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Schwann cell C5aR1 co-opts inflammasome
NLRP1 to sustain pain in a mouse model of
endometriosis
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Over 60% of women with endometriosis experience abdominopelvic pain and
broader pain manifestations, including chronic back pain, fibromyalgia,
chronic fatigue, vulvodynia, and migraine. Although the imbalance of proin-
flammatory mediators, including the complement component C5a, is asso-
ciated with endometriosis-related pain, the mechanisms causing widespread
pain and the C5a role remain unclear. Female mice and women with endo-
metriosis exhibit increased plasma C5a levels and pain. We hypothesize the
Schwann cells involvement in endometriotic pain. Here, we show that silencing
the C5a receptor (C5aR1) in Schwann cells blocks the C5a-induced activation of
the NLRP1 inflammasome and subsequent release of interleukin-1p (IL-1p).
Macrophages, recruited to sciatic/trigeminal nerves by IL-1p from Schwann
cells, increase oxidative stress, which activates the proalgesic TRPA1 pathway,
resulting in widespread pain. These findings reveal a pathway involving
Schwann cell C5aR1, NLRP1/IL-1B activation, macrophage recruitment, oxida-
tive stress, and TRPAI engagement, contributing to pain in a mouse model of
endometriosis.

Endometriosis, caused by superficial peritoneal/deep infiltrating is high, as endometriosis affects career, everyday activities, sexual and
implants or ovarian cysts of endometrial-like tissue', is an enigmatic  nonsexual relationships, and quality of life’. More than 60% of women
and often debilitating gynecologic condition that affects 10-15% of  diagnosed with endometriosis suffer from abdominopelvic pain*, and
reproductive-aged women’. The socioeconomic burden of the disease  often suffer from pain conditions in anatomical sites other than the
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pelvis/abdomen, such as chronic back pain, fibromyalgia, vulvodynia,
and migraine>®. Migraine, the most debilitating condition for women
aged 20-50 years, is frequent in women with endometriosis in repro-
ductive age’®. A correlation between fibromyalgia and endometriosis
has been proposed, given that immune mechanisms appear to con-
tribute to chronic pain in the two conditions®™°.

The complement system is a broad network of soluble and cell-
surface proteins distributed throughout body fluids and tissues with
no, or little, basal activity''”. The complement system acts not just as a
first line of defense against pathogens, as it functionally connects
innate and adaptive immune responses via receptors expressed by
myeloid and non-myeloid cells". Activation of the complement sys-
tem cascade involves a C3-convertase that cleaves C3, producing C3a
and C3b. Two C3b molecules plus the Bb factor form the C5 convertase
that cleaves C5 in C5a and C5b™'. C5a targets a G protein-coupled
receptor (GPCR), C5a receptor type 1 (C5aR1), originally identified in
neutrophils and monocytes/macrophages®. C5a contribution in post-
operative'®”, inflammatory'®, and neuropathic'® pain has been pre-
viously proposed.

Endometriosis patients undergoing surgery are classified in four
stages according to the Revised Classification of Endometriosis by the
American Society of Reproductive Medicine (r-ASRM?°. Women at the
early (I-1l) stages have shown higher C5a serum levels compared to
controls?. Macrophages play a pivotal role in neurogenesis processes
occurring close to endometriotic lesions, suggesting their role in
endometriosis-associated pain generation??*. Activation of C5aR1 in
endoneurial macrophages induces the NLRP3 inflammasome-
dependent release of the pro-nociceptive mediator interleukin 1
(IL-1) B to maintain pain in a mouse model of peripheral nerve injury®.
Recently, we showed that crosstalk between Schwann cells (SCs) and
endoneurial resident monocytes/macrophages in peripheral nerves
activates an oxidative stress pathway that elicits neuroinflammation
and sustains chronic pain*?,

Here, we investigated the mechanism underlying mechanical
allodynia produced by endometriotic lesions in the abdomen and
other areas distant from the abdomen of female mice, such as the
periorbital area to mimic migraine pain and the hind paw to mimic a
more widespread pain like that associated with fibromyalgia. As we
observed that abdominal mechanical allodynia produced by endo-
metriotic lesions was associated with mechanical allodynia in the hind
paw and periorbital area, we explored the cellular and molecular
pathway implicated in the mechanical hypersensitivity at the two sites
distant from endometriotic lesions. We found that C5a increased by
endometriosis, targeting the SC C5aRl1, activates the NLRP1 inflam-
masome, which induces the release of IL-1B. Increase IL-1f levels in
peripheral nerves (periorbital and sciatic nerves) promote macro-
phage recruitment. The subsequent release of reactive oxygen species
(ROS) targets non-neuronal cells to sustain the oxidative burst and,
finally, neuronal transient receptor potential ankyrin 1 (TRPAI) to sig-
nal pain. These results implicate SC C5aR1 as a target for the treatment
of endometriosis-associated pain.

Results

The complement component C5a mediates endometriosis-
induced allodynia

In C57BL/6) female (B6) mice, intraperitoneal (i.p.) injection of dis-
sected uterus horns from donor female mice induced a time-
dependent increase in endometriosis-like lesions (Supplementary
Fig. 1a), which were associated with prolonged (28 days) periorbital
mechanical allodynia (PMA), hind paw mechanical allodynia (HMA),
abdominal mechanical allodynia (AMA) and non-evoked pain behavior
(i.e., abdominal licking) (Fig. 1a, and Supplementary Fig. 1b). The
simultaneous development of allodynia in anatomical areas distant
from the abdomen supports the hypothesis that diffusible cellular or
molecular mediators are implicated in the widespread proalgesic

response. Several inflammatory cytokines/chemokines have been
implicated in endometriotic pain®. The relative levels of forty cyto-
kines/chemokines and acute phase proteins in plasma samples of
endometriotic and sham B6 mice were investigated by a proteome
profiler array at day 7 after surgery (Fig. 1b). The array revealed
increased C5a levels in endometriotic mice (Fig. 1b), and the increase
was confirmed by a C5a single analyte ELISA assay both in plasma and
tissue lesion samples (Fig. 1c, and Supplementary Fig. 1c). A recent
report showed that serum levels of C5a were higher in early stage (I-11)
endometriotic than in control patients”. Here, we confirmed the
higher serum levels of C5a in a group of women with endometriosis
(n=19) compared to healthy women without endometriosis (n=15)
(Fig. 1d). In addition, we observed that, in endometriotic B6 mice, C5a
plasma levels increased from day 1 to day 8 to then decline to basal
levels at day 12-16 after surgery (Fig. le).

As C5a has been implicated in several pain conditions we
tested whether the selective allosteric C5aR1 inhibitor, DF2593A, given
according to two different temporal schedules would have reduced
PMA, HMA, and AMA in endometriotic mice. Endometriotic B6 mice
treated with DF2593A (intragastric, i.g., twice a day) from one day
before until day 6 after the injection of the ectopic tissue, when C5a
levels increase in mouse plasma, showed significantly reduced PMA,
HMA, and AMA (Fig. 1f). Conversely, daily treatment with DF2593A,
from day 12 to day 16, failed to reduce PMA, HMA, and AMA (Fig. 1g).
DF2593A treatment (i.g. twice a day for 6 consecutive days) did not
affect either body weight or motor coordination in control B6 mice
(Supplementary Fig. 1d). C5b, which is also generated from C5, can
combine with the C6 complement component to form the membrane
attack complex (MAC)®. To exclude the role of the C5b fragment in the
present model of widespread pain, endometriotic B6 mice were trea-
ted with a C6 antisense oligonucleotide (ASO) (from one day before
until day 6 after the injection of the ectopic tissue) that, by inhibiting
C6, blocks MAC formation®. Although the C6 ASO treatment reduced
C6 expression in liver tissue homogenates from endometriotic B6
mice, (Supplementary Fig. 1e) it failed to reduce PMA, HMA, and AMA
(Supplementary Fig. 1f). Overall, the data indicate that, although
transient (from day 2 to day 10 after surgery), the increase in C5a
plasma levels was sufficient to initiate and sustain PMA, HMA,
and AMA.

16-19
’

Neuronal macrophages mediate endometriosis-induced
mechanical allodynia

Immune cells, including macrophages and nerve fibers, interact to
promote pain symptoms associated with endometriosis***. Our pre-
vious findings proposed that macrophages infiltrating peripheral
nerve trunks interact with SCs to sustain mechanical allodynia in dif-
ferent mouse models of pain?~?°. To understand whether macrophage
are implicated in the present endometriosis model of widespread pain,
their levels were examined in sciatic and trigeminal nerve trunks. Due
to the limited size of mesenteric nerve trunks close to endometriotic
lesions these were not studied. The number of F4/80" macrophages
inside sciatic and trigeminal nerve trunks increased in a time-
dependent manner starting from day 3 after surgery (Fig. 2a). The
F4/80" cells increase was associated with augmented C5a levels in
sciatic and trigeminal nerve homogenates (Fig. 2b).

To explore the role of macrophages in endometriosis-induced
mechanical allodynia, macrophage Fas-induced apoptosis (MaFIA)
mice, injected with the apoptosis inducer, AP20187, which abates the
number of macrophages (GFP*/F4/80"cells)*, were used. Ectopic tis-
sue inoculation in the peritoneum of MaFIA mice induced time-
dependent PMA, HMA, and AMA, as observed in B6 mice (Fig. 2c). To
better understand the action of C5a on SCs and macrophages, MaFIA
mice were injected with AP20187 to deplete macrophages following
three different time schedules: i) before the increase in C5a levels
(from day -2 to day 2); ii) during the C5a increase (from day 2 to day 6);
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Fig. 1| Endometriosis-associated mechanical allodynia is mediated by the
complement system C5a. a Time-dependent periorbital (PMA), hind paw (HMA)
and abdominal (AMA) mechanical allodynia in endometriotic (endo) or Sham
C57BL/6 ) female (B6) mice. Proteome profiler array (b) and single analyte C5a assay
(c) in plasma samples from endo and Sham B6 mice. d CS5 assay in plasma samples
from endo patients (n =19) or healthy subjects (n =15) (control). e Time-dependent
C5alevels in plasma samples from endo and Sham B6 mice. f and g Timeline of the

DF2593A (DF25) treatment schedule and time-dependent PMA, HMA, and AMA in
endo B6 mice after intragastric (i.g.) administration of DF25 (1 mg/kg) or vehicle
(Veh) and Sham mice. (n = 8 mice per group). Data are mean * s.e.m. a, e, f, g 2-way
ANOVA, Bonferroni correction; ¢, d 2- tailed Student’s t test. *P < 0.05, *P < 0.01,
P < 0,001, ***P < 0.0001 vs. Sham **P < 0.01, ***P < 0.0001 vs. Endo+Veh DF25.
Source data are provided as a Source Data file.

and iii) when C5a declined to baseline (from day 21 to day 25). Mac-
rophage depletion obtained with the two later (ii and iii) (Fig. 2c,d and
Supplementary Fig. 1g, h respectively), but not with the early (i)
(Supplementary Fig. 1i,j) treatment schedules reduced PMA, HMA, and
AMA. These findings are consistent with the transient (~48 hours)
monocyte/macrophage depletion obtained in MAFiA mice*. Depletion
of monocytes/macrophages in MaFIA mice after AP20187 treatment
was evaluated as the number of F4/80" cells in both sciatic and tri-
geminal nerves (Fig. 2d, Supplementary Fig. 1h, j).

The C5aRl1 inhibitor, DF2593A, given to endometriotic mice dur-
ing the time period when plasma C5a was increased (from day 2 to day
6), reduced macrophages in sciatic and trigeminal nerve tissues
(Supplementary Fig. 2a). In contrast, DF2593A treatment when C5a

serum levels declined (from day 12 to 16) failed to affect macrophage
accumulation (Supplementary Fig. 2b). Collectively, our data suggest
that C5a release, most likely from ectopic endometrial lesions during
the first seven days after surgery, increases macrophages in nerve
trunks. However, when C5a serum levels decline, the increased number
of neural macrophages promotes PMA, HMA, and AMA in a C5a-
independent manner.

Schwann cell C5aR1 mediates macrophage recruitment and
endometriosis-induced mechanical allodynia

Given that in several mouse models of pain, SCs play a crucial role in
sustaining mechanical allodynia, we investigated whether these glial
cells contributed to PMA, HMA, and AMA in the present model of
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Fig. 2 | Neuroinflammation mediates endometriosis-associated mechanical
allodynia. a Representative images and cumulative data of the time-dependent
increase of F4/80" cells in sciatic and trigeminal nerve in endometriotic (endo) or
Sham C57BL/6 ] female (B6) mice. (n =4 independent experiments). b Time-
dependent C5a levels in sciatic and trigeminal nerve homogenates from endo and
Sham B6 mice. (n =6 independent experiments). ¢ Timeline of the AP20187 (AP)
treatment schedule and time-dependent periorbital (PMA), hind paw (HMA) and
abdominal (AMA) mechanical allodynia in endo and Sham MaFIA mice after
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intraperitoneal (i.p.) injection of AP or vehicle (Veh). (n =8 mice per group).

d Representative images and cumulative data of F4/80" cells in sciatic and tri-
geminal nerve of endo B6 mice after AP or Veh and in Sham mice (treatment
schedule as in b). (n = 4 independent experiments). (Scale bar, 50 pm, dashed lines,
perineurium). Data are mean + s.e.m. a, b, d 1-way ANOVA, ¢, 2-way ANOVA, Bon-
ferroni correction; *P < 0.05, *P< 0.01, **P< 0.001, ***P < 0.0001 vs. Sham,
##p < 0.0001 vs. Endo-MaFIA+ Veh AP. Source data are provided as a Source
Data file.

endometriosis. Immunofluorescent staining analysis of mouse sciatic
and trigeminal nerve tissues revealed that C5aR1 staining was present
in 92.2% + 1.1 and 93.3% + 0.44 of nucleated cells, respectively (Sup-
plementary Fig. 3a). SCs, which represent 45.1% of the nucleated cells
in mouse peripheral nerve tissues”, were identified by SOXI0
expression. Immunofluorescent staining analysis in mouse and human
sciatic and mouse trigeminal nerves revealed that all SOX10+ cells co-
express C5aR1 (Fig. 3a, b and Supplementary Fig. 3b). Expression of
C5aRI mRNA was established in cultured mouse and human SCs by
gRT-PCR assay (Fig. 3c). RNAscope assay revealed that the C5aR1
mRNA expression in SOX10+ cells was not modulated in peripheral
nerve tissue of endometriotic compared to Sham mice (Supplemen-
tary Fig. 3c).

To investigate the role of Schwann cell C5aR1 in mechanical allo-
dynia, we used a Plp“* driver that functions as a lineage tracer to
express a short hairpin RNA (shRNA) for selective silencing of C5aR1in
SCs by the injection of a Cre-dependent adeno-associated viral vector
(AAV). A virus packaged with the AAVrhl0 serotype for efficient
infection of SCs was used with a loxP-flanked shRNA to express sShRNA
in SCs (AAV-C5aRI) (Fig. 3d). The efficacy of the gene silencing was
evaluated in sciatic and trigeminal nerves by immunofluorescent

staining with the use of two different C5aR1 antibodies and by RT-qPCR
in SCs isolated from peripheral nerve trunks (Fig. 3e, Supplementary
Fig. 3d, e). The role of macrophage C5aR1 is well documented in dif-
ferent diseases®**°. To confirm SC selective C5aRl1 silencing, we eval-
uated the co-expression of F4/80 and C5aR1 in peripheral nerves of
Plp-AAV-C5aR1 and Control mice (Supplementary Fig. 3f). Systemic
(intravenous, i..) administration of AAV-C5aRl attenuated
endometriosis-induced PMA, HMA, AMA, and abdominal licking
(Fig. 3f, Supplementary Fig. 3g) and macrophage increase in sciatic and
trigeminal nerves in Plp but not in Control mice (Fig. 3g). To further
investigate the ability of C5a to stimulate cultured mouse and human
SCs to recruit macrophages, we used the Boyden chamber assay.
Human and mouse SCs stimulated with C5a promoted macrophage
migration through the microporous membrane that was inhibited in
the presence of DF2593A (Fig. 3h).

Previous data reported C5aRI mRNA expression in mouse DRG
neurons where C5a, by activating and sensitizing cutaneous nocicep-
tors, amplified the capsaicin response*. To identify the role for neu-
ronal C5aRl in endometriotic pain, we used a Adv“™ driver to silence
C5aRl1 selectively in sensory neurons and a virus packaged with the
AAV2/9n serotype for efficient infection of nociceptors. Selective
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Fig. 3 | Schwann cell C5aR1 mediates endometriosis-associated mechanical
allodynia and neuroinflammation. Representative images of SOX10 and C5aR1
(#0rb393229, rabbit polyclonal, Biorbyt Ltd, 1:100) co-expression in sciatic (a) and
trigeminal (b) nerve tissue from C57BL/6 ] female (B6) mice, (n =4 independent
experiments) (Scale bar, 50 um). (c) C5aRI mRNA relative expression in primary
mouse and human Schwann cells (n =3 independent experiments). d Schematic
representation of AAV-(loxP-shRNA)-C5aRI vector pre- and post-Cre switch.

e Representative images and cumulative data (Rcoloc) of SOX10 and C5aR1
(#0rb393229, rabbit polyclonal, Biorbyt Ltd, 1:100) co-expression in sciatic and
trigeminal nerve tissue in Plp-AAV-C5aR1 and Control mice (n =4 independent
experiments) (Scale bar, 50 pm). f Time-dependent periorbital (PMA), hind paw

(HMA), and abdominal (AMA) mechanical allodynia in endometriotic (endo) or
Sham Plp-AAV-C5aR1 and Control mice. (n =8 mice per group). g Representative
images and cumulative data of F4/80" cells in sciatic and trigeminal nerve tissue in
endo or Sham PIp-AAV-C5aR1 and Control mice. (n =4 independent experiments)
(Scale bar, 50 um, dashed lines, perineurium). h Representative images and
cumulative data of transmigrated macrophages after stimulation of human and
mouse Schwann cells with C5a or vehicle (Veh) and in the presence of DF2593A
(DF25) or Veh (n= 6 independent experiments). Data are mean * s.e.m. ¢, Student’s
t-test, f, 2-way, g, h 1-way ANOVA, Bonferroni correction; ***P < 0.0001 vs. Sham/
Control, ##P < 0.0001 vs. Endo/Control. Source data are provided as a Source
Data file.

silencing of C5aR1 in sensory neurons was confirmed by immuno-
fluorescent staining in lumbar (L4-L6) dorsal root ganglion (DRG) tis-
sues (Supplementary Fig. 3h). Intrathecal administration of AAV-C5aR1
in Adv* did not attenuate endometriosis-induced PMA, HMA, and
AMA and macrophage increases in nerve (sciatic and trigeminal)
trunks (Supplementary Fig. 3i,j). These results indicate that, in endo-
metriotic mice, C5a targeting of the SC C5aRl1 is necessary and suffi-
cient to induce neuroinflammation and mechanical allodynia.

Schwann cell NLRP1 drives endometriosis-induced macrophage
increases and mechanical allodynia

C5aR1 is known to activate the NLR family pyrin domain containing 3
(NLRP3) inflammasome, thus promoting the expression of the
interleukin-1f3 precursor (pro-IL-1B) and secretion of IL-1§ through the

cleavage by caspase-1 in different immune cells*’. Here, we report that
human SC C5aR1 encoded a signaling pathway that released IL-1B, a
response attenuated by the C5aR1 inhibitor, DF2593A (Fig. 4a). IL-1p
plasma levels from endometriotic mice were more elevated from day
10 until day 28 after surgery as compared to sham mice (Fig. 4b).
Increased IL-13 plasma levels were also detected in women with
endometriosis as compared to healthy women without endometriosis
(Fig. 4c). To assess caspase-1 activation, cultured human SCs were
exposed to C5a that increased a bioluminescent signal due to caspase-1
activation. The increase was reduced by DF2593A and by the selective
caspase-1 inhibitor, Ac-YVAD-CHO (Supplementary Fig. 4a). Further
support to caspase-1 activation was obtained by genetically encoded
fluorescent sensor (SCAT1) based on fluorescence resonance energy
transfer (FRET)*. SCAT1 contains a consensus peptide preferentially
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Fig. 4 | Schwann cell C5aR1 activation induces NLRP1-dependent release of IL-
1B. aIL-1B assay in human Schwann cell conditioned medium after stimulation with
C5a or vehicle (Veh) and in the presence of DF2593A (DF25) or Veh (n =6 inde-
pendent experiments). b Time-dependent C5a levels in plasma samples from
endometriotic (endo) or Sham C57BL/6 ] female (B6) mice. (n =8 independent
experiments). ¢ IL-1f3 assay in plasma samples from endo patients (n = 16) or healthy
subjects (n =15) (control). d Typical traces and cumulative data of SCAT1 V/C ratio
changes in human Schwann cells stimulated with C5a or Veh and in the presence of
DF250r Ac-YVAD (AUC, area under the curve) (cell numbers: C5a=20, Veh=16,
DF25=16 and Ac-YVAD =20; n =3 independent experiments) e Time-dependent
periorbital (PMA), hind paw (HMA) and abdominal (AMA) mechanical allodynia in
endo or Sham Plp-AAV-NIrp1 and Control mice (n =8 mice per group). fIL-1f assay
in sciatic and trigeminal nerve tissue homogenates in endo or Sham Plp-AAV-Nirp1

and Control mice (n =6 independent experiments). g Representative images and
cumulative data of F4/80" cells in sciatic and trigeminal nerves in endo or Sham Plp-
AAV-NirpI and Control mice (n =4 independent experiments). h Time-dependent
PMA, HMA, and AMA in endo or Sham Plp-AAV-IL-18 and Control mice (n =8 mice
per group). i lI-1f assay in sciatic and trigeminal nerve tissue homogenates in endo
or Sham PIp-AAV-/l-18 and Control mice. j Representative images and cumulative
data of F4/80" cells in sciatic and periorbital nerve in endo or Sham Plp-AAV- Il-13
and Control mice (Scale bar, 50 um, dashed lines, perineurium) (n =8 mice per
group). Data are mean + s.e.m. a, ¢, d, f, g 1-way ANOVA, b, e, h, 2-way ANOVA,
Bonferroni correction; *P < 0.05, **P < 0.01, **P < 0.001, **P < 0.0001 vs. Sham,
#P<0.05, P < 0.01, P < 0.001, “*P <0.0001 vs. Endo/Control. Source data are
provided as a Source Data file.
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cleaved by caspase-1 that reduces the FRET signal*’. C5a decreased
SCAT1 Venus/ECFP (V/C) ratio, a response that was prevented by
DF2593A and Ac-YVAD-CHO in human SCs (Fig. 4d). Ac-YVAD-CHO
inhibited the release of IL-1B from human SCs after C5a stimulation,
supporting the role of C5aR1 in promoting inflammasome activation
and IL-1P3 release (Supplementary Fig. 4b).

Endometriotic mice with AAV-mediated selective silencing of
C5aR1 (Plp-AAV-C5aR1 mice) showed reduced levels of IL-1B in sciatic
and trigeminal nerve tissues compared to Control mice (Supplemen-
tary Fig. 4c). To test the role of SC NLRP3 in endometriotic mechanical
allodynia, we injected PIp“ mice with an AAV-NIrp3 for selective
silencing of NLRP3 in SCs (Plp-AAV-Nlrp3 mice). However, PMA, HMA,
AMA, abdominal licking, neuroinflammation, and IL-1p levels in sciatic
and trigeminal nerve tissue in endometriotic Plp-AAV- Nlrp3mice were
unaffected (Supplementary Fig. 4d-h). The efficacy of the gene silen-
cing was evaluated in sciatic and trigeminal nerve tissue by immuno-
fluorescent staining and by RT-qPCR in SCs isolated from peripheral
nerve trunks (Supplementary Fig. 4i, j)

The inflammasome family currently includes three subtypes,
NLRP1, NLRP3, and NLRC4, which recognize specific classes of
pathogens or risk signals**. The qRT-PCR analysis of mRNA expression
in both human and mouse SCs revealed mainly the presence of Nirpl
and Nirp3 transcripts (Supplementary Fig. 4k). Given the very low level
of Nlrc4 expression, we tested the role of SC NLRP1 in endometriotic
pain by infecting Plp“* mice with an AAV-NIrpl for selective silencing of
NLRP1 in SCs (Plp-AAV- Nlrpl). Plp-AAV- Nirpl mice showed reduced
PMA, HMA, AMA, abdominal licking, IL-1B levels and neuroinflamma-
tion in sciatic and trigeminal nerve tissue compared to Control mice
(Fig. 4e-g, Supplementary Fig. 4I). The efficacy of NLRPlgene silencing
was evaluated in sciatic and periorbital nerve tissue by immuno-
fluorescent staining and in peripheral nerve isolated SCs by RT-qPCR
(Supplementary Fig. 4m, n). Quantification of Nirp3 and Nirpl tran-
script levels in sciatic and periorbital nerve tissues from endometriotic
and Sham B6 mice excluded that endometriosis modulates mRNA
(Supplementary Fig. 40).

Previous studies indicated a crucial role of IL-1B in sustaining
inflammation through macrophage recruitment®. To support the role
of IL-1B in increasing macrophage number in nerve trunks, mouse and
human SCs and macrophages were exposed to a neutralizing mono-
clonal antibody against IL-1B (anti-IL-13 mAb) or C5a in a Boyden
chamber assay. The anti-IL-1p mAb reduced macrophage migration
evoked by C5a (Supplementary Fig. 5a). The anti-IL-13 mAb treatment
also reduced PMA, HMA, and AMA and macrophage numbers in sciatic
and trigeminal nerves in endometriotic mice (Supplementary
Fig. 5b,c). To identify the SC role in releasing IL-1B following C5a sti-
mulation in endometriotic mice, we selectively silenced IL-1f in SCs by
infecting PIp“ mice with an AAV-/L-1B (Plp-AAV- IL-1B mice). Plp-AAV-IL-
1P mice showed reduced PMA, HMA, AMA, abdominal licking (Fig. 4h,
Supplementary Fig. 5d), IL-1f levels (Fig. 4i), and neuroinflammation in
sciatic and trigeminal nerve tissue (Fig. 4j) compared to Control mice.
The efficiency of gene silencing was evaluated in sciatic and trigeminal
nerve tissue by immunofluorescent staining (Supplementary Fig. 5e).
Overall, these data support the view that C5a from endometriotic
lesions targets SC C5aRl1, which activates inflammasome NLRP1 to
release IL-1B, which in turn increases macrophages within peripheral
nerve trunks to sustain mechanical allodynia.

Non-neuronal TRPA1 mediates endometriosis-induced neuroin-
flammation that engages the neuronal TRPAL1 to signal pain

We previously reported that oxidative stress generated by macro-
phages recruited at sites of nerve injury targets SC TRPAIL to amplify
the local oxidative burden that eventually engages the SC TRPAI to
sustain neuroinflammation and the neuronal TRPALI to signal pain in
several mouse models?*?*¢, Here, we confirm that the time-
dependent F4/80+ cell increase in sciatic and trigeminal nerves of

endometriotic mice (Fig. 2a) was associated with augmented oxidative
stress byproduct 4-hydroxynonenal (4HNE) (Supplementary Fig. 6a).
Selective silencing of SC C5aRl, Nlrpl or IL-1B in Plp-AAV-C5aR1, Plp-
AAV-Nirpl or Plp-AAV-IL-1B mice, respectively, prevented the accu-
mulation of 4-HNE in peripheral nerves of endometriotic mice (Sup-
plementary Fig. 6b).

To show the role of SC TRPALI as sensor and amplifier of the oxi-
dative stress that sustains neuroinflammation and pain and of neuronal
TRPAL1 to sustain pain, we used Plp“® and Adv“ mice with selective
deletion of TRPA1 in SCs (Plp-Trpal) and DRG neurons (Adv- Trpal),
respectively. Whereas PMA, HMA, and AMA induced by endometriosis
were reduced in both Plp- Trpaland Adv- Trpal mice, neuroin-
flammation (macrophages and 4-HNE) was attenuated only in Plp-
TRPA1 endometriotic mice (Fig. 5a-f). These data confirm that non-
neuronal TRPA1 maintains the proinflammatory condition, while neu-
ronal TRPAL is the final common pathway that, from endometriotic
lesions and via SCs, signals mechanical allodynia.

Discussion

Here, we provide evidence that, in the present mouse model of
endometriosis, peritoneal lesions, by increasing serum levels of C5a,
not only increase neuronal sensitivity in local mesenteric nociceptors,
but also promote a macrophage-dependent proalgesic mechanism
that spreads throughout the body, reaching distant anatomical
regions, including the periorbital or hind paw areas. We reveal that
C5a, in both proximal and remote areas, such as the abdomen and
periorbital area/hind paw, respectively, targets the SC C5aR1, where it
encodes a proalgesic mechanism that results in neuroinflammation
and the ensuing widespread mechanical allodynia. Another unex-
pected finding of the present study highlights the role of the inflam-
masome NLRP1, instead of the classical NLRP3, normally activated by
C5a, as we found that SC C5aR1 via NLRP1 enhances the caspase-1
processing of pro-IL-1B. The resulting IL-1f release increases the mac-
rophage number that, via their oxidative burst targets SC TRPAl and en
route neuronal TRPALI, to sustain mechanical allodynia.

C5a has been implicated in various pain conditions, including
post-operative”, inflammatory*®, and neuropathic pain®. Although lit-
tle is known about the association between the complement system
components and endometriotic pain, fluctuation of C5a plasma levels
during the different stages of the disease has been documented in
endometriosis patients?*’, an observation that we confirmed here.
Time course analysis of C5a plasma levels in the present mouse model
of endometriosis showed similar fluctuations in female mice with
endometriotic lesions, which were identified as the initial stimulus
responsible for the abdominal and diffuse proalgesic condition.

A considerable proportion of women with endometriosis-
associated pain reported a neuropathic-like pain component®,
Recently, it has been observed that neuropathic-like pain caused by
peripheral nerve injury in mice was modulated by activation of neuron-
associated C5aR1+ macrophages®. Present results with the C5aR1
inhibitor and transgenic MaFIA mice confirm that increases in plasma
C5a and nerve trunk macrophages are essential for the development of
endometriosis-associated pain-like responses. We also found that
endometriotic lesions promote mechanical allodynia in various and
distant tissues by orchestrating a series of temporally distinct but
strictly coordinated phases. The role of C5a was confined to its initial
sharp increase. Although C5aR1 expression has not been reported in
SCs located at neuromuscular junctions®, we found that both cultured
primary human and mouse SCs and SOX10+ cells in mouse and human
peripheral nerve fibers expressed C5aR1. By C5aR1 selective silencing,
we highlighted the role of SC C5aRl in endometriosis-associated
mechanical allodynia and neuroinflammation.

Recent studies suggest that the C5a-C5aR1/C5aR2 interaction
regulates the NLRP3 inflammasome in several immune system cells,
including macrophages***° and T cells™. Furthermore, NLRP3 has been
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Fig. 5 | Schwann cell TRPA1 channel mediates endometriosis-associated
mechanical allodynia and neuroinflammation. a Time-dependent periorbital
(PMA), hind paw (HMA) and abdominal (AMA) mechanical allodynia in endome-
triotic (endo) or Sham Plp-Trpal and Control mice (n =8 mice per group). Repre-
sentative images and cumulative data of (b) F4/80" cells and (c) 4-HNE staining in
sciatic and trigeminal nerve in endo or Sham Plp-Trpal and Control mice (Scale bar,
50 um, dashed lines, perineurium) (n=4 and n =5 independent experiments).

d Time-dependent PMA, HMA and AMA in endometriotic (endo) or Sham Adv-

Trpal and Control mice (n =8 mice per group). Representative images and cumu-
lative data of (e) F4/80" cells and (f) 4-HNE staining in sciatic and trigeminal nerve in
endo or Sham Adv-Trpal and Control mice (Scale bar, 50 um, dashed lines, peri-
neurium) (n =4 independent experiments). Data are mean * s.e.m. a,d 2-way
ANOVA, b,c,e,f 1-way ANOVA, Bonferroni correction; *P < 0.05, **P < 0.001,
**+p < (0,0001 vs. Sham, P < 0.05, P < 0.01, **P < 0.001, #*P < 0.0001 vs. Endo/
Control. Source data are provided as a Source Data file.

implicated in the pathobiology of chronic neuropathic and inflam-
matory pain°*>*. Inflammation is one of the key features of endome-
triosis, and the inhibition of NLRP3 inflammasome has been associated
with the reduction of IL-1B secretion from endometrial stromal cells*>*°
and mast cells”. However, the present observation that selective
silencing in SCs of the NRLP3 subtype in endometriotic mice was

ineffective, whereas silencing of the NRLP1 SC subtype reduced IL-1
release and mechanical allodynia, implicates NRLP1 in the proalgesic
pathway promoted by endometriosis.

The time course of the various soluble and cellular mediators
involved in endometriosis-induced mechanical allodynia is under a
strict sequential order, as it encompasses the contribution of at least
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three different cell subtypes, macrophages, DRG neurons and, with a
key role, SCs. The transient (from day 2 to day 8 post-surgery) increase
in C5a plasma levels, which targets the SC C5aR1 is the initial step.
C5aR1 encodes an intracellular signaling pathway that encompasses
NRLPI-dependent caspase-1 activation and the ensuing cleavage of pro
IL-1B to release IL-1B. IL-1B increases macrophages within the nerve
trunks. Macrophages, as shown in other pain mouse models** %, via
their oxidative burst, activate the SCs TRPAI that by amplifying ROS
production sustain neuroinflammation and by targeting neuronal
TRPAL signal pain. A limitation of the present study is that we did not
further explore additional downstream and upstream factors that
might be implicated in the prolagesic C5a/IL-1B pathway in
endometriosis.

The role of C5a as a soluble and diffusible pain mediator explains
the epidemiological observation that other painful conditions, like
migraine or fibromyalgia, coexist with endometriosis’*'>*%, The C5aR1
expression in SCs where it promotes mechanical allodynia and neu-
roinflammation may explain how endometriosis features chronic pain
as a major symptom of the disease. A second limitation of our study is
that we documented all the cellular and molecular steps of the endo-
metriotic inflammatory and proalgesic pathways in sciatic and tri-
geminal nerve trunks, implicated in fibromyalgia and migraine pain,
respectively, but in contrast, due to the limited size of mesenteric
nerve fibers, we could not assess these cellular and molecular steps
underlying mechanical allodynia in the abdomen, the primary site of
endometriotic pain. However, functional experiments in mice with
selective silencing in SCs suggest that abdominal mechanical allodynia
is produced by the same mechanisms identified in sciatic and tri-
geminal nerves. Therapies targeted to the cellular and molecular
mediators of the C5a-C5aR1/NLRP1/IL-13 pathway in SCs may be future
options for the treatment of pain in endometriosis patients.

Methods

The research conducted complies with all relevant ethical regulations.
All behavioral experiments followed Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines and were in accordance with
European Union (EU) guidelines for animal care procedures and the
Italian legislation (DLgs 26/2014) application of the EU Directive 2010/
63/EU. The study was approved by the National Committee for the
Protection of Animals used for Scientific Purposes of the Italian Min-
istry of Health (research permits # 452/2020-PR).

The use of blood plasma samples collected from human indivi-
duals (female) diagnosed with endometriosis and healthy control
(female) was approved by the Local Ethics Committee of the Florence
University Hospital (Area Vasta Toscana Centro, CEAVC) (EndoTRP
study, 15211.0ss and subsequent amendments), according to the Hel-
sinki Declaration and good clinical practice guidelines, and all patients
gave their informed consent. Participants did not receive any form of
compensation. The blood plasma samples derived from nineteen
endometriosis-diagnosed patients [female, median age 30 years (range
22-43)] and fifteen healthy individuals [female, median age 27 years
(23-42)]. Female patients were enrolled as endometriosis is a gynae-
cological condition. Sex of the participants was self-determined.
Considering the exploratory nature of the blood sampling analyses,
the sample size was not determined based on statistical considerations
but enrolling all consecutive outpatients and healthy controls.

Experimental model and content details

Animals. Female mice were used throughout (25-30 g, 6-8 weeks old).
The following strains of mice were used: C57BL/6) (Charles River,
RRID: IMSR JAX:000664), B6.Cg-Tg(Plpl-CreERT)3Pop/] mice (Plp-
Cre®®, RRID: IMSR JAX:005975 Jackson Laboratory) expressing a
tamoxifen-inducible Cre in Schwann cells (Plpl, proteolipid protein
myelin 1). Both positive and negative mice for Cre®*" (Plp-Cre®®™ or Plp-
Cre®®™ (control) respectively) were treated with intraperitoneal (i.p.)

4-hydroxytamoxifen (4-OHT, 1 mg/100 pL in corn oil once a day con-
secutively for 3 days) before the infection with AAV for selective
silencing of the different genes in Schwann cells. To generate mice in
which the Trpal gene was conditionally silenced in Schwann cells,
homozygous 129S-Trpal'™/ (floxed Trpal, Trpa?™, RRID:IMSR JAX:
008649 Jackson Laboratory) were crossed with hemizygous B6.Cg-
Tg(Plp1-CreERT)3Pop/] mice (PIp-Cre™", RRID: IMSR JAX:005975
Jackson Laboratory)®. The progeny (Plp-Cre®®"; Trpal™) was genotyped
using PCR for Trpal and Plp-Cre™®". Mice that were negative for PlpI-
Cref®" were used as controls. Both positive and negative mice for Cre®®"
and homozygous floxed Trpal (Plp-Trpal and control, respectively)
were treated with i.p. 4-OHT (1 mg/100 pL in corn oil) once a day
consecutively for 3d. This treatment resulted in the Cre-mediated
ablation of Trpal in Schwann cells expressing Plp. To selectively delete
Trpal in primary sensory neurons, homozygous 129S-Trpal™*«/
(floxed Trpal, Trpa!™, RRID:IMSR JAX: 008649 Jackson Laboratory)
mice were crossed with hemizygous Advillin-Cre mice (Adv-Cre). Mice
positive or negative for Cre and homozygous for floxed Trpal (Adv-
Trpal and control, respectively) were used. The successful Cre-driven
deletion of Trpal mRNA was confirmed using reverse transcription
quantitative real-time PCR (RT-qPCR). Some Adv-Cre* or Adv-Cre
(control) were used for the infection with AAV for selective gene
silencing in primary sensory neurons.

To evaluate the involvement of macrophages, transgenic Macro-
phage Fas-Induced Apoptosis (MaFIA) mice (C57BL/6-Tg(Csflr-EGFP-
NGFR/FKBP1A/TNFRSF6)2Bck/), stock No: 005070, RRI-
D:IMSR JAX:005070, Jackson Laboratories) were used. These trans-
genic mice express a mutant human FK506 binding protein 1A, 12 kDa
(FKBP12)-Fas inducible suicide/apoptotic system, driven by the mouse
Csflr promoter conjugated with a green fluorescent protein (GFP),
which preferentially binds the B/B dimerizing agent (B/B-HmD,
AP20187). Treatment of mice with AP20187 induces the dimerization
of the suicide protein to activate the cytoplasmic FKBP12-Fas frag-
ments, leading to the apoptosis of transgene-expressing cells and
consequent macrophage depletion®.

The group size of n=8 mice for behavioral experiments was
determined by sample size estimation using G Power [v3.1°°] to detect
the size effect in a post-hoc test with type 1 and 2 error rates of 5% and
20%, respectively. Allocation concealment of mice into the vehicle(s)
or treatment groups was performed using a randomization procedure
(http://www.randomizer.org/). The assessors were blinded to the
identity of the animals (genetic background) or allocation to treatment
groups. None of the animals were excluded from the study. Mice were
housed in a temperature (20+2°C) and humidity (50+10%) con-
trolled vivarium [12h dark/light cycle, free access to food (#2018
Teklad Global 18% Protein Rodent Diet, Envigo) and water, five animals
per cagel. At least 1h before behavioral experiments, mice were
acclimatized to the experimental room and behavior was evaluated
between 9:00 am and 5:00 pm. Animals were anesthetized with a
mixture of ketamine and xylazine (90 mg/kg and 3 mg/kg, respec-
tively, i.p.) and euthanized with inhaled CO, plus 10-50% O,.

Cell lines

Mouse Schwann cells (MSC). MSC were isolated from sciatic nerves
of C57BL/6] mice®®, Plp-AAV-C5aR1, Plp-AAV-Nirp1, Plp-AAV-NIrp3 and
Control mice. Briefly, the epineurium was removed, and nerve explants
were cut into 1mm segments and enzyme-dissociated in Hank’s
Balanced Salt Solution (HBSS, 2 hr, 37°C) added with collagenase
(0.05%) and hyaluronidase (0.1%). Cells were collected by centrifuga-
tion (150xg, 10 min, room temperature, RT) and the pellet was resus-
pended and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing fetal calf serum (10%), L-glutamine (2mM), penicillin
(100 U/ml), streptomycin (100 mg/ml), neuregulin (10 nM) and for-
skolin (2 pM). Cytosine arabinoside (Ara-C, 10 mM) was added three
days later, to remove fibroblasts. The culture medium was replaced
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every 3 days. Cells were cultured at 37 °C in 5% CO, and 95% O, for
15 days before experiments.

Human Schwann cells (HSCs). HSCs (#P10351; Innoprot) were grown
in Schwann cell medium (#P60123, Innoprot) at 37 °C with 5% CO, and
95% O, and discarded and replaced after 12 passages*c.

The murine macrophage cell lineage, RAW 264.7 (#TIB-71™;
ATCC, RRID: CVCL_0493), was cultured and maintained in DMEM
supplemented with FBS (10%), penicillin (100 U/mL), streptomycin
(100 mg/mL) and L-glutamine (2 mM) at 37 °C in 5% CO, and 95% O,.

The human monocytic cell line, U937 (#CRL-1593.2™; ATCC,
RRID:CVCL_0007) was maintained at 37 °C, 5% CO, and 95% O, in
Roswell Park Memorial Institute (RPMI-1640) medium supplemented
with heat-inactivated FBS (10%), L-glutamine (2mM), 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES; 10 mM), and sodium
pyruvate (1 mM). The differentiation of U937 cells (1 x 10° cells/mL)
towards macrophage-like lineage was promoted by the exposure to
200 ng/mL of phorbol 12-myristate 13- acetate (PMA) for 2 days before
experiments®.,

AAVpro293T cell line. AAVpro 293T cells (#632273, Takara,
RRID:CVCL_BOXW), were maintained in DMEM high glucose supple-
mented with 10% heat inactivated FBS, 4 mM L-glutamine, 1mM
penicillin/streptomycin and 1 mM sodium pyruvate at 37 °C in 5% CO,
and 95% O,. The day before transfection, cells were plated in DMEM
supplemented with 2% FBS.

Human embryonic kidney 293T (HEK 293T) cell line. HEK
293 T cells (#CRL-3216, ATCC, RRID:CVCL_0063) were maintained in
DMEM high glucose supplemented with 10% heat inactivated FBS, 2
mM L-Glutamine and 1 mM penicillin/streptomycin at 37 °C in 5% CO,
and 95% O, before transfection.

HEK293T cells transfection

HEK293T cells were plated on poly L-lysine-coated (8.3 pM) 35-mm
glass coverslips and maintained at 37 °C in 5% CO, and 95% O, 16 h
before transfection. Cells were transfected with plasmid DNA (2 ug)
expressing murine C5aR1 (#MR223830, Origene), Nlrpla (#MR221045,
Origene), Nilrp1b (#MR215179, Origene) and Nirp3 (#75127, Addgene)
genes using jetOPTIMUS® DNA transfection reagent (#55-250; Poly-
plus, Lexington, MA, USA) and incubated for 24h before
immunofluorescence.

Induction of endometriosis

Endometriosis was induced in mice as previously reported®. Briefly,
donor mice, received a subcutaneous injection of estradiol benzoate
(3 pg/100 plL) to stimulate the endometrium growth. Seven days later,
the uteri of the donor mice were dissected and divided longitudinally.
Uterine horns from each donor mouse were minced in tissue fragment
smaller than 1 mm in Hank’s balanced salt solution (HBSS). Each dis-
sociated uterine horn was then injected intraperitoneally (50 mg/
500 pL i.p.) in recipient mice. One donor mouse was used for every 2
endometriosis mice. Sham mice received an intraperitoneal
injection of 500 pL of HBSS. Behavioral experiments were performed
during a 28-day period. After 28 days from the injection of the endo-
metrium suspension, mice were sacrificed, and tissues collected.
Lesion implantation was also quantified in a time-course manner by
counting the number of lesions in endometriotic mice at day 7, 14,
21, and 28.

Treatment protocols

If not otherwise indicated, all reagents were obtained from Merck Life
Science SRL. Mice received systemic administration of C5a comple-
ment antagonist (DF2593A, 1 mg/kg, intragastric, i.g.) or vehicle (0.5%
carboxymethyl cellulose, CMC) twice a day, by two different time

schedules: from one day before the endometriotic tissue injection to
day 6 or from day 12 to day 16.

Anti-IL-13 (#BE02463, clone B122, Bio X Cell, RRID:AB_2687727)
monoclonal antibody (mAb) or IgG isotype control were administered
(50 ug/200 pL, i.p.) at day 8 and day 14 after endometriosis/sham
induction. Cé6 antisense oligonucleotide (5-AACttgctgggAAT-3" where
Locked Nucleic Acid are in capital letter and DNA in lowercase)* (5 mg/
kg, subcutaneous, s.c.) or vehicle (PBS) were injected once daily, from
one day before the endometriotic tissue injection to day 6.

MaFIA mice were treated with B/B homodimerizer (AP20187,
2 mg/kg, i.p., once a day) or vehicle (10% PEG-400, 1.7% tween 80 in
0.9% NaCl) by three different time schedules: from day -2 to day 2;
from day 2 to day 6, and from day 21 to day 25. Plp-Cre* and control
mice were infected with an intravenous (1 mL/kg, 1x102v/g, i.v.)
injection of different AAVs. Adv-Cre" and control mice were infected
with an intrathecal (1x10%v/g, i.th., 5 pL) injection of AAV. Animals
were used 3 weeks after AAVs infection. Sciatic and trigeminal nerve
tissues were harvested for evaluating AAVs infection.

Behavioral assays

Abdominal Mechanical allodynia (AMA). The mechanical pain sen-
sitivity of the abdominal region was evaluated with von Frey filaments
by methods described previously®’. Mice were habituated in small
compartments on a perforated grid for 1h before the test. Subse-
quently, von Frey filaments were applied to the abdomen (between
diaphragm and genitals). The test was performed by a trained blinded
observer. The individual filaments were tested in an ascending order
covering 0.008, 0.04, 0.16, and 0.4 g forces. Each force was applied 10
times to the abdominal surface. The maximal duration of each force
application was 2s, and the inter-stimulus interval was 2-3 min. Fol-
lowing each challenge, the withdrawal response was quantified either
as 1 (withdrawal of abdominal wall, licking or retraction of animal) or O
(no response). All counts in response to an individual filament were
averaged. Withdrawal responses to low forces reflect high mechanical
pain sensitivity.

Periorbital mechanical allodynia (PMA). Periorbital mechanical allo-
dynia (PMA) was assessed using the up-down paradigm®*®. Briefly,
mice were placed in a restraint apparatus designed for the evaluation
of periorbital mechanical thresholds®. PMA was evaluated in the
periorbital region over the rostral portion of the eye (i.e., the area of
the periorbital region facing the sphenoidal rostrum)® before (basal
threshold) and after treatments. On the day of the experiment, after
20 min of adaptation inside the chamber, a series of 7 von Frey fila-
ments in logarithmic increments of force (0.02, 0.04, 0.07, 0.16, 0.4,
0.6 and 1.0 g) were applied to the periorbital area perpendicular to the
skin, with sufficient force to cause slight buckling, and held for
approximately 5s to elicit a positive response. The response was
considered positive by the following criteria: mouse vigorously
stroked its face with the forepaw, head withdrawal from the stimulus,
or head shaking. Mechanical stimulation started with the 0.16 g fila-
ment. Absence of response after 5s led to the use of a filament with
increased force, whereas a positive response led to the use of a weaker
(i.e., lighter) filament. Six measurements were collected for each
mouse or until four consecutive positive or negative responses
occurred. The 50% mechanical withdrawal threshold (expressed in g)
was then calculated from these scores by using a § value of 0.205,
previously determined®’.

Hindpaw Mechanical allodynia (HMA). Paw mechanical allodynia was
evaluated by measuring the paw withdrawal threshold by using the up-
down paradigm®*®, Mice were acclimatized (1h) in individual clear
plexiglass boxes on an elevated wire mesh platform, to allow for access
to the plantar surfaces of the hind paws. von Frey filaments of
increasing stiffness (0.07, 0.16, 0.4, 0.6, and 1.0, 1.4 and 2g) were
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applied to the hind paw plantar surfaces of mice with enough pressure
to bend the filament. The absence of a paw being lifted after 5s led to
the use of the next filament with an increased force, whereas a lifted
paw indicated a positive response, leading to the use of a subsequently
weaker filament. Six measurements were collected for each mouse or
until four consecutive positive or negative responses occurred. The
50% mechanical withdrawal threshold (expressed in g) was then
calculated.

Spontaneous abdominal pain. Spontaneous abdominal pain was
evaluated as previously reported®. Briefly, female mice were placed in
a plexiglass cylinder and bottom-up video was recorded for 10 min-
utes. Abdominal licking was assessed by counting the number of times
the mice groomed the abdominal region without moving to any other
body area before or after the behavior. All videos were analyzed by
blinded investigators.

Rotarod test. The locomotor function, balance, and sedation of mice
were assessed after drug administration. Animals were trained on a
rotarod apparatus (Ugo Basile) 24 h before the test. The day of the
experiment, each mouse was individually placed on the apparatus,
which accelerated from 4 to 40 rpm over the trial time of 300s.
Latency to fall was evaluated and recorded for three trials.

Plasmid construction

All short hairpin RNAs were designed according to Vector builder and
RNAi Consortium of Broad Institute libraries. pAAV[FLEXon]-CMV >
EGFP:LL:rev(mCherry:miR30-mC5ar1[shRNA#1]):rev(LL):WPRE and pA
AV[FLEXon]-CMV > LL:rev(EGFP:5" miR-30E:{ShRNA-NLRP1a}:3’ miR-
30E):EGFP:5" miR-30E:{shRNA-NLRP1b}:3’ miR-30E:rev(LL):WPRE were
used. pAAV[FLEXon]-CMV > EGFP-LL-rev(mCherry)-mNLRP3[mir30-sh
RNAJ-rev(LL)-WPRE was generated in two steps. In the first step two
overlapping fragments, were obtained by amplifying regions from
pAAV[FLEXon]-CMV > EGFP-LL-rev(mCherry)-mC5arl [mir30-shRNA]-
rev(LL)-WPRE with P1/P4 and P2/P3 primer couples. P1 and P2 were
designed to include partial shNIrp3 overlapping regions. A third PCR,
using external primers P3/P4 generated the extended fragment, that
was cloned (Agel/Spel) into pAAV[Exp]-CMV > EGFP-LL-rev(mCherry)-
mC5arl [mir30-shRNA]J-rev(LL)-WPRE.

To obtain pAAV[Exp]-CMV > EGFP-LL-rev(mCherry)-mIL-1B[mir
30-shRNA]-rev(LL)-WPRE two oligonucleotides (P5 and P6) containing
half short hairpin sequence were used to amplify a fragment from the
PAAV[Exp]-CMV > EGFP:LL:rev(mCherry:miR30-mC5ar1[shRNA#1]):
rev(LL):WPRE.

Purified product was phosphorylated with T4 PNK (NEB,
#MO0201S) according to the manufacturer instructions and finally
subjected to circular ligation with a T4 ligase (Thermo Fisher #K1423).
All the new-generated plasmids were validated by Sanger sequencing,.
Primer sequences are reported in Supplementary table SI.

AAV Generation

Recombinant AAV particles (rAAVs) were produced by using poly-
ethylenimine (#23966, PEI, Polyscience) triple transfection strategy
as previously described*. In brief, AAVpro 293 T cells (#632273,
Takara, RRID:CVCL BOXW), were transfected with a 1:3 ratio of
DNA:PEI®. To obtain rAAVs, AAVpro 293 T cells were transiently
transfected with 2.5mg total DNA (plasmid expressing genes of
interest, pAdDeltaF6; (#112867, Addgene) and Rep/Cap, 1:1:1 molar
ratio). To infect with high-efficiency Schwann cells and primary
sensor neurons, Rep/Cap 2/rh10 or 2/9n were used (pAAV2/rh10
#112866 or pAAV 2/9n #112865, respectively Addgene). rAAVs virions
were extracted 72 h post-transfection, purified by iodixanol gradient
ultracentrifugation, concentrated, and titrated using a RT-qPCR
assay (#6233 AAVpro Titration Kit, Takara) according to the manu-
facturer instructions.

AAV production and cell lysis

AAVPro-HEK293T cells were cultured in DMEM supplemented with
heat-inactivated FBS (10%), Pen/Strep (1%), and L-glutamine (2%) and
sodium pyruvate (1%). Three days before transfection, cells were see-
ded in a CellBIND Polystyrene Cel[STACK 2 Chamber (#3310, Corning,
Corning, NY, USA) for 48 h to reach 80% confluence. Cells were washed
with PBS, detached with trypsin-EDTA 0.05% (EuroClone, Milan, Italy).
Finally, 250 million cells were seeded in a and CellBIND Polystyrene
CellSTACK 5 Chamber (#3311; Corning) for 24 h, until 80% of con-
fluence. Each chamber was transfected with 2.5 mg of DNA containing
the three plasmids (packaging, helper and GOI plasmids) in a 1:1:1
molar ratio. Total DNA was diluted in 176 ml of OptiMEM (Thermo
Fisher Scientific) and combined with PEI (1:3 DNA to PEI ratio). After
15 min of incubation, 350 mL of DMEM supplemented with FBS (2%)
was added to the OptiMEM/DNA/PEI mix and used to replace the
complete medium in each chamber. Cells were left at 37 °C for 72 h,
before AAV particles were started to be collected. Cells were harvested
and transferred into 50 mL conical tubes and centrifuged at 1000 x g
for 10 min at 4 °C. The supernatant was filtered through 0.45-um PES
membranes, before that 25 mL of PEG solution (400 g of 40% poly-
ethylene glycol + 24 g of NaCl in ddH20 to a final volume of 1.000 mL)
was added to every 100 mL of supernatant. The total solution was
slowly stirred at 4 °C for 1 h and then, kept for 3 h without stirring at
4°C to allow full precipitation of particles. The solution was then
centrifuged at 2.800x g for 15min at 4 °C, the supernatant was dis-
carded, and the virus was resuspended in al0 ml of PBS/pluronic F68
(0.001%)/NaCl (200 mM) solution. Virus-producing cell pellet was
directly resuspended in 10 mL of PBS/Pluronic F68 (0.001%)/NaCl
(200 mM) solution and cells were lysed by 4 cycles of freezing/thaw.
Each cycle included a step of 30 min at -80 °C, followed by a quick thaw
at 37 °C for 10 min. Sample was then centrifuged at 3.200x g for 15 min
at 4 °C and supernatant, containing the AAV particles was collected,
while cell debris were discarded. Samples obtained by medium treat-
ment and cell lyses, containing the AAV particles, were finally mixed,
incubated with benzonase (50 Ul/mL) at 37 °C for 45 min to digest
residual plasmids and residual genomic DNA / cellular RNA. Then,
sample was centrifuged at 2.400 x g for 10 min at 4 °C. The clarified
supernatant was transferred to new tubes and was kept overnight at
4 °C before purification.

lodixanol-based purification protocol

Purification using a gradient of iodixanol was prepared as previously
described' with a few modifications. Starting with a 60% iodixanol
solution (OptiPrep; STEMCELL Technologies, Vancouver, Canada), a
gradient was prepared with a 15% solution [4.5 mL of iodixanol (60%) +
13.5 mL of NaCl/PBS-MK buffer (1 M)], a 25% solution [5 mL of iodixanol
(60%) + 7mL of PBS-MK buffer (1x) + 30 L of phenol red], a 40%
solution [6.7 mL of iodixanol (60%) + 3.3 mL of PBS-MK buffer (1x)],
and a 60% solution [10 mL of iodixanol (60%) + 45 pL of phenol red].
Each solution was added into a 39-mL Quick-Seal tube (Beckman
Coulter, Brea, CA, USA) using a syringe equipped with an 18 G needle in
the following order: 8 mL of the iodixanol solution (15%), 6 mL of the
iodixanol solution (25%), 5mL of the iodixanol solution (40%), and
5 mL of the iodixanol solution (60%). Finally, tubes were filled with the
sample, sealed and, centrifuged in a Type 70 Ti rotor (Beckman
Coulter) at 350.000 x g at 10 °C for 90 min and then pierced witha 16 G
needle on top and an 18 G needle at the interface between the 60% and
40% iodixanol gradients. Viral particles contained in the 40% iodixanol
layer were fractioned in 1.5mL microcentrifuge tubes and con-
centrated using Amicon Ultra-15 centrifugal filter units (molecular
weight cut-off, 100 kDa; Merck Millipore). Before the concentration
step, membranes were covered with 15 mL of 0.1% Pluronic F68 in PBS
solution that were discarded and replaced with 15 mL of 0.01% Pluronic
F68 in PBS solution. The tubes were centrifuged at 3.000 rpm for 5 min
at 4 °C. The supernatant was discarded, and 15 mL of 0.001% Pluronic
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F68 in PBS + NaCl 200 mM solution was added and centrifuged at
3.000 rpm for 5min at 4 °C. The sample was then added and cen-
trifuged at 3.500 rpm for 8 min at 4 °C and flowthrough was discarded.
During concentration process, formulation buffer (0.001% Pluronic
F68 in PBS) was also added to the sample after few centrifugation steps
to replace iodixanol and to avoid toxicity in animals after AAV injec-
tion. The viral titer was quantified using RT-qPCR.

Immunofluorescence

Mice were anesthetized, transcardially perfused with PBS (phosphate
buffer saline), and then tissues (trigeminal, sciatic nerve and endome-
triotic lesions) were collected. The collected tissues from perfused mice
were placed overnight at 4°C in 10% formalin, transferred to 30%
sucrose overnight, frozen, and cryosectioned at 10 pm. Endometriotic
lesions were stained with hematoxylin and eosin (H&E) for histological
examination. After blocking using normal donkey serum (NDS, 5%) for
1h sciatic and trigeminal nerve tissue were incubated with the following
primary antibodies: F4/80 (#MA516624, rat monoclonal (Cl:A3-1),
Thermo Fisher Scientific, 1:50, RRID:AB _253820), C5aR1 (#0rb393229,
rabbit polyclonal, Biorbyt Ltd, 1:100), C5aR1 (#MCA2456GA, rat mono-
clonal, Bio-Rad, 1:100, RRID:AB_770091), NLRP3 (#MA5-32255, rabbit
monoclonal, Thermo Fisher Scientific, 1:100, RRID:AB_2809541), NLRP1
(#12256-1-AP, rabbit polyclonal, Proteintech, 1:50, RRID:AB_2298504)
and IL-1B (#NB600-633, rabbit polyclonal, Novus Biological, 1:100, RRI-
D:AB_10001060) for 1h at room temperature and O/N at 4 °C with
SOX10 (#AF2864, goat polyclonal, R&D Systems, 1:200, RRI-
D:AB_442208). Sections were then incubated for 2 h in the dark with the
following with fluorescent secondary antibodies: Alexa Fluor 488
(#A32790, donkey anti-rabbit polyclonal, Thermo Fisher Scientific,
1:600, RRID:AB_2762833), Alexa Fluor 488 (#A21208, donkey anti-rat
polyclonal, Thermo Fisher Scientific, 1:600, RRID:AB_2535794) and Alexa
Fluor 594 (#A11058, donkey anti-goat polyclonal, Thermo Fisher Scien-
tific, 1:600, RRID:AB_2534105). Sections were coverslipped using a water-
based mounting medium containing DAPI (#ab104139; Abcam). Speci-
ficity of C5aR1, NLRP3 and NLRPI1 antibody was tested in HEK293T cells
and HEK293T cells overexpressing the murine C5aR1 NLRP3 and NLRP1a
and NLRPIb respectively (HEK293T-C5aR1, Nirp3 and Nirpla and Nirpla
(Supplementary Fig. 7). Briefly, cells were washed in PBS and fixed in 10%
formalin at 4 °C for 15min, followed by permeabilization with 0.3%
Triton X-100 for 10 min RT. Blocking was performed using a mixture of
normal goat serum (NGS, 5%) and bovine serum albumin (BSA, 5%) for
1h. Cells were then washed twice in PBS and incubated with the primary
antibodies C5aRl1 (#0rb393229, rabbit polyclonal, Biorbyt Ltd,
1:100),NLRP1 (#12256-1-AP, rabbit polyclonal, Proteintech, 1:200, RRI-
D:AB 2298504) and NLRP3 (#MAS5-32255, rabbit monoclonal, Thermo
Fisher Scientific, 1:100, RRID:AB_2809541) for 1h RT, following by a
fluorescent polyclonal secondary antibody Alexa Fluor 488 (#A32731,
goat anti-rabbit polyclonal, Thermo Fisher Scientific, 1:600, RRI-
D:AB_2633280) for 2 h RT in the dark. Cells were then washed twice and
mounted using a water-based mounting medium with 4’6’-diamidino-2-
phenylindole (DAPI, #ab104139; Abcam). All slides were visualized and
analyzed using a Zeiss Axio Imager 2 microscope with Z-stacks in the
Apotome mode (ZEISS). The number of F4/80" cells was counted in
4.5x10° ym2 boxes in the sciatic nerve and trigeminal nerve trunk.
Pearson correlation (Rcoloc) value in the colocalization analysis were
calculated using the colocalization Plugin of the ImageJ (v.1.54 f; National
Institutes of Health, Bethesda, MD, USA).

Frozen sections of mouse trigeminal and sciatic nerve were
incubated with an anti-4-HNE (#ab48506, mouse monoclonal (HNEJ-2),
Abcam, 1:25, RRID:AB_867452), diluted in the blocking solution (NGS,
5%) for 1h at room temperature. Sections were then incubated for 2 h
in the dark with fluorescent secondary antibody polyclonal Alexa Fluor
647 (#A-21236, goat anti-mouse polyclonal, Thermo Fisher Scientific,
1:600, RRID:AB_2535805), then washed and coverslipped using a
water-based mounting medium with DAPI (#abl04139, Abcam).

The 4-HNE staining was evaluated as the fluorescence intensity mea-
sured by an image processing program (ImageJ 1.32J, National Insti-
tutes of Health).

RNAscope

Frozen tissue sections (10 pm) of mouse sciatic nerve were washed
with 1x PBS, baked for 30 min at 60 °C, post-fixed with 4% paraf-
ormaldehyde in 1x PBS at 4 °C, and dehydrated. Sciatic nerve tissues
were treated with hydrogen peroxide (#322335; Advanced Cell Diag-
nostics, Newark, CA, USA) for 10 min at RT. Target retrieval was per-
formed for 5min at 99-100 °C, followed by Protease Il (#322337;
Advanced Cell Diagnostics) pre-treatment for 30 min at 40 °C. Samples
were subsequently hybridized with a probes specific to mouse Nirpla
(#499091; Advanced Cell Diagnostics), Nlrp1b (#1076671-C1; Advanced
Cell Diagnostics), Nlrp3 (#439571; Advanced Cell Diagnostics), C5aR1
(#439951; Advanced Cell Diagnostics) for 2 h at 40 °C. Sequential sig-
nal amplification and green chromogenic detection was performed.
Sciatic nerve slides were subjected to immunofluorescence labeling
using Alexa Fluor® 647 anti-S100 beta antibody [EP1576Y] (#ab196175;
anti-rabbit monoclonal, Abcam, 1:50, RRID:AB_2868562). Sciatic nerve
sections were coverslipped and mounted using a water-based
mounting medium with DAPI (#ab104139; Abcam). Fluorescent ima-
ges were acquired using a Zeiss Axio Imager 2 (ZEISS).

Proteome profiler array

Mouse plasma samples were collected at different days after endo-
metriosis induction for a cytokine array analysis using the Proteome
Profiler Mouse Cytokine Array Kit, Panel A (#ARY006. R&D Systems)
according to manufacturer’s instructions. Signal was developed using
an imaging system (ChemiDoc; Bio-Rad). The density of specific
cytokine dots was measured using HLImage™ (v. PCM.25.5.1.a).

Caspase-Glo® 1 Inflammasome Assay

The caspase-1 activity was evaluated using the bioluminescent-based
assay Caspase-Glo® 1 inflammasome assay (#TM456, Promega)
according to manufacturer’s instructions. Briefly, HSCs were grown on
in 96-well poly-L-lysine-coated (8.3 uM) plates and incubated with C5a
(100 ng/ml) in the presence of DF2593A (1 uM), Ac-YVAD-CHO (1 uM) or
veh (0.001% DMSO) at 37 °C in 5% CO, and 95% O,. After 16 h, the cell
culture medium was collected and transferred to a 96-white, opaque-
walled-multiwell plates (with a clear bottom) (#6005181, PerkinElmer)
and incubated with Caspase-Glo® 1 Reagent for 60 min. The lumines-
cence signal was measured by FlexStation3 Multi-Mode Microplate
Reader (Molecular Devices;) using SoftMax® Pro7 software (Molecular
Devices). Results were expressed as relative light units (RLU).

Caspase-1 in vitro imaging

The genetically encoded fluorescent sensor Single-Cell Imaging of
Caspase-1 (SCAT1) based on fluorescence resonance energy transfer
(FRET) was used to detect the inflammasome-mediated caspase-1
activation in HSCs. Briefly, HSCs were plated on 96-well poly-L-lysine-
coated (8.3 uM) black clear bottom (5 x 10° cells/well; #6055302 Per-
kinElmer) and transfected with cDNA of SCATI (130-300 ng) using
jetOPTIMUS® DNA transfection reagent (#55-250, Polyplus) for 16-24 h
at 37 °C in 5% CO, and 95% O,. On the day of experiments, HSCs were
washed and added with HBSS at pH 7.4 at 37 °C and transferred to a
chamber on the stage of a fluorescent microscope for recording (Axio
Observer 7; with a fast filter wheel and Digi-4 lens to record excitations
and Ultra-fast Sutter Lambda DG4 Xenon excitation source-range 300-
700 nM) (Zeiss) with 20x objective. Cells were exposed to C5a (10 ug/
ml) in the presence of DF2593A (1uM) or Ac-YVAD-CHO (1uM) vehicle
(0.001% DMSO). FRET changes were measured as a ratio of the
acceptor fluorophore emission (530 nm) to donor emission (435 nm).
The AF/FO ratio was calculated for each experiment and the results
were expressed as the AUC after inverting the curve.
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C5a and IL-1B assays

C5a and IL-1B content was assayed in mouse sciatic and trigeminal
nerve tissue homogenates and in mouse plasma samples using a single-
analyte enzyme-linked immunosorbent assay (ELISA) kit (#ab193718
and #abl197742, Abcam, Cambridge, UK) according to the manu-
facturer’s protocol. Data are expressed as pg/mg of protein and pg/mL.
C5a and IL-13 content was assayed in human plasma samples and HSCs
cultured medium by ELISA kit (#ab193695 and #ab214025, Abcam)
according to the manufacturer’s protocol. Data are expressed

as pg/mL.

Reverse transcription-quantitative real-time PCR (RT-qPCR)
Total RNA was extracted from HSCs, primary MSCs, and liver tissue
homogenates using the RNeasy Mini Kit (Qiagen SpA, Hilden,
Germany), according to the manufacturer’s protocol. RNA concentra-
tion and purity were assessed spectrophotometrically by measuring
the absorbance at 260 and 280 nm. RNA was reverse transcribed using
the Qiagen QuantiTect Reverse Transcription Kit (Qiagen SpA, Hilden,
Germany) following the manufacturer’s protocol. For relative mRNA
quantification, RT-PCR was performed using Rotor Gene® Q software
(v.2.3.1.49; Qiagen SpA). The relative abundance of mRNA transcripts
was calculated using the A®" method and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels. The sets
of primers are reported in Supplementary Table S2.

Trans-well migration assay

Noncontact coculture transwell cell culture system between macro-
phages and Schwann cells was obtained using the Boyden migration
assay®’. Briefly, the noncontact cocultured cells were prepared as fol-
lows: macrophage-like U937 cells or RAW 264.7 were seeded at a
density of 2.5 x 10* / chamber into the upper of a 24-well transwell cell
culture system (6.5 mm in diameter, with 8-um pores, (#CLS3458 ™;
Corning) by using the complete media described above and allowed to
grow 2 days after PMA treatment (U937 cells) or overnight (RAW 264.7)
before migration assay’’. In the meantime, HSCs and MSCs were plated
on a 24-well plate. On the day of the experiment, all the cells were
replaced with serum-free media, and the macrophage-like U937 cells
and RAW 264.7 cells cultured on the membrane of 24-well transwell
insert were placed into the 24-well plate cultures containing the HSCs
and MSCs to initiate the experiment. HSCs and MSCs were treated with
C5a (100 ng/ml) also in the presence of DF2593A (1uM) or veh (0.001%
DMSO) or in the presence mAb-IL-1f (1 ug/ml) or IgG control (1 ug/ml).
After 16 h of incubation, migrated cells on the lower surface of the filter
were fixed and stained with Diffquick staining set following the man-
ufacturer’s directions (#726443™), and nonmigratory cells on the
upper surface of the filter were wiped with a cotton swab. Random
fields were counted under a light microscope using a 20x objective
(1.5 % 10° pm?).

Statistical analysis

Data are presented as mean + SEM. For multiple comparisons, a one-
way ANOVA followed by a post-hoc Bonferroni’s test was used. The two
groups were compared using Student’s t-test. For behavioral experi-
ments with repeated measures, a two-way mixed-model ANOVA fol-
lowed by a post hoc Bonferroni’s test was used. Statistical analyses
were performed on raw data using GraphPad Prism 8 (GraphPad
Software Inc.). P values less than 0.05 (P < 0.05) were considered sig-
nificant. EC50 values were determined from non-linear regression
models using GraphPad Prism 8. The statistical tests used and sample
size for each analysis are shown in the Fig. legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Materials are available upon request from Francesco De Logu (fran-
cesco.delogu@unifi.it) or Romina Nassini (romina.nassini@unifi.it). All
data supporting the findings described in this manuscript is also
available upon request from Francesco De Logu (francesco.delo-
gu@unifi.it) or Romina Nassini (romina.nassini@unifi.it). All data
generated from this study are provided in the Supplementary Infor-
mation/Source Data file. Source data are provided with this paper.
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