the serotoninergic receptors 5-HT3 and 5-HT2A are expressed on nociceptors (Van
Steenwinckel et al., 2009; Zeitz et al., 2002). Since decreased paw BH4 levels and the amelioration of
hypersensitivity correlated with reduced serotonin levels, we propose a major role for mast cell-
derived serotonin in acute tissue injury pain sensitivity. Intriguingly, we also observed that activated
mast cells release BH4 in vitro. It is possible that such mast cell-released BH4 itself contributes to pain
hypersensitivity by direct action on nociceptors (Nasser et al., 2015). We analyzed supernatant of
activated mast cells by mass spectrometry and identified every major enzyme of the three BH4
synthesis pathways in addition to serotonin biosynthetic enzymes among the ~4000 detected proteins
(Werner et al., 2011). This intriguing observation raises the possibility that mast cell granules contain
the necessary biosynthetic machinery for extracellular BH4 and serotonin synthesis after

degranulation.

Although mast cell BH4 has been shown to regulate histamine release and itch responses in mice
(Zschiebsch et al., 2019), we did not observe any effect of BH4 on histamine levels or its release upon
degranulation. One reason for this discrepancy could be that the cre line, used in the itch study (LysM-
cre) to decipher mast cell-specific contributions, appears to be inactive in mast cells (Abram et al.,

2014). Research on pain, including postoperative pain, has historically excluded females despite
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apparent sex differences related to clinical, experimental and treatment aspects (Fillingim et al.,
2009). For instance, peripheral serotonin levels are affected by female hormones and the estrous
cycle, and this may contribute to the altered pain sensitivities in females (Kaur et al., 2018). Our study

indicates that BH4 in mast cells exert similar effects on postoperative pain in both sexes.

One strategy to therapeutically target mast cells to alleviate pain hypersensitivity would be interfering
with the GCH1/BH4 pathway to specifically deplete serotonin in these cells. Systemic pharmacological
BH4 blockage ameliorates incision-induced pain in mice (Arai et al., 2020) which could be attributed
to multiple target points in the pain circuit. We show here that a single local intradermal paw
administration of the sepiapterin reductase blocker QM385 significantly decreased BH4 and serotonin
levels in the injured skin area. However, this approach did not significantly reduce mechanical
allodynia, probably because the drug was not applied continuously. Continuous topical application

could be more effective but requires further research.

Substance P directly acts on various immune cell populations in vivo, thus linking sensory neurons to
immune responses (Perner et al., 2020; Serhan et al., 2019; Talbot et al., 2015; Talbot et al., 2016).
Substance P also enhances pain sensitization after incision injury (Green et al., 2019; Sahbaie et al.,
2009). We now show that skin incision leads to rapid generation of the substance P precursors o- and
[B-preprotachykinin (Nawa et al., 1983) and that blocking substance P’s interaction with its receptor
Mrgprb2 using the Mrgprb2/MRBPRX2/NK-1R-antagonist QWF (Azimi et al., 2016), markedly inhibits
mast cell degranulation and serotonin release from mouse and human mast cells and significantly

reduces mechanical allodynia following surgical injury.

In conclusion, we have identified a crucial role of the mast cell BH4 pathway in acute postoperative
pain. Our study highlights the therapeutic potential of interfering with the substance P-mast cell axis
and mast cell-specific BH4 production, for postoperative pain management, which specifically targets

serotonin-related effects while maintaining other functions of activated mast cells.
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Figure 1. Tissue damage and pain-like hypersensitivity is associated with Gchl-

expressing immune cells in the incision-injured paw.

(A) Experimental scheme for (B to D). C57BL/6 wild type mice were subjected to paw incision.
Contralateral (Contra) and ipsilateral (Ipsi) paw mechanical pain sensitivity and paw BH4 levels were
assessed at the indicated time points after incision. (B) Time course of mechanical pain sensitivity
relative to baseline at the indicated time points after incision (left panel; n=28) and thermal pain
sensitivity 24 and 48 hours after incision compared to baseline before incision (right panel; n=10). (C)
Thickness change (compared to baseline) of Contra and Ipsi paws 24 hours after incision (n=10-21).
(D) BH4 levels in Contra and Ipsi paws 24 hours after incision (n=26). (E) Experimental scheme and
measurement of BH4 levels in the Contra and Ipsi L3-L4 dorsal root ganglion (DRG) tissues of incision

injury- (n=4) wild type mice and a spared nerve injury (SNI)-treated (n=6) wild type mouse as control.

(F) Experimental scheme and representative immunofluorescence (immunofl.) images of anti-beta-
TUBULIN-III (RTUB3) and anti-GFP (Gch1-GFP) staining in the Ipsi L3-L4 DRG tissues of incision injury-
(representative of n=3) and spared nerve injury (SNI)-treated (representative of n=3) Gchl-GFP

reporter mice. Arrows indicate Gch1-GFP-positive cells. Scale bars represent 50 um.

(G) Experimental scheme for (H and 1). Gch1fex (Gch1) control mice or Gchl mice expressing
tamoxifen-inducible cre recombinase in sensory neurons (Brn3A-creff”; Gchi1fo/flx; Brn3A-creffT;
Gch1) mice were treated by daily intraperitoneal tamoxifen injections (2mg/mouse) 28 — 24 days
before paw incision. Contra and Ipsi paw mechanical pain sensitivity and paw BH4 levels were assessed
at the indicated time points after incision. (H) Absolute mechanical threshold at baseline and relative

(to baseline) mechanical threshold kinetics (n=6). (I) Paw BH4 levels (n=3).

(B to D, H) Mann-Whitney test; (E, 1) One-Way ANOVA with Tukey’s multiple comparisons test; (H)
Two-Way ANOVA with Sidak’s multiple comparisons test (comparing individual time points) and Two-
Way ANOVA with repeated measures with Geisser-Greenhouse correction (overall comparison); * P <
0.05, ** P <£0.01, *** P <0.001, ns — not significant. Error bars indicate (B to E) SEM or (H and 1) SD.

Symbols in bar graphs represent individual mice.
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Figure 2. Myeloid immune cells express Gch1 in injured skin.

(A) Mouse Gch1 gene expression levels in immune cell populations (n=1-4) derived from the ImmGen
Microarray dataset using the Gene Expression Commons platform (Table S1). (B and C) Twenty-four
hours after incision, skin cells from Contra and Ipsi paws of Gch1-GFP reporter (one pool of 5) or wild
type C57BL/6 (one pool of 5) mice were analyzed by flow cytometry. (B) Left panel: experimental
scheme; middle panel: histograms depicting Gch1-GFP signal of live CD45* cells; right panel: Gch1-GFP
mean fluorescence intensity (MFI) signals of live CD45" cells. (C) Representation of immune cell
populations meeting threshold criteria (see methods and Fig. S1), depicting Gch1-GFP MFI (y-axis) and

% among GFP* leukocytes (x-axis).

(D) Experimental scheme for (E and F). Control Gch1//f°x (Gch1) mice and animals with neutrophil-
specific Gech1 deficiency (MRP8-cre; Gch1) were subjected to incision injury. Contralateral (Contra) and
ipsilateral (Ipsi) paw mechanical pain sensitivity and BH4 levels were assessed 24 hours after incision.
(E) Absolute mechanical threshold at baseline and relative (to baseline) mechanical threshold kinetics

(n=7). (F) Paw BH4 levels (n=4-6).

(G) Experimental scheme for (H and 1). Gch1*fx (Gch1) mice or Gchl mice expressing cre
recombinase under control of the lysozyme promoter in macrophages (as well as in proportions of
neutrophils and monocytes; LyzM-cre; Gch1) mice were treated by paw incision. Contra and Ipsi paw
mechanical pain sensitivity and paw BH4 levels were assessed at indicated time points after incision.
(H) Absolute mechanical threshold at baseline and relative (to baseline) mechanical threshold kinetics

(n=10). (1) Paw BH4 levels (n=5).

(F, 1) One-Way ANOVA with Tukey’s multiple comparisons test; * P < 0.05, ** P <0.01, *** P <0.001,

ns — not significant. Error bars indicate SD. Symbols in bar graphs represent individual mice.
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Figure 3. Mast cells are major contributors to postoperative pain-like hypersensitivity.

(A) Representative skin immunofluorescence images of sulforhodamin-101-labelled avidin (Avidin®®)
and anti-GFP staining in Ipsi paws of wild type and Gch1-GFP reporter mice 24 hours post incision
injury. Scale bars represent 20 um. (B) Experimental scheme and measurements of serotonin and
histamine levels in Contra and Ipsi paws 24 hours after incision injury in wild type animals (n=30-33).
(C) Experimental scheme for (D and E). Postoperative pain kinetics and paw metabolites were assessed
in control (Mcpt5-cre) and mast cell-depleted (Mcpt5-cre; DTA) mice. (D) Absolute mechanical
threshold at baseline and relative (to baseline) mechanical threshold kinetics (n=6). (E) Paw tissue

metabolites 24 hours post incision injury of Contra and Ipsi paws (n=5-6).

(B) Mann-Whitney test; (E) One-Way ANOVA with Tukey’s multiple comparisons test; (D) Two-Way
ANOVA with Sidak’s multiple comparisons test (comparing individual time points) and Two-Way
ANOVA with repeated measures with Geisser-Greenhouse correction (overall comparison); * P < 0.05,
** P <0.01, *** P <0.001, ns — not significant. Error bars indicate (B, D) SEM or (E) SD. Symbols in bar

graphs represent individual mice.
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Figure 4. Mast cell-specific Gch1 deletion and overexpression modulates postoperative

mechanical hypersensitivity.

(A) Experimental scheme for (B — E). Postoperative mechanical and thermal pain hypersensitivity as
well as paw thickness and metabolites were assessed in control (Gch1) and Mcpt5-cre; Gchl mice. (B)
Absolute mechanical threshold at baseline and relative (to baseline) mechanical threshold kinetics
(n=11-14). (C) Thermal pain sensitivity 24 hours after incision compared to baseline before incision

(n=5-6).

(D) Paw tissue metabolites of Contra and Ipsi paws 24 hours post incision injury (n=4-12). (E) Contra
and Ipsi paw thickness change 24 hours post incision injury relative to baseline (before incision) (n=5-

7).

(F) Experimental scheme for (G and H). Postoperative pain kinetics and metabolites in contralateral
(Contra) and ipsilateral (Ipsi) paws in control (GOE) and Mcpt5-cre; GOE mice. (G) Absolute mechanical
threshold at baseline and relative (to baseline) mechanical threshold kinetics (n=6-8). (H) Contra and

Ipsi paw tissue metabolites 24 hours post incision injury (n=3-4).

(B, G) Two-Way ANOVA with Sidak’s multiple comparisons test (comparing individual time points) and
Two-Way ANOVA with repeated measures with Geisser-Greenhouse correction (overall comparison);
(C) Mann-Whitney test; (D, E, H) One-Way ANOVA with Tukey’s multiple comparisons test; * P < 0.05,
** P <0.01, *** P <0.001, ns — not significant. Error bars indicate (B, D [BH4 and serotonin panels], E,

G) SEM or (C, D [histamine panel], H) SD. Symbols in bar graphs represent individual mice.
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Figure 5
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Figure 5. Activated mast cells release BH4, serotonin as well as their biosynthetic

enzymes upon degranulation.

(A, B) Bone marrow-derived cultured mast cells (BMCMCs) were generated from control (Mcpt5-cre)
or Mcpt5-cre; Gechl, or Mcpt5-cre; GOE mice and activated by Igk and antigen for 1 hour, followed by
analysis of (A) serotonin or (B) BH4 levels in the supernatant. (C) Schematic depicting the de novo,
salvage and recycling arms of the BH4 pathway as well as the serotonin synthesis pathway. GTP,
guanosine triphosphate; GCH1, GTP cyclohydrolase |; PTS, 6-Pyruvoyl tetrahydropterin synthase; SPR,
sepiapterin reductase; AKR1, aldo-keto reductase family 1; CBR, carbonyl reductase family; DHFR,
dihydrofolate reductase; QDPR, quinoid dihydropteridine reductase; PCDB, pterin-4alpha-
carbinolamine dehydratase; TPH, tryptophan hydroxylase; DDC, dopa decarboxylase. (D; left and
middle panel) Volcano blots of mass spectrometry results representing fold change (x axis) and
statistical significance (y axis) of detected proteins in supernatant of IgE-sensitized vs. non-sensitized
mast cells after 1 hour antigen exposure (the middle panel is a magnification of the data range
indicated by the rectangle in the left panel). Circle colors in the left and middle panels indicate an
association with the respective BH4 or serotonin biosynthesis pathways (respective proteins are
labelled in the middle panel) as shown in (C) and Figure S5D. The right panel depicts the absolute
quantification (area under the curve — AUC) of selected BH4 or serotonin biosynthesis pathways
components detected by mass spectrometry. Dotted lines indicated where p=0.05 (horizontal line on

the y axis) and a fold change of 2 (vertical line on the x axis).

(A, B) One-Way ANOVA with Tukey’s multiple comparisons test; (D, middle and right panels) t-test; *
P <0.05, ** P £0.01, *** P <£0.001, ns — not significant. Error bars indicate SD. Circular symbols in

volcano blots represent detected proteins.
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Figure 6. Interference with Substance P-mediated mast cell degranulation alleviates

postoperative mechanical hypersensitivity.

(A) Western blots of Substance P (upper picture) and actin (lower picture; loading control) in the skin
tissue of paws from wild type mice collected before or sampled at the indicated time points after
incision. Arrowheads indicate positions of a- and B-preprotachykinin. (B) Enriched peritoneal mast
cells (ePMCs) of C57BL/6 wild type mice were pre-treated with vehicle or 100 uM QWF prior to
stimulation. Histamine and serotonin in supernatants were analyzed after 1 hour stimulation with 10
MM Substance P. (C) Experimental scheme for (D and E). Control (Gch1) and Mcpt5-cre; Gehl received
injections of either vehicle (saline) or Substance P (50 ug) into the left hind paw. Paw mechanical
thresholds were assessed 24 hours after injection. (D) Mechanical thresholds 24 hours post injection
(n=14-16). (E) Mechanical thresholds relative to vehicle 24 hours post injection (n=14-16). (F)
Experimental scheme for (G and H). C57BL/6 wild type mice were injected with either vehicle or QWF
(20 pl of a 0.5mM solution) into the left hind paw 30 minutes before baseline mechanical threshold
assessment, followed by paw incision and 24 hours later by mechanical threshold assessment. (G)
Absolute mechanical thresholds before and 24 hours post incision (n=13). (H) Mechanical thresholds
relative to baseline 24 hours post incision (n=13). (I) Human peripheral blood-derived cultured mast
cells (hu PBCMCs) were pre-treated with vehicle or 100 uM QWF prior to simulation (or left
unstimulated). Histamine and serotonin in supernatants were analyzed after 1 hour incubation with

(or without) 100 uM Substance P.

(B, D, G, 1) One-Way ANOVA with Tukey’s multiple comparisons test; (E, H) Mann-Whitney test; * P <
0.05, ** P <0.01, *** P <0.001, ns — not significant. Error bars indicate (B, I) SD or (D, E, G, H) SEM.

Symbols in bar graphs represent individual mice.
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Material and Methods

Ethics

All animal experiments were performed in accordance with institutional policies and federal
guidelines. The Austrian Federal Ministry of Education, Science and Research approved the
corresponding proposals GZ BMBWF-66.015/0033-V/3b/2019 and their amendments for the

experiments performed in this study.

Mice

If not indicated otherwise, 10-16 weeks old mice were used throughout this study. Mcpt5-cre
(Tg(Cmail-cre)ARoer) mice (Scholten et al., 2008) were generously provided by Axel Roers, Technical
University Dresden. MRP8-cre (TG(S100A8-cre,-EGFP)1llw; JAX stock #021614) (Passegue et al., 2004),
LysM-cre (Imai et al., 2008), iDTR (Gt(ROSA)26Sortm1(HBEGF)Awai; JAX stock #007900) (Buch et al.,
2005), DTA™ (Gt(ROSA)26S50rtm1(DTA)Lky; JAX stock #009669) (Voehringer et al., 2008) and lox-stop-
lox (Isl)-YFP (Gt(ROSA)26Sortm1(EYFP)Cos; JAX stock #006148) (Srinivas et al., 2001) mice were
originally obtained from the Jackson Labs. Tamoxifen-inducible sensory neuron-specific Brn3A-cretf™
mice (Shacham-Silverberg et al.,, 2018), mice with a Cre-dependent GCHI-hemagglutinin
overexpression cassette to induce BH4 overproduction (Tg(CAG-GCH1)#WIf; Gch1%) (Latremoliere et
al., 2015) and Gch17** mice (targeting exons 2 and 3 of the GCH1 active site) (Chuaiphichai et al., 2014)
have previously been described. Mice expressing eGFP under the Gchl promoter (Tg(Gchl-
EGFP)GU68Gsat) were used to label Gchl-expressing cells (Latremoliere et al., 2015). Primary (wild
type) cells for in vitro experiments were derived from C57BL/6J mice bred and housed at the Core
Facility Laboratory Animal Breeding and Husbandry of the Medical University of Vienna. Tamoxifen
(Sigma, T5648) was first dissolved in ethanol, then diluted 1:20 in corn oil, heated at 55°C and
administered intraperitoneally (i.p.; 2 mg/mouse) daily for five consecutive days to induce deletion

(Latremoliere et al., 2015).

Mouse bone marrow-derived cultured mast cells

Bone marrow-derived cultured mast cells (BMCMCs) were generated by culture of bone marrow in
DMEM medium (Sigma), supplemented with 10 % fetal calf serum (FCS; Sigma), 1000 U
Penicillin/Streptomycin, 1 mM Sodium Pyruvate (both from Gibco), 10 ng/ml recombinant stem cell
factor (SCF) and 10 ng/ml IL-3 (both from Peprotech). Femur and tibia bone marrows from one mouse
were initially seeded in 10 ml medium in a 25 cm? tissue culture flask (Corning) and transferred after
overnight culture to a 75 cm? flask with 5 ml fresh medium. The cells received 5 ml fresh medium twice
a week and were transferred to a new flask once a week. Cells were used after at least 6 weeks of

culture and a purity of 295 %.
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Enrichment of mouse peritoneal mast cells

Peritoneal lavages of female C57BL/6 mice were performed with 5 ml lavage buffer, consisting of filter-
sterilized (0.2 pum; StarLab) endotoxin-free phosphate buffered saline (PBS; without Ca?* or Mg?;
Sigma) containing 1 % bovine serum albumin (BSA; Sigma) and 1 mM EDTA. Lavages of individual mice
were pooled and centrifuged 10 min at 500 g, 4°C. Cells were next resuspended in 50 ul (per mouse)
lavage buffer containing 0.5 pg biotinylated anti-mouse FceRlaw (clone MAR-1; Biolegend) and
incubated 20 minutes at 4°C. After washing and resuspension in 500 pl lavage buffer, cell suspension
was mixed with 15 pul (per mouse) washed magnetic beads (Dynabeads MyONE streptavidin T1;
Invitrogen). After 20 minutes incubation on ice (and mixing by pipetting every 5 min), bead-bound
cells were enriched using an EasySep Magnet (StemCell Technologies) and washed 3 times with lavage
buffer and 1 time with RPMI DTT buffer (see below). Bead-bound cells (enriched peritoneal mast cells;
ePMCs) were resuspended in RPMI DTT, counted and aliquoted for downstream assays. For
metabolite measurements, ePMCs were aliquoted at 10° cells/well (in 12.5 pl) in a 96 well round
bottom plate, followed by addition of 12.5 ul RPMI DTT containing 200 uM QWF (an MRGPRX2 and
NK; receptor antagonist) or vehicle and incubation at 37°C for 10 min. After addition of 25 pl of 20 uM
Substance P in RPMI DTT, cells were incubated at 37°C for 1 hour. The plate was then put on a 96 Well
Magnet Plate (Permagen) and the supernatant was transferred to BioPur 1.5 ml microcentrifuge tubes

(Eppendorf), frozen in liquid N2 and stored at -80°C until downstream analysis.

Human mast cell culture

Human peripheral blood-derived cultured mast cells (hu PBCMCs) were generated as previously
described (Gaudenzio et al., 2016): In brief, buffy coats of healthy blood donors (from the
Etablissement Francgais du Sang, Toulouse, France) were processed for the isolation of CD34* precursor
cells using the EasySep Human CD34 Positive Selection Kit (Stemcell Technologies). Isolated cells were
cultured for 1-2 weeks in StemSpan Medium (Stemcell Technologies) supplemented with 10 ng/ml
interleukin (IL)-3, 50 ng/ml IL-6 (all cytokines from Preprotech), 1% Penicillin/Streptomycin and 3%
supernatant of Chinese hamster ovary transfectants secreting SCF. After two weeks, cells were
transferred for approximately 10 weeks to IMDM Glutamax supplemented with 1 mM sodium
pyruvate, 50 mM R-mercaptoethanol, insulin-transferrin selenium (all from Thermo Fisher Scientific),
0.5% bovine serum albumin (Sigma), 10 pug/ml ciprofloxacin (Sigma), 50 ng/ml IL-6 (Preprotech) and
3% supernatant of Chinese hamster ovary transfectants secreting SCF. Cells were then tested

functionally for degranulation.
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Postoperative pain model

The postoperative pain model was adapted to that previously described (Cowie and Stucky, 2019),
Briefly, mice were anesthetized with a ketasol (10 mg/ml) and xylasol (2 mg/ml) injection administered
at 100 ul/10 g body weight intraperitoneally. The left hind paw was exposed and firmly positioned,
and a 6 mm longitudinal incision was made through the skin of the plantar foot using a #11 lance blade
and scalpel. The incision was started 2 mm from the edge of the heel and extended toward the toes.
The skin was opened on either side gently by extending the forceps. The underlying plantar flexor
digitorum brevis muscle was gently opened by forcep spreading. The skin was closed with two single
sutures of 7-0 nylon, and the wound site was covered with antibiotic ointment. The operated paw was
designated the ipsi-lateral (Ipsi) paw while the other paw, the right paw, designated the contra-lateral
(Contra) paw. After surgery, mice were allowed to recover on heated pads before being returned to

their home cage.

Spared nerve injury (SNI) model

SNI surgery was performed under 3% induction / 2% maintenance with isoflurane on adult mice (8 to
12 weeks old). The tibial and common peroneal branches of the sciatic nerve were tightly ligated with
a 5.0 silk suture and transected distally, while the sural nerve was left intact (Decosterd and Woolf,
2000). After injury, the incision was closed, and mice were allowed to recover on heated pads before

being returned to their home cage.

Behavioral phenotyping

All behavioral experiments were conducted in accordance with the Austrian Animal Care and Use
Committee guidelines and in a blinded fashion in a quiet room (temperature 22+1°C) from 9 AM to 6
PM. Both sexes were analyzed in this study. Mice were housed with their littermates (2 to 6 mice per
cage based on the litters) with food and water ad libitum. All animals were maintained under the same
conditions (22+1°C, 50% relative humidity, 12-hour light/dark cycle). For behavioral experiments
involving transgenic mice, randomization was achieved through the breeding: at the time of weaning
mice were separated based on their sex and placed in their new home cage. Only cages with a mixed
representation of transgenic mice and their littermates were used for behavioral experiments. All

experiments used at least 2 independent litters and were duplicated.

Determination of pain responses/thresholds

Mice were transferred to the behavioral phenotyping room at least 1 week prior to experiments.
Before each experiment, mice were allowed to habituate to the experimental environment for at least

30 minutes prior to any testing.

27


https://doi.org/10.1101/2023.01.24.525378
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.24.525378; this version posted January 24, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Mechanical threshold testing (von Frey filaments). Before testing, each mouse was habituated in a
small plastic (7.5 x 7.5 x 15 cm) cage for 1 hour. A logarithmic series of calibrated von Frey
monofilaments (Stoelting, Wood Dale, IL, United States), with bending forces that ranged from 0.02
to 1.4 g, were applied with the up—down paradigm (Chaplan et al., 1994), starting with the 0.6 g
filament. Filaments were applied twice for 2-3 s, with between-application intervals of at least 30 s to
avoid sensitization to the mechanical stimuli. The response to the filament was considered positive if
immediate licking or biting, flinching or rapid withdrawal of the stimulated paw was observed. The
injured area from the incision-conducted paw as well as its equivalent area on the contralateral paw
was used as described previously (Cowie and Stucky, 2019).

To determine thermal sensitivity, contact heat pain (also known as hot plate) testing was conducted:
mice were placed on a metallic plate heated to a set temperature (50°C) within an acrylic container
(Bioseb, France), and the latency for flinching and/or licking one of the hind paws was recorded. Mice

were tested before and 24 hours after incision surgery (performed on both hind paws).

Histology and imaging

Toluidine blue staining of paraffin skin sections was performed as previously described (Starkl et al.,
2016). For immunostaining of DRG tissue and hind paw skin, L3-L4 contralateral or ipsilateral DRG
tissue from the paw (either after incision or spared nerve injury) or hind paw skin were extracted,
fixed in 4% paraformaldehyde dissolved in PBS, cryoprotected in 30% sucrose, and frozen in OCT
(Tissue-Tek). Ten-um thick cryosections were blocked with 1% bovine serum albumin (Sigma-Aldrich)/
0.1%Triton X-100 in 0.1 M phosphate buffered saline (PBS) and then incubated with primary
antibodies overnight at 4°C. After 3 washes in PBS for 10 minutes each, sections were incubated with
secondary antibody for 1 hour at room temperature, washed 3 times in PBS (10 minutes each) and
mounted using Dako mounting medium (53023; Agilent). Primary antibodies and detection reagents
used: polyclonal chicken anti-GFP (Aves labs); anti-beta-tubulin lll (clone 2G7D4; Abcam); Avidin-FITC
(Sigma). Secondary antibodies used: Alexa Fluor 488 anti-rabbit (Jackson Immunoresearch
laboratories), 1:500; Alexa Fluor 555 anti-mouse (Jackson Immunoresearch laboratories), 1:500 and
Alexa Fluor 594 anti-chicken, (Jackson Immunoresearch laboratories), 1:500. All images were
assembled for publication using Fiji. For comparative analysis, fluorescence intensity, exposure time,

and other parameters were consistent for all conditions in the same experiment.

Targeted metabolomics

Metabolites were extracted from frozen tissue or cell pellets using a MeOH:ACN:0.5% dithiothreitol
(DTT) in water (2:2:1, v/v) (MeOH= Methanol; ACN=Acetonitrile) ice-cold solvent mixture by adding
300 pL of the solvent to excised paw tissue in an screw-lock 2ml tube homogenized with beads for 30

s, incubated in liquid nitrogen for 1 min, followed by vigorous vortex shaking during 2 min. Cell pellets
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were disrupted by vigorous vortexing and pipetting up/down. Cycles of liquid nitrogen freezing, and
tissue/cell homogenizing were repeated for three times. Samples were then centrifugated at 4,000 x
g for 10 min at 4 °C. The supernatant was collected and frozen until LC-MS/MS analysis. Reversed
phase liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used for the quantification
of BH4, sepiapterin, histamine, neopterin and serotonin. Briefly, 1 pl of the extract was injected on a
RSLC ultimate 3000 (Thermo Fisher Scientific) directly coupled to a TSQ Vantage mass spectrometer
(Thermo Fisher Scientific) via electrospray ionization. A Kinetex C18 column was used (100 A, 150 x
2.1 mm) at a flow rate of 80 pl/min. LC-MS/MS was performed by employing the selected reaction
monitoring (SRM) mode of the instrument using the transitions (quantifiers) 242.1 m/z - 166.1 m/z
(BH4); 238.1 m/z > 192.1 m/z (sepiapterin); 112.1 m/z > 95.1 m/z (histamine); 254.1 m/z - 206.1
m/z (neopterin) and 177.1 m/z - 192.1 m/z (serotonin) in the positive ion mode. A 7-minute-long
linear gradient was used, staring from 100% A (1 % acetonitrile, 0.1 % formic acid in water) to 80% B
(0.1 % formic acid in acetonitrile). Freshly prepared DTT (final concentration at 1 mg/ml) was used for
stabilizing BH4. Authentic metabolite standards (Merck) were used for determining the optimal
collision energies for LC-MS/MS and for validating experimental retention times. The total intensity of

the ion counts of a specific transition is proportional to the amount of that metabolite.

Mass spectrometry.

Cell-free mast cell supernatant was collected into protein LoBind tubes after centrifugation (500 xg, 5
min, 4°C), and snap-frozen using liquid nitrogen. Samples were stored at -80°C until Liquid
Chromatography coupled to Mass Spectrometry (LC-MS/MS) analysis. Supernatants were individually
processed using the iST Sample Preparation Kit (PreOmics) with minor modifications to the provided
kit protocol. Briefly, to facilitate lysis, and to reduce and alkylate supernatant proteins, 70 uL of iST 2-
fold LYSE buffer were added to 70 pL of each sample and tubes were incubated at 95°C, 1000 rpm for
10 min. After 2 min cooling, samples were sonicated twice for 30 sec using a low intensity setting in a
water bath sonicator (30 sec rest on ice). Twenty-five uL of the provided DIGEST solution containing
Trypsin and LysC were added to perform the protease digestion overnight on a thermoblock (37°C,
500 rpm). Resulting peptides were cleaned and dried under vacuum at 45°C, resuspended in 0.1%
Trifluoroacetic acid and stored at -20°C until further use. LC-MS/MS analyses of the supernatants were
performed using a Vanquish Neo UHPLC nano-LC system coupled to an Orbitrap Exploris 480 MS
system equipped with NG EasySpray ion source (all from Thermo Fischer Scientific). Proteolytic
peptides were loaded onto a PepMap Acclaim €18, 5 mm x 300 um ID, 5 um particles, 100 A pore size
trap column (Thermo Fisher Scientific) in combined loading mode, with trap column flush direction
backward. After loading, the trap column was switched in-line with a double nanoViper PepMap

Acclaim C18, 500 mm x 75 um ID, 2 um, 100 A analytical column (Thermo Fisher Scientific) in a
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Butterfly heater (PST-BPH-20, Phoenix S&T) and operated at 30°C. The analytical column was directly
connected to PepSep sprayer 1 (Bruker) equipped with a 10 um ID fused silica electrospray emitter
with an integrated liquid junction (Bruker). Peptides were eluted using a flow rate of 230 nl/min,
starting with the mobile phases 98% A (0.1% v/v formic acid in water) and 2% B (80% acetonitrile, 0.1%
v/v formic acid) and linearly increasing to 35% B over the next 180 minutes. The column was then
equilibrated in combined control mode with equilibration factor 3. The Orbitrap Exploris 480 was
operated in data-dependent mode performing full MS scan (m/z range 350-1200, resolution 60000,
normalized AGC target=100%), at 3 compensation voltages (CV -45, -60 and -75), each followed by
data-dependent MS/MS scans of the most abundant ions to fill 0.8 sec, 1 sec, and 0.8 sec cycle times,
respectively. MS/MS spectra were acquired in the positive mode, using a normalized HCD collision
energy of 30, isolation width of 1.0 m/z, resolution of 15000, and normalized Automatic Gain Control
(AGC) target was set to 100%. The threshold to select precursor ions for MS/MS was set to 2.5x 10
Precursor ions selected for fragmentation (include charge state 2-6) were excluded for 40 sec. The
monoisotopic precursor selection (MIPS) mode was set to Peptide and the include isotopes feature

was unselected.

Mass spectrometry data analysis.

For peptide identification, the RAW data files were loaded into Proteome Discoverer (version
2.5.0.400, Thermo Scientific). All MS/MS spectra were searched using MSAmanda v2.0.0.19924
(Dorfer et al., 2014). The peptide and fragment mass tolerance was set to +10 ppm, the maximal
number of missed cleavages was set to 2, using tryptic enzymatic specificity without proline
restriction. Peptide and protein identification was performed in two steps: for the initial search, the
RAW-files were searched against the Uniprot mouse reference database (21963 sequences; 11728051
residues), supplemented with common contaminants. The result was filtered to 1 % FDR on protein
using the Percolator algorithm (Kall et al., 2007) integrated in Proteome Discoverer. A sub-database
of proteins identified in this search was generated for further processing. For the second step, the
RAW-files were searched against the created sub-database using the same settings as above plus
considering additional variable modifications: carbamidomethylation of cysteine was set as a fixed
modification; oxidation of methionine, phosphorylation on serine, threonine and tyrosine,
deamidation on asparagine and glutamine, pyro-glutamine from glutamine on peptide N-terminal,
acetylation on protein N-terminus were set as variable modifications. The localization of the post-
translational modification sites within the peptides was performed with the tool ptmRS, based on the
tool phosphoRS (Taus et al., 2011). Identified hits were filtered again to 1 % FDR at both protein and
PSM level. Additionally, an MSAmanda score cut-off at the PSM level of 150 (at least) was applied.

Peptides were subjected to label-free quantification using IMP-apQuant (Doblmann et al., 2019).
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Proteins were quantified by summing unique and razor peptides and applying intensity-based
absolute quantification (iBAQ, (Schwanhausser et al., 2011)). Proteins were filtered to be identified by
a minimum of 2 quantified peptides in at least one of the analysed samples. Protein-abundances-

normalization was done based on the MaxLFQ algorithm (Cox et al., 2014).

Flow cytometry

Ipsilateral and contralateral paw skin was harvested 24 hours after incision of the Gch1-GFP reporter
mice. After harvest, the paw skin was dissociated using scissors and subsequently incubated with 2
mg/ml collagenase IV (ThermoFisher) and 0.2 mg/ml deoxyribonuclease | (ThermoFisher) in RPMI
medium for 45 min at 37°C with shaking. Following digestion, the cells were passed through a 70 um
filter and washed with FACS buffer (PBS, 2% FCS). Cells were stained with the viability dye eFluor780
(eBioscience) in PBS at 4°C for 20 minutes and washed with FACS buffer. The Fc receptors of immune
cells were blocked with CD16/CD32 Fc block (BD Bioscience) in FACS buffer at 4°C for 10 minutes,
followed by direct addition of flow cytometry antibodies for 20 min at 4°C (see Table 1 for complete
antibody list). The samples were washed in FACS buffer and immediately acquired using an LSR

Fortessa flow cytometer (BD). The data was analyzed using the FlowJo software v10.7.
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Table 1. Antibodies used for flow cytometry staining

Flow cytometry antibodies

Antibody specificity-label Supplier Clone Catalog nr.
NK1.1-BvV421 Biolegend PK136 108731
CD19-BV570 Biolegend 6D5 115535
CD45-BV785 Biolegend 30-F11 103149
CD117-PE BD Biosciences 2B8 553355
TCRb-PE-Cy7 Biolegend H57-597 109221
Fcerla-AF647 Biolegend MAR-1 134309
CD49b-AF700 ThermoFisher DX5 56-5971-80
F4/80-BV421 Biolegend BM8 123131
CD11b-BV605 Biolegend M1/70 101237
CD11c-BV785 Biolegend N418 117335
Ly6C-PerCP-Cy5.5 ThermoFisher HK1.4 45-5932-82
SiglecF-PE BD Biosciences E50-2440 562068
CDA45-PE-Cy5 BD Biosciences 30-F11 553082
Ly6G-PE-Cy7 Biolegend 1A8 127617
MHC II-APC ThermoFisher M5/114.15.2 17-5321-82

Gch1-GFP reporter expression analysis

Ipsilateral or contralateral paw skins of C57BL/6 wild type or Gch1-GFP, respectively, were collected
24 hours after incision, pooled and processed to generate single cell suspensions and analyzed by flow
cytometry as described above. To select potential Gch1-expressing candidate immune cell populations
in ipsilateral paws of Gch1-GFP mice, the GFP mean fluorescence intensities (MFIs) of skin immune
cell populations in ipsilateral paws (collected 24 hours after incision injury) of wild type mice

(background) was subtracted from the respective MFls of Gch1-GFP animals (see Figure S1D, upper
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panel for the GFP MFI of Gch1-GFP immune cell populations). Based on gates excluding background
GFP fluorescence signals of respective cell populations analyzed in C57BL/6 wild type mice, cell
numbers were determined and populations with high auto fluorescence (i.e. signal equal or lower
compared to wild type cells) were excluded from subsequent analysis (see Figure S1D, middle panel).
Due to high background signal, CD4 T cells, NK cells and monocytes did not pass this first threshold. In
a next step, cell populations representing less than 1% of Gch1-GFP* leukocytes (dendritic cells,

monocytes, eosinophils, B cells, basophils) were excluded (see Figure S1D, lower panel).

Gene expression database/analysis

BioGPS database analysis: Gchl (ID 14528) expression in mouse immune cells was analyzed using the

BioGPS platform (https://biogps.org) (Wu et al., 2009), Dataset GeneAtlas MOE340 and gcrma,

Probesets 1420499 at and 1429692 _s_at. Expression values were downloaded and transformed into

a heat map using GraphPad Prism v.9.1.

For ImmGen database analysis: For Gchl gene expression screening in primary mouse immune cells
analyzed by the Immunological Genome Project (ImmGen) (Heng et al., 2008), microarray data were
downloaded from the Gene Expression Omnibus (GEO) database (Gene Expression Omnibus ID
GSE15907 & GSE37448; see Table S1 for further details) and post hoc normalized (to all Mouse Gene
1.0 ST Arrays uploaded to the GEO platform) with the platform Gene Expression Commons (GExC)
(Seita et al., 2012). Immune cell populations (biological duplicates to quadruplicates) were sorted from
male C57BL/6) mice following a standardized procedure (see protocols tab,

https://www.immgen.org/) (Dwyer et al., 2016; Ericson et al., 2014; Gautier et al., 2012; Heng et al.,

2008; Miller et al., 2012; Robinette et al., 2015). Normalized Gch1 expression (-100 to 100) profiles

were exported from the GExC platform and transformed into a heat map using GraphPad Prism v.9.1.

Mouse and human mast cell activation and sample collection for metabolomics

For analysis of metabolites in the supernatant of IgE/antigen-activated mouse BMCMCs, cells were
sensitized (or not) overnight with 1 ug/ml dinitrophenyl (DNP)-specific Igk (kindly provided by Dr. Fu-
Tong Liu (University of California-Davis) (Liu et al., 1980). Next day, cells were collected and washed
twice in RPMI 1640 without phenol red (Gibco) containing 1 mg/ml| DTT (Roche; RPMI DTT). Cells were
resuspended at 2x 10° cells/ml in RPMI DTT and seeded at 50 pl aliquots (quadruplicates) in a 96-well
round bottom tissue culture plate (Corning). After addition of 50 ul of 20 ng dinitrophenylso.4o-
conjugated human serum albumin (DNP-HAS; Sigma)/ml in RPMI/DTT, cells were incubated for 1 hour
at 37°C. Cells were then transferred to Bio-pur 1.5 ml microcentrifuge tubes (Eppendorf) and

centrifuged for 5 min at 500 x g, 4°C. After transfer of supernatant to fresh tubes, supernatant and
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pellets were frozen in liquid N; and stored at -80°C. IL-6 was measured using the ELISA MAX Standard
Set Mouse IL-6 (Biolegend).

For assessment of Substance P-mediated mast cell activation and mediator release, ePMCs or hu
PBCMCs (2.5x 10° cells in 50 ul RPMI DTT) were either pre-treated with 100 uM QWF or DMSO for 10
minutes, followed by stimulation with 10 uM or 100 uM Substance P, respectively. After 1 hour

incubation, cells were processed as described above for BMCMCs.

Drugs/reagents/treatments

QM385 has been previously developed by our group (Cronin et al., 2018). For in vitro use, both
sepiapterin and QM385 were dissolved in DMSO to a stock concentration of 10 mM. Working
concentrations are indicated in the figures. For in vivo preparation of QM385, the compound was
dissolved in 1% Tween 80 with 5% carboxy methylcellulose, medium viscosity (Sigma). The preparation
was sonicated for 5 minutes and applied (20 ul of 10 mM solution) intradermally 2 hours before
incision surgery. Tamoxifen (Sigma; dissolved in ethanol and corn oil; see above) was administered i.p.
to the Brn3A-Ert-Cre expressing mice for four consecutive days four weeks before the experiment.
Diphtheria toxin (Sigma) was dissolved in water and administered i.p. (25 ng/g body weight) for two
days to deplete neutrophils in MRP8-cre; DTR mice. Substance P (#1156; dissolved in saline) and Boc-
GInD-Trp(Formyl)-Phe-OBzl (QWF; #6642; dissolved in DMSO) were from Tocris.

Statistical analysis

Technical replicates were performed in cell-based in vitro degranulation and activation experiments
and were measured in quadruplicates. Statistical analysis was performed using GraphPad Prism 9.3.1
(GraphPad Software) except for mass spectrometry analysis in which LIMMA was used. All necessary

details are stated in the respective figure legends.
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