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TLR2/NF-kB signaling in macrophage/microglia
mediated COVID-pain induced

by SARS-CoV-2 envelope protein

Huan Cui,"> Fengrun Sun,’> Ning Yu,'® Yan Cao," Xue Wang,'? Di Zhang,'? Zhen Chen,"? Naili Wang,"-?
Bo Yuan,' Penghao Liu,® Wanru Duan,® Wenying Qiu,’?* Xiangsha Yin,"?* and Chao Ma'-24¢*

SUMMARY

Pain has become a major symptom of long COVID-19 without effective therapy. Apart from viral infection
pathological process, SARS-CoV-2 membranal proteins (envelope [S2E], spike [S2S] and membrane [S2M])
also present pro-inflammatory feature independently. Here, we aim to uncover the neuroinflammatory
mechanism of COVID-pain induced by SARS-CoV-2 membranal proteins. We detected the three proteins
in both peripheral sensory ganglions and spinal dorsal horn of COVID-19 donors. After intradermal and
intrathecal injection, only S2E triggered pain behaviors, accompanied with upregulated-phosphorylation
nuclear factor kappa B (NF-kB), which was significantly attenuated by minocycline in mice. We further
identified Toll-like receptor 2 (TLR2) among TLRs as the target of S2E to evoke inflammatory responses
leading to COVID-pain. This study identified the nociceptive effect of S2E through directly interacting
with macrophage/microglia TLR2 and inducing the following NF-kB inflammatory storm. Clearing
away S2E and inhibiting macrophage/microglia TLR2 served as perspective therapeutic strategies for
COVID-19 pain.

INTRODUCTION

The global coronavirus disease 2019 (COVID-19) pandemic, stemming from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, initially manifests with classical symptoms including fever, cough, and fatigue.1 However, recent studies have unveiled an additional
layer of complexity, wherein SARS-CoV-2 induces a spectrum of neurological symptoms, encompassing pain, hyposmia, stroke, and depres-
sion.””'° Among the manifold symptoms experienced by COVID-19 patients, pain symptoms are frequently reported, including sore throat,
myalgia/arthralgia, chest pain, abdominal pain, and headache."' Of particular significance is the observation that COVID-19-related pain per-
sists long after the resolution of respiratory symptoms, emerging as a predominant concern in long COVID-19.>'%"'* Furthermore, it has been
reported that primary pain can be aggravated during SARS-CoV-2 infection.® Moreover, increasing evidence has revealed a higher frequency
and intensity of pain manifestation in female COVID-19 patients, suggesting the potential sex disparities in the involvement of the sensory
system.'®"’

Regarding the pain symptoms observed in COVID-19, it is imperative to consider the dysfunction of elements within the sensory system,
potentially triggered by direct viral infection and/or secondary neuroinflammatory processes. Evidences have pointed that dysregulating im-
mune cells such as exhausted T cells and reduced CD4* and CD8" effector memory cell numbers, could extremely persist for more than
13 months, along with elevated levels of cytokines including IL-1B, IL-6, and TN Fa.'® Indeed, SARS-CoV-2 has been detected in human ce-
rebrospinal fluid, concomitant with associated neuroinflammation and tissue damage in COVID-19 patients.'” " It has been reported that the
classical markers related to sensory nervous system such as substance P (SP) and transient receptor potential vanilloid1 (TRPV1) were signif-
icantly upregulated after SARS-CoV-2 infection and might be linked to acute and chronic cough.”” Nevertheless, the detailed mechanism of
pain symptoms in COVID-19 patients is still unclear.

SARS-CoV-2is an enveloped, single-stranded RNA B-coronavirus, assembled by four major proteins: the spike (S), nucleocapsid (N), mem-
brane (M), and envelope (E) |oro‘cein.23'24 While the SARS-CoV-2 S protein (S2S) is primarily responsible for host cell recognition via
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Figure 1. ldentification of several coat proteins of SARS-COV-2 in human tissues
(A, C, E, and G) Immunostaining detected the presence of S2E, 525, and S2M (red) in the lung, SDH, DRG, and TG from COVID-19 infected donors, but not in the
uninfected tissues (blue for DAPI). Scale bar: 50 um.

(B, D, F, and H) Quantitative analysis of S2E, 525, and S2M positive area percentages in lung, SDH, DRG and TG from infected donors. *p < 0.05, **p < 0.01,
***p < 0.001, Student's t test.

angiotensin-converting enzyme 2 (ACE2), the function and pathological characteristics of the SARS-CoV-2 N protein (52N), SARS-CoV-2 M
protein (52M), and SARS-CoV-2 E protein (S2E) require further elucidation. S2E, the smallest integral membranal protein, typically participates
in viral assembly, budding and intracellular transport. It has been detected in lung tissues, microvascular endothelial cells, and cerebrospinal
fluid.”>?8 Additionally, S2E functions as a virulence factor via its ion channel activity and provokes a robust immune response, the absence of
which significantly diminishes SARS-CoV-2 pathogenicity and attenuates inflammatory signaling.”” Furthermore, S2E can independently
induce pathological damage resembling acute respiratory distress syndrome by activating Toll-like receptor 2 (TLR2) on macrophages
and triggering the secretion of cytokines and chemokines.* However, whether E protein can directly induce neuroinflammation and its contri-
bution to SARS-CoV-2 related pain remain unclear. In this study, we have investigated the pain-like behaviors in both male and female mice
following the intradermal injection or intrathecal injection of three viral membrane proteins of SARS-CoV-2 and explored potential inflamma-
tion-associating mechanism, which would supply probable therapeutic strategy for viral infection associated pain symptoms.

RESULTS
Detection of SARS-CoV-2 membranal proteins in PNS and CNS of COVID-19 patients

Given that the virus coat membrane is the initial critical element in infecting the organs and cells, we first ascertained the presence of mem-
branal proteins S2E, S2S, and S2M in human donors’ lungs and nervous system including the spinal cord dorsal horn (SDH), dorsal root gan-
glion (DRG), and trigeminal ganglion (TG). We distinguished the infected/uninfected patient by whether the positive fluorescence signal
could be detected in the lung. As expected, all three membranal proteins were found in infected patients’ lungs (Figure 1A). Subsequently,
we estimated the extent of expression of these membrane proteins within different tissues by the percentage of positive signal area (Fig-
ure 1B). Inspiringly, we also found S2E, S2S, and S2M in SDH, DRG, as well as TG of infected patients (Figures 1C-1H), whereas the positive
signals of these three membranal proteins were not found in infectors’ tissues using the isotype control IgG antibody (Figure S1). In summary,
the membranal protein of SARS-CoV-2 could infect both the respiratory system, peripheral nervous system (PNS), and central nervous system
(CNS), indicating the possibility of SARS-CoV-2 membranal protein to evoke pain.

S2E, but not S2S or S2M, induced pain

Considering that among the three membranal proteins, S2E appeared to have the potential to induce a series of neuropathologic effects such
as depression-like behaviors, dysosmia and neuroinflammation in CNS through interacting with TLR2,?" we first applied S2E intradermal (i.d.)
injection to observe its peripheral nociceptive impact in male and female mice. The results indicated that S2E evoked mechanical allodynia to
0.4 g von Frey stimuli and thermal hyperalgesia compared to phosphate-buffered saline (PBS). Notably, S2E produced a dose-dependent
nociceptive effect in PNS (Figures 2A-2D). In contrast, the remaining membranal proteins, including $2S and S2M, failed to induce allodynia
to von Frey filaments or hyperalgesia to thermal stimulus following injection (Figures 2E-2H, S2A, and S2B). Notably, the S2E-induced hyper-
sensitivity effects gradually faded away and could only sustain for less than 24 h. Besides, no obvious sex difference was observed in S2E-
induced pain-like behaviors.
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Figure 2. The algesiogenic effects of SARS-CoV-2 viral proteins via i.d. injection

(A-D) Paw withdrawal frequency to 0.4 g von Frey filament and withdrawal latency in Hargreaves test of male and female mice after i.d. injection of S2E with
gradually increasing doses (0.01 pg, 0.1 ug, and 1 pg). n = 6 mice/group. *p < 0.05, ¥&p < 0.01, &&& or ¥ < 0,001, **** or ### or 8&&&5 < 0.0001 vs. PBS,
two-way ANOVA for repeated measures followed by Dunnett’s multiple comparisons test. (BL: Baseline).

(E-H) Paw withdrawal frequency to 0.4 g von Frey filament and latency in male and female mice afteri.d. application of PBS, S2E, S2S, and S2M (1 ng). n = 6 mice/
group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS, two-way ANOVA for repeated measures followed by Dunnett’s post hoc test. (BL: Baseline).

(I'and J) Immunofluorescence of p-ERK (green) in DRG from mice receiving i.d. injection of PBS or S2E, along with quantitative analysis (blue for DAPI). Scale bar:
50 pm n = 3 mice/group. **p < 0.01, ***p < 0.0001, Student’s t test.

(K and L) Immunofluorescence of c-Fos (red) in SDH from mice receiving i.d. injection of PBS or S2E (blue for DAPI), along with quantitative analysis. Scale bar:
50 pm n = 3 mice/group. ***p < 0.001, ****p < 0.0001, Student’s t test.
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Figure 3. The algesiogenic effects of SARS-CoV-2 viral proteins via i.t. injection

(A-D) Paw withdrawal frequency to 0.4 g von Frey filament and withdrawal latency in Hargreaves test of male and female mice after i.t. injection of S2E with
gradually increasing doses (0.01 pg, 0.1 ug and 1 ug). n = 6 mice/group. ¥ or &p < 0.05, ¥&p < 0.01, *** or #* or &&&5 < 0,001, **** or ##* o &&&&, < 00001
vs. PBS, two-way ANOVA for repeated measures followed by Dunnett’s multiple comparisons test. (BL: Baseline).

(E-H) Paw withdrawal frequency and latency in male and female mice after i.t. application of PBS, S2E, S2S, and S2M (1 ug). n = 6 mice/group; *p < 0.05, **p < 0.01,
***%kp < 0.0001 vs. PBS, two-way ANOVA for repeated measures followed by Dunnett's post hoc test. (BL: Baseline).

(land J) Immunofluorescence of c-Fos (red) in SDH from mice receiving i.t. injection of PBS or S2E (blue for DAPI), along with quantitative analysis. Scale bar: 50 um
n = 3 mice/group. ***p < 0.0001, Student’s t test.

To delve into the underlying mechanisms, we examined the activation of neuronal pathways using p-ERK and c-Fos as markers after
noxious stimulation or tissue injury. Immunostaining revealed that both p-ERK expression in DRG and c-Fos expression in SDH were signif-
icantly increased after intradermal injection of S2E in male and female mice (Figures 21-2L). Subsequently, we employed intrathecal (i.t.) in-
jection of SARS-CoV-2 membranal proteins to simulate virus invasion to CNS. Behavioral assay suggested that both male and female mice
exhibited a marked increase in paw withdrawal frequency in response to 0.4 g von Frey filament and decreased withdrawal latency to heat
stimulation in a dose-dependent manner following S2E i.t. application at incremental doses (Figures 3A-3D). In contrast, i.t. injection of
S2S and S2M did not induce pain-like behaviors compared to vehicle PBS (Figures 3E-3H, S2C, and S2D). As expected, the expression of
c-Fosin SDH and p-ERKin DRG were also induced by i.t. application of S2E, whereas the percentage of p-ERK™ neurons (Male: 4.24%, Female:
5.06%) was much lower than i.d. model (Male: 6.43%, Female: 8.98%) (Figures 31-3J and S3). Importantly, we did not detect itch-like behavior
as both i.d. and i.t. injection of S2E in male and female mice, implying that S2E elicited a pain-specific response (Figures S4A and S$4B). These
previous data suggested that S2E invasion of PNS and CNS could induce pain.

Since the commercial S2E was purified from E.coli, it was noteworthy whether the allodynia was induced by lipopolysaccharide (LPS), which
was identified to activate TLR4 and the downstream signaling pathway.*”> We estimated the LPS content by limulus amebocyte lysate (LAL)
assay in 1 pg of the commercial S2E protein solution to be 0.15 EU, of which the content was much less than the minimal dose for LPS (1 ug per
mice) to evoke allodynia.”®** To further exclude the potential effects of LPS, we performed neutralization by pre-incubating S2E and poly-
myxin B (PMB), an antimicrobial peptide with LPS-binding affinity to aggregate in large micelles.*” The co-administration of PMB and S2E
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Figure 4. Deletion of macrophage/microglia alleviated S2E-induced pain and inflammation

(A and B) g PCR analyzed the mRNA levels of IL-1, MMP2, CCL2, IL-6, and TNFa, in the skin and SDH after PBS or S2E treatment. *p < 0.05, **or #p < 0.01, *** or
#5 < 0.001, **** or ##5 < 0.0001, Student's t test.

(C-F) Immunofluorescence of IBA1 (red) in skin (C and D) and SDH (E and F) (blue for DAPI), along with quantification of IBA1 fluorescence intensity. Scale bar:
50 pm n = 3 mice/group. ****p < 0.0007, Student’s t test.

(G and H) Western blotting analysis of p-NF-kB in skin and SDH from PBS or S2E treated mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test.
(I and J) Behavioral tests revealed that mechanical allodynia (0.4 g von Frey filament) and thermal hyperalgesia induced by S2E were inhibited by minocycline. n =
6 mice/group in both sexes. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA for repeated measures followed by Sidak’s post hoc test. (BL:
Baseline).

(K and L) gPCR analyzed the mRNA expressions of IL-1B, MMP2, CCL2, IL-6 and TNFa. in the skin (K) and SDH (L) from S2E-treated mice with the application of
minocycline or vehicle. ** or ##p < 0.01, *** or ###p < 0.001, **** or M'W‘p < 0.0001, Student's t test.

(M) Co-labeling of E protein (green) and IBA1 (red) in SDH from a COVID-19 infected patient (blue for DAPI). Scale bar: 50 pm.

made no sense on the pain behavior compared to administrating S2E alone, and it indicated the mechanical allodynia and heat hyperalgesia
were actually evoked by S2E (Figure S5).

Macrophage/microglia mediated S2E-related pain

We speculated that S2E, acting as an external invasive substance, might elicit pain through the induction of neuroinflammation. Therefore, we
first tested pain-related cytokines in the skin (for i.d. model) and SDH (for i.t. model). gPCR results showed upregulation of IL-18, MMP2, CCL2,
IL-6, and TNFa in the skin and upregulation of IL-1B8, CCL2, and IL-6 in the SDH (Figures 4A and 4B). It has been regarded that peripheral
macrophages and central microglia belong to the same lineage, which were essential in the process of pathogen defense and innate immune
regulation.® Therefore, we performed immunofluorescence test to investigate the effects of S2E on macrophage and microglia reactivity. The
results showed that i.d. injection of S2E increased IBA1 expression in the skin while i.t. injection of S2E upregulated IBA1 in the SDH, indicating
that macrophage/microglia may be involved in S2E-induced pain through their activation (Figures 4C-4F). Furthermore, we examined the
phosphorylation of nuclear factor kappa B (NF-kB), a classic downstream signal of the TLRs pathway, which became activated when TLRs
encounter external pathogens. Western blotting results showed that S2E, compared to vehicle PBS, significantly upregulated p-NF-kB in
skin (for i.d. model) and SDH (for i.t. model) (Figures 4G and 4H). However, the level of the unphosphorylated form of NF-kB remained un-
changed after S2E stimulation, suggesting the activation of TLR2-NF-kB signaling induced by S2E (Figures S6A and SéB).

To investigate the role of skin macrophage and SDH microglia in S2E-related pain, we utilized minocycline to inhibit macrophage/micro-
glia via suppressing pro-inflammatory polarization,**” and observed its impact on pain behavior. For i.d. model, behavioral assay indicated
that pre-application of minocycline could significantly alleviate mechanical allodynia and thermal pain induced by S2E in both male and fe-
male mice (Figures 4l and S7A). Similarly, in the S2E i.t. injection model, pre-application of minocycline also markedly attenuated mechanical
allodynia, as well as thermal hyperalgesia, compared to vehicle (Figures 4J and S7B). We then evaluated the protein level of p-NF-kB in the
skin and SDH from mice receiving minocycline treatment using western blotting. The results revealed that application of minocycline signif-
icantly reduced the expression of p-NF-kB in the skin and SDH of S2E-treated mice without significant change of NF-kB expression
(Figures S6C, S6D, and S8). Consistent with the previous findings, the mRNA levels of IL-18, MMP2, CCL2, IL-6, and TNFa in the skin were
downregulated in the minocycline-treated mice, while only the expressions of IL-1B, CCL2, and IL-6 were decreased by minocycline i.t. injec-
tion (Figures 4K and 4L). To further validate whether S2E could interact with macrophage/microglia directly, we performed immunofluores-
cence test in SDH collected from a COVID-19 donor and observed obvious co-localization of S2E and IBA1 (Figure 4M). Collectively, these
findings indicated that macrophage/microglia were involved in S2E-induced neuroinflammation and pain.

S2E upregulated TLR2 in skin macrophages and spinal microglia

Given that S2E acted as a pathogen-associated molecular pattern which might be recognized by TLRs, we scanned the alteration of TLRs to
investigate the innate immunity mechanism of S2E-induced pain. Specifically, we tested the relative expression levels of TLR2, TLR3, TLR4,
TLR5, TLR7, and TLR8 in the skin and SDH, as these receptors have been demonstrated to be involved in pain and itch. We found that i.d.
injection of S2E upregulated the expression levels of TLR2, TLR4, and TLR8 in the skin from male and female mice, while the expression levels
of TLR3, TLR5, and TLR7 were not changed (Figure 5A). Previous study has indicated that TLR2 could sense S2E and then evoked lung inflam-
mation.’’ Therefore, we further examined the protein level of TLR2 in the skin and detected the interaction between TLR2 and S2E. The immu-
nofluorescence results showed that i.d. injection of S2E upregulated the TLR2 protein in male and female mice (Figures 5C and 5D). Since
TLR2 is classically known as an innate immune receptor mainly located in macrophages/microglia, we further performed multi-immunofluo-
rescence to verify the interaction between S2E and macrophage TLR2. The results showed the colocalization of S2E (His-tag) and TLR2 were
detected in IBA1" macrophages (Figure 5E). These findings suggested a direct interaction of S2E and macrophage TLR2, which might
contribute to skin inflammation and pain. Subsequently, we performed this workflow in SDH to investigate the neuroinflammatory effects
of S2E in CNS. gPCR results suggested that i.t. injection of S2E upregulated TLR2, TLR4, and TLR8 in male and female mice, consistent
with the alteration in the skin (Figure 5B). Next, we applied immunofluorescence analysis to access the protein expression of TLR2 after i.t.
injection of S2E. These results indicated that S2E significantly upregulated the protein expression of TLR2 in SDH (Figures 5F and 5G).
Moreover, the multi-immunofluorescence showed that TLR2 was mainly located in IBA1" spinal microglia, which was also colocalized with
S2E, while tiny S2E signal was detected in NeuN" neurons and GFAP" astrocytes (Figure 5H). The previous results indicated that
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Figure 5. S2E upregulated TLR2 in skin (i.d.) and SDH (i.t.)
(A and B) g-PCR analyzed the expression of TLR2, TLR3, TLR4, TLR5, TLR7, and TLR8 in the skin (A) and SDH (B) of male and female mice. * or #p < 0.05, ** or

o < 0.01, *** or "5 < 0.001, Student's t test.
(C and D) Representative images of TLR2 (green) in skin from male and female mice receiving i.d. injection of PBS or S2E (blue for DAPI), along with quantification

of TLR2 fluorescence intensity. Scale bar: 50 um n = 3 mice/group. ***p < 0.001, Student's t test.
(E) Treble-immunostaining showed the overlap of S2E His-tag, TLR2, and IBA1 in the skin from mice receiving i.d. injection of S2E. The enlarged views for the

rectangle part were embedded below. Scale bar: 50 pm.

(F and G) Representative images of TLR2 (green) in SDH after i.t. application of S2E (blue for DAPI), along with quantitative analysis. Scale bar: 50 pm.

(H) Treble-immunostaining showed the overlap of S2E His-tag (blue) and TLR2 (green) with IBA1 (red), but not with GFAP (red) (astrocyte marker), and NeuN (red)
(neuron marker). The enlarged views for the rectangle part were embedded below. Scale bar: 50 pm.

macrophage/microglia were recognized with S2E via TLR2, potentially leading to the activation of macrophage/microglia inflammatory cas-

cades and subsequent pain symptoms.

S2E triggered microglial neuroinflammation via TLR2-NF-«kB signaling in vitro

To investigate the role of TLR2 signaling in microglial neuroinflammation induced by S2E, we applied primary microglia culture in conjunction
with genetic and pharmacological interference to TLR2. The immunofluorescence results showed that the addition of S2E protein upregu-
lated the expression of TLR2 in IBA1" primary microglia (Figures 6A and 6B). We then analyzed the His-tag signal of S2E within IBA1" region.
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Figure 6. TLR2 mediated microglia NF-kB activation and neuroinflammation induced by S2E in vitro

(A-C) Representative images of microglia stained for His-tag (blue), TLR2 (green), and IBA1 (red) which was cultured with vehicle or S2E, along with quantification
of fluorescence intensity for TLR2 and His-tag in IBA1" area. Scale bar: 20 um. ****p < 0.0001, Student's t test.

(D and E) Representative images of vehicle- or S2E-stimulated microglia stained for p-NF-kB (green) and IBA1 (red) (blue for DAPI), with quantification of p-NF-«B
fluorescence intensity. Scale bar: 50 um ****p < 0.0007, Student's t test.

(F) gPCR revealed a significant mRNA upregulation of IL-1B, MMP2, CCL2, IL-6, TNF-a. in microglia cultured with S2E. **p < 0.01, ***p < 0.001, ****p < 0.0001,
Student's t test.

(G) Immunofluorescence staining of His-tag (blue), TLR2 (green) and IBA1 (red) in scRNA/siTLR2-transfected microglia after stimulation with S2E. Scale bar: 20 pm.
H and I) Quantification of fluorescence intensity for TLR2 and His-tag in IBA1* microglia pre-transfected with scRNA or siTLR2. ****p < 0.0001, Student's t test.
J and K) Representative images of microglia stained for p-NF-kB (green) and IBA1 (red) which were cultured with S2E and pre-transferred with scRNA or siTLR2
blue for DAPI), with quantitative analysis. Scale bar: 50 pm ****p < 0.0001, Student's t test.

L) gPCR revealed a significant downregulation of IL-18, MMP2, CCL2, IL-6, TNF-a. for microglia cultured with S2E and pre-transfected by siTLR2. ****p < 0.0001,
Student's t test.

(M and N) Immunofluorescence staining of p-NF-kB (green) and IBA1 (red) in microglia stimulated by S2E (blue for DAPI), together with vehicle or C29, along with

(
(
(
(

quantitative analysis. Scale bar: 50 pm ****p < 0.0001, Student’s t test.
(O) gPCR revealed a downregulated expression of inflammatory factors in S2E-stimulated microglia after C29 treatment. *p < 0.05, ***p < 0.001, ****p < 0.0001,
Student's t test.

Notably, increased S2E His-tag signal in IBA1" microglia was observed as supplying S2E, suggesting that primary microglia could recognize
and combine S2E (Figures 6A and 6C). Subsequently, we examined the downstream NF-kB signal in primary microglia as stimulated by S2E.
Immunofluorescence results indicated that S2E upregulated the activated phosphorylated form of NF-kB (green), and its fluorescence signal
was largely merged with DAPI (blue), a dye for labeling DNA in the nuclear, suggesting the nuclear translocation of p-NF-kB and the subse-
quent activation of its downstream signaling pathway (Figures 6D and 6E). Moreover, gPCR results indicated that S2E upregulated the mRNA
expression of inflammatory factors including IL-18, MMP2, CCL2, IL-6, and TNFa. in primary microglia (Figure 6F).

To further investigate its contribution to S2E-induced microglial neuroinflammation, we employed siRNA interference targeting TLR2
(siTLR2). Compared to control scramble RNA (scRNA), transfection with siTLR2 significantly downregulated the expression of TLR2 in primary
microglia (Figures 6G and 6H). Notably, the knockdown of TLR2 also resulted in a significant reduction in the colocalization of S2E and IBA1*
microglia, indicating that microglial TLR2 played a crucial role in the recognition and interaction with S2E (Figures 6G and él). Moreover, the
activation of NF-kB in primary microglia was decreased by siTLR2, accompanied by a decrease in the expression of inflammatory mediators,
including IL-1B8, MMP2, CCL2, IL-6, and TNFa. (Figures 6J-6L). We also utilized C29, a specific TLR2 inhibitor, to observe its effects on S2E-
related microglial neuroinflammation. The immunofluorescence results demonstrated that C29 inhibited the activation of NF-kB induced
by S2E in primary microglia (Figures 6M and 6N). Furthermore, gPCR results showed that C29, compared to vehicle, downregulated the
expression of neuroinflammatory factors (Figure 60). These findings collectively suggested that TLR2 mediated the recognition of S2E
and activated NF-kB inflammatory pathway in primary microglia.

Macrophage/microglia TLR2 mediated S2E-induced pain

To further investigate whether TLR2 mediated S2E-induced pain, we pre-delivered siRNA by i.d. and i.t. injection to mice receiving S2E and
observed its analgesic effects in vivo (Figure S9A). Compared to scRNA, siTLR2 significantly downregulated the expression of TLR2 in the skin
(i.d.) and SDH (i.t.) (Figures S9B and S9C). Behavioral assessments showed that the knockdown of TLR2 attenuated the mechanical allodynia to
0.4 g von Frey filament and the others (0.16 g, 0.6 g, and 1.0 g), as well as thermal hyperalgesia in the i.d. model (Figures S9D, S9E, and S10A).
Additionally, the upregulation of p-NF-kB expression was potently suppressed by siTLR2 (Figures S9H and S&E). For the i.t. model, S2E-
induced pain in male and female mice was also markedly inhibited by siTLR2 (Figures S9F, S9G, and S10B), accompanied by a decrease in
the expression of p-NF-kB, rather than NF-kB (Figures S9I and S6F). These findings suggested a pivotal role of TLR2 in S2E induced-pain
and associated neuroinflammation.

Subsequently, we applied AAV to specifically knockdown TLR2 in macrophage and microglia under the control of Ibal promoter (Fig-
ure 7A). Immunofluorescence tests and western blotting analysis validated the knockdown effectiveness of shTIr2 sequence-loaded virus
(AAV2/9-Ibal-zsgreen-shTIr2) which interfered with skin and SDH, compared with NC sequence-loaded virus (AAV2/9-lIba1-zsgreen-NC)
(Figures 7B-7E). As expected, behavioral tests indicated that knockdown of TLR2 in macrophage and microglia significantly alleviated the
mechanical allodynia and thermal pain induced by S2E, whether administered via i.d. or i.t. injection (Figures 7F-71, S10C, and S10D). Further-
more, the increased expression of p-NF-kB was obviously downregulated in Ibal-shTIr2 mice, in comparison to the Iba1l-NC group
(Figures 7J, 7K, S6G, and S6H). Similarly, we also performed von Frey stimuli (0.4g) and Hargreaves tests on TIr2 cKO mice and the littermates
to observe the S2E-induced mechanical allodynia and thermal hyperalgesia after genetic removing TLR2 in macrophage/microglia using
Cx3cr1 as a specific promoter. The results showed significant alleviations of pain sensations induced by intradermal or intrathecal employ-
ment of E protein (Figures 7L-70).

Additionally, C29 was applied as the specific inhibitor of TLR2 to validate whether pharmacological inhibition would alleviate S2E-induced
pain (Figure 8A). For the i.d. model, behavioral assay indicated that co-application of C29 could significantly ameliorate S2E-evoked mechan-
ical allodynia and thermal pain (Figures 8B, 8C, and S11A). Similarly, in the S2E i.t. injection model, co-application of C29, as compared to
vehicle, mitigated hypersensitivity to mechanical and heat stimulation in mice injected with S2E (Figures 8D, 8E, and S11B). Moreover, the
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Figure 7. Genetically knocked down of TIr2 alleviated S2E evoked pain, and inhibited the activation of p-NF-xB

(A) Timeline of AAV delivery, S2E injection, and behavioral tests.

(B and C) Representative images of ZsGreen (green) and TLR2 (red) immunostaining in skin and SDH from mice infected by AAV (blue for DAPI). Scale bar: 50 pm.
The enlarged views for the rectangle part were embedded. Scale bar: 10 um.

(D and E) Western blotting revealed a significance decrease of TLR2 in the skin and SDH from mice infected by AAV2/9-Ibal-zsgreen-shTIr2, compared with
AAV2/9-Ibal-zsgreen-NC. **p < 0.01, ****p < 0.0001, Student’s t test.

(F-I) Mechanical allodynia to 0.4 g von Frey filament and thermal hyperalgesia induced by S2E were alleviated by Ibal-shTIr2. n = 6 mice/group in both sexes.
***¥n < 0.0001, two-way ANOVA for repeated measures followed by Sidak’s post hoc test. (BL: Baseline).
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Figure 7. Continued

(J and K) Protein level of p-NF-kB in the skin and SDH from AAV-infected mice after S2E application. **p < 0.07, ***p < 0.001, Student’s t test.

(L-O) Mechanical allodynia to 0.4 g von Frey filament and thermal hyperalgesia induced by S2E were alleviated by genetic removal of TLR2 in macrophage/
microglia. n = 6 mice/group in both sexes. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA for repeated measures followed by Sidak's
post hoc test. (BL: Baseline).

protein level of p-NF-kB in the skin and SDH from mice receiving C29 was determined by western blotting. The analysis of density value of the
protein band revealed a significant decrease of p-NF-kB after C29 treatment (Figures 8F, 8G, Sél, and S6J).

DISCUSSION

The extensive pain-related complications in COVID-19 patients indicated the process of SARS-CoV-2 infection and/or other viral elements
could initiate nociceptive signaling. In this study, we first demonstrated that membranal protein S2E, rather than S2S or S2M, evoked pain
as delivered by i.d. and i.t. injection. We further demonstrated that macrophage/microglia-mediated nociception induced by S2E and
that cellular TLR2-NF-kB signaling was responsible for the nociceptive effects of S2E (Figure 9).

Although the World Health Organization has declared that COVID-19 is no longer a global emergency, it is important to note that the
pandemic is not yet fully under control. People continue to suffer from post-COVID syndrome, and there are cases of repeated SARS-
CoV-2 infections. It has been reported that reinfection of SARS-CoV-2 could further increase additional health risks, such as the sequelae
in a broad array of organ systems. Many persistent symptoms reported by individuals who had COVID-19 are related to paraesthesia,
such as anosmia, ageusia, joint pain, and myalgia.*® Moreover, a recent meta-analysis study suggested that neuropathic pain following a
COVID-19 infection affected approximately 23.2% of patients,” and it was even more common in the case of long COVID syndrome, which
was characterized by chronic and debilitating symptoms.’' Therefore, uncovering the mechanism underlying COVID-related pain symptoms
is of paramount importance to alleviate both the acute phase and post-COVID painful experience.

One possible mechanism involves direct viral damage to the central and PNS. Previous studies have indicated that SARS-CoV-2 infection
could disrupt the blood-brain barrier (BBB) and subsequently infect the CNS. Additionally, viral proteins produced by SARS-CoV-2, including
S2E and 525, have been shown to directly compromise BBB via a viral infection-independent manner.’>~*? Our immunofluorescence results
from human donor samples also suggested that viral proteins could distribute into both the PNS (DRG and TG) and the CNS (SDH). Consid-
ering that S2N could hardly contact the surrounding cells, we therefore observed the nociceptive effects of SARS-CoV-2 membranal proteins
(S2S, S2M, and S2E) in both i.d. and i.t. models to simulate the peripheral and central effects of these membranal proteins. Among these
membranal proteins, only S2E, but not S2S or S2M, evoked pain-like behaviors, which suggested that the membranal proteins of SARS-
CoV-2 function distinctly and separately. Particularly, S2S interacted with ACE2 mediating viral entrance to host cells and S2M protected
the genetic sequence of SARS-CoV-2, while S2E appeared to trigger inflammatory pathology and pain symptoms.®' Furthermore, since
S2E was a conserved membranal protein found in B-coronavirus, it seemed that its induction of neuroinflammation and pain might also ac-
count for the pain complication of others B-coronavirus, such as SARS-CoV, HCoV-HKU1, and MERS-CoV. In addition, the distribution of S2E
might include both peripheral organs and nervous system simultaneously, making it important to conduct experiments involving both i.d. and
i.t. application of S2E to comprehensively simulate its clinical effects.

It is worth noting that previous studies have indeed demonstrated the pro-inflammatory effects of S2S, while we did not observe its noci-
ceptive effects in neitheri.d. nor i.t. application model.”**° $2S primarily serves as the key to distinguish ACE2 receptor, which kept in a state
of continuous variation for immune escape. Furthermore, it is important to recognize that different SARS-CoV-2 strains might have variations
in their effects. The S2S protein used in this study belonged to the Omicron strain which infected the largest populations worldwide. The
nociceptive effects of S2S might indeed differ among SARS-CoV-2 strains, and further research is needed to investigate these potential
strain-specific variations. However, research involving purified protein components has its limitations in simulating the full spectrum of effects
seen during actual virus infections. Therefore, to fully simulate the pain symptom during COVID-19, the intact SARS-CoV-2 virus should be
intranasal applied to infect hACE2 transgenic mice.s.

Similarly to most of conditions of chronic pain, SARS-CoV-2 evoked pain exhibits sex dimorphism in clinic. Several prospective/retrospec-
tive studies have focused on the sex-related differences, finding that thoracic pain and myalgia occur more frequently in female patients rather
than male patients infected by SARS-CoV-2."*” On the contrary, we hardly observed significant differences in pain behavior between male
and female mice after S2E injection. One probable mechanism is that chronic pain following SARS-CoV-2 infection is more likely to be influ-
enced by factors such as emotion, hormones, and psychosocial stressors. However, in our study, we only observed acute pain evoked by S2E,
which made it difficult to assess long-term effects. Further studies, including longer observation periods, are needed to determine whether
the sex difference exists using a SARS-CoV-2 virus infection animal model.

Another advance of this project was uncovering the neuroinflammatory effects of S2E and the role of TLR2 signaling in microglia and
macrophage during this process. To verify the pivotal role of microglia/macrophage in this progress, we utilized minocycline as a specific
inhibitor. In microglia and macrophages, minocycline reduces the secretion of pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6,
and inhibits the NF-kB signaling pathway, promoting an anti-inflammatory, M2-like phenotype.***®~° As expected, the application of min-
ocycline successfully alleviated the pain behavior and neuroinflammation evoked by S2E. Previous study focused on the pro-inflammatory
effects of S2E in lung following systemic application,”” while we observed that microglia TLR2 could sense S2E both in vivo and in vitro, leading
to characteristic NF-kB associated neuroinflammation. Additionally, apart from TLR2, S2E also upregulated TLR4 and TLR8, the contribution
of which to S2E-related pain warrant further investigation.
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Figure 8. Pharmacological blocking TLR2 mitigated S2E-induced pain and associated neuroinflammation

(A) Timeline of drug delivery, S2E injection, and behavioral tests.

(B-E) Mechanical allodynia to 0.4 g von Frey filament and thermal hyperalgesia induced by S2E were partially mitigated by i.d. ori.t. application of C29. n = 6 mice/
group in both sexes. *p < 0.05, **p < 0.01, ***p < 0.007, ****p < 0.0001, two-way ANOVA for repeated measures followed by Sidak's post hoc test. (BL: Baseline).
(F) Western blotting analysis of p-NF-kB protein in the skin from mice receiving i.d. co-application of vehicle/C29 and S2E. **p < 0.01, ***p < 0.001, Student's t
test.

(G) Western blotting analysis of p-NF-kB protein in SDH from mice receiving i.t. co-application of vehicle/C29 and S2E. **p < 0.01, ***p < 0.001. Student's t test.

Previous study also indicated that microglia ACE2, the receptor for SARS-CoV-2, could mediate the SARS-CoV-2 invasion to microglia and
trigger unbalance of Ang Il and Ang (1-7), which further contributed to pain.”’~>* Actually, the connection of microglia ACE2 and $2S might
facilitate S2E associated neuroinflammation resulting from promoted interaction between microglia TLR2 and S2E. As the classic transcription
factor of TLRs signaling, NF-kB gates the release of a range of inflammatory factors and further pathological alterations.” > The present
study demonstrated that S2E induced NF-kB nuclear translocation and phosphorylation into the activated form, which was attenuated by
genetic knockdown and pharmacological blocking TLR2 in primary culture microglia. In fact, NF-kB activation in microglia under SARS-
CoV-2 infection might derive from direct viral infectious process and/or S2E-TLR2 interaction, which remains further research.

An increasing body of evidence suggested that sensory neurons responsible for inducing anosmia are swiftly requlated upon direct inter-
action with epithelium, to which the virus could readily bind.?” Similarly, the genesis of pain-like behaviors hinges on the heightened sensitivity
of sensory neurons.”” Qur study has elucidated that S2E directly engages with macrophage/microglia TLR2, thereby activating the undergo-
ing NF-kB signaling pathway. This cascade led to the release of inflammatory factors such as IL-1B, IL-6, and CCL2, ultimately sensitizing sen-
sory neurons during the acute pain phase post-injection. Over time, neuronal activity became hyper-sensitive, inactive, or even diminished,
culminating in chronic or subdued pain manifestations,” a condition colloquially known as long COVID. In fact, our observations indicated
that neuroinflammation persists throughout the infection period, encompassing both acute onset and chronic stages. We conducted the tis-
sue collection at the 12 h mark after S2E injection, as this time frame exhibited the most pronounced pain-related behaviors. However, prior
research on S2E-induced depression and dysosmia behaviors speculated data collection at 24 h post-injection,®’ with tissue harvested 48 h
later. Although the S2E administration protocols differed from ours, it appeared that the induction of inflammation was a consistent finding
across various conditions.

Limitations of the study

There are several limitations of this study. First, in our study, S2E only induced acute pain lasting less than 24 h, which did not adequately
model the chronic pain associated with COVID-19. Additionally, as a purified protein, S2E cannot fully replicate the complex effects of a
SARS-CoV-2 infection. Therefore, further research using SARS-CoV-2 infection animal models with longer observation periods is needed
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Figure 9. The diagram showed that macrophage/microglia mediated S2E-induced pain via TLR2-NF-«B signaling

to better understand COVID-19 related pain. Second, our assessment of pain was primarily based on evoked pain measures (von Frey and
Hargreaves tests), whereas non-stimulus evoked nociception, such as spontaneous pain behaviors (licking, flinching the hind paw), gait anal-
ysis, and weight-bearing measures, were not evaluated. These measures can provide a more comprehensive picture of ongoing pain. More-
over, relative emotional behavior tests like sucrose preference test and temperature preference test also make sense to exclude the influence
of animal subjective emotional factors.”” Incorporating these assessments could provide a more accurate evaluation of S2E-evoked pain. Be-
sides, we observed activation of sensory neurons and SDH neurons following S2E injection. This raised the question of whether S2E could
directly excite neurons, which warrants further investigation. Lastly, while we attributed the changes caused by intrathecal application of
S2E to the interaction with microglial TLR2, macrophages in the DRG might also be affected. This influence could be excluded through
more precise genetic regulation of macrophages and microglia, respectively.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-TLR2 Abcam Cat#: ab209216

Mouse anti-His-tag MBL Cat#: D291-3; RRID: AB_10597733
Goat polyclonal anti-IBA1 Abcam Cat#: ab5076; RRID: AB_2224402
Chicken polyclonal anti-GFAP Abcam Cat#: ab4674; RRID: AB_304558
Mouse monoclonal anti-NeuN Abcam Cat#: ab104224; RRID: AB_10711040
Mouse monoclonal anti-c-Fos Abcam Cati#: ab208942; RRID: AB_2747772

Rabbit anti-p-ERK

Rabbit anti-S2E

Rabbit anti-S2S

Rabbit anti-S2M

Rabbit monoclonal isotype IgG
Donkey anti-mouse Alexa 405
Donkey anti-rabbit Alexa 488
Donkey anti-rabbit Alexa 594
Donkey anti-mouse Alexa 594
Donkey anti-goat Alexa 594
Goat anti-chicken Alexa 594
Rabbit anti NF-«xB

Rabbit anti-p-NF-kB (Ser536)
Mouse anti-B-Actin

Anti-mouse HRP-linked antibody
Anti-rabbit HRP-linked antibody

Cell Signaling Technology
Proteintech

GeneTex

GeneTex

Cell Signaling Technology
Abcam

Abcam

Invitrogen

Abcam

Abcam

Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:

Cat#
Cat#

Cati#:

Cat#
Cat#

Catt#:

Cat#

Catt:

4370; RRID: AB_2315112
28904; RRID: AB_2881232
GTX635654; RRID: AB_2888548
GTX636245; RRID: AB_2909954
3900; RRID: AB_1550038
ab175658; RRID: AB_2687445
ab150073; RRID: AB_2636877
A-21207; RRID: AB_
:ab150108; RRID: AB_2732073
:ab150132; RRID: AB_2810222
ab150176; RRID: AB_2716250

: 8242; RRID: AB_10859369

: 3033; RRID: AB_331284

3700; RRID: AB_2242334

: 7076; RRID: AB_330924

7074; RRID: AB_2099233

Chemicals, peptides, and recombinant proteins

S2E protein Acro Biosystems Cat#: ENN-C5128
S2M protein Prosci Cat#: 10-429
S2S protein (Omicron B.1.1.529) Sino Biologjical Cat#: 40591-VO8H41
Minocycline Sigma-Aldrich Cat#: M9511
CAS: 13614-98-7
C29 Med Chem Express Cat#: HY-100461
Polymyxin B Med Chem Express Cat#: HY-149179
Lipocat3000 Aogjing Biotechnology Cat#: AQ11668
Lot#: 668050322
Critical commercial assays
PFA Biotopped Cati#: Top0382
TRIzol Invitrogen Lot#: 99088501
REF#: 15596018CN
T-PER™ tissue protein extraction reagent Thermo Stientific Cat#: 78510
PrimeScript™ RT Master Mix Takara Cat#: RRO36A
MagicSYBR Mixture Cwbio Cat#: CW3008
Chromogenic LAL Endotoxin Assay Kit Beyotime Cat#: C0276S
eECL western blot kit Tanon Cat#: 180-5001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: organisms/strains

Mouse: Tr2flox/flox GemPharmatech N/A

Mouse: Cx3cr1<®* GemPharmatech N/A

Virus: AAV2/9-Ibal-zsgreen-shTIr2 HanBio N/A

Virus: AAV2/9-Iba1-zsgreen-NC HanBio N/A

Oligonucleotides

Primers for qPCR This paper Table S2
siRNA targeting TIr2 KeyGen Biotech R206071341/1342
Nontargeting scrambled controls KeyGen Biotech N/A

Software and algorithms

SPSS (version 17.0) IBM https://www.ibm.com/cn-zh/products/spss-statistics
Prism 9 Graphpad https://www.graphpad.com/scientific-software/prism/
FluoView Olympus N/A

Other

Video Camera SONY HDT-PJ580E

Real-time PCR Detection system BioRad CFX96

Western blot imaging system Cytiva Amersham ImageQuant 800

Laser confocal microscopic imaging system Olympus Fv1000

Laser confocal microscopic imaging system Leica TCS-SP8 STED 3%

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human sample sources

The lung, spinal cord, DRG and TG samples were recruited from the National Human Brain Bank for Development and Function, Chinese
Academy of Medical Sciences, and Peking Union Medical College (PUMC) in Beijing, China. The COVID-19 medical history was reported
by donors’ dependent. Detailed information of all the donors was listed in Table S1. The research protocol was approved by the Institutional

Review Board of the Institute of Basic Medical Sciences of the Chinese Academy of Medical Sciences, PUMC, Beijing, China (approval num-
ber: 2022125).

Mouse
Wild type C57BL/6J adult male and female mice (20-24 g) were both used in this study. Mice were housed under a controlled room (23+3°C,
12-h light/12-h dark cycle) with ad libitum access to a standard diet and water. All protocols were approved by the Institutional Animal Care
and Use Committee in the Chinese Academy of Medical Sciences, Institute of Basic Medical Sciences (approval number: #211-2014). Mice
were randomly assigned to experimental groups.

TIr2"" and Cx3cr1-Cre*” mice were purchased in GemPharmatech LLC. (Jiangsu, China). TIr2"f. Cx3cr1-Cre conditional knockout mice
(cKO-macrophage/microglia) were generated by crossing TIr2"f with Cx3cr1-Cre™” mice to generate the heterozygotes TIr2"": Cx3cri-
Cre and then crossed with TIr2"" mice. The TIr2"": Cx3cr1-Cre”” mice were selected to be littermates.

Primary cell cultures

Pure neonatal microglia were obtained from the cortices of neonatal C57BL/6J mice (P1-P3) as previously described.”” In brief, the cortices
were stripped of meninges and collected in DMEM medium containing 1.0% penicillin/streptomycin and dissociated by repeated up- and
down-pipetting. The resulting cell suspension was centrifuged at 1200 rpm for 3 min. Cells were re-suspended in DMEM medium with
10% FBS and 1% penicillin/streptomycin, which were cultured at 37°C with 5% CO,. To harvest pure microglia from this initial co-culture, cul-
ture flasks were shaken for 1 h on a homo-thermal shaker (37°C, 200 rpm) to detach microglia. The medium containing detached microglia was
collected and immediately centrifuged for 2 min at 1200 rpm. The supernatant was removed, and the obtained pure microglia pellet was re-
suspended in fresh culture medium and then seeded into subcultures. Microglia harvesting was repeated for maximally three times at inter-
vals of 3 days. All experiments were performed with these purified microglia cultures.
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METHOD DETAILS

Drugs and administration in vivo

S2E protein (Acro Biosystems, ENN-C5128, China) was prepared in PBS (0.01, 0.1 and 1 mg/mL) and delivered 10 pL for each mouse. S2M
protein (Prosci, 10-429, USA) and S2S protein (Sino Biological, 40591-VO8H41, Omicron B.1.1.529, China) were prepared in PBS
(0.1 mg/mL) and delivered 10 uL for each mouse. The microglia inhibitor minocycline (M9511, Sigma-Aldrich, USA) was prepared in PBS
(1.0 mg/mL) and delivered 10 pL for each mouse 2 days prior to S2E injection. The TLR2 inhibitor C29 was obtained from Med Chem Express
(HY-100461, China) and dissolved in PBS containing 10% DMSO (100mM for behavior test and 100 uM for in vitro test). For in vitro study, the
siRNA targeting TLR2 (siTLR2, 50 nM, KeyGen Biotech, Jiangsu, China) or nontargeting scrambled controls (scRNA, 50 nM, KeyGen Biotech,
Jiangsu, China) was applied by Lipocat3000 transfection reagent (Aoging Biotechnology, Beijing, China). For behavior assay, siTLR2 (0.5 pg/
ub) or scRNA (0.5 pg/ul) was dissolved in PBS solution prepared with RNase-free water.

Polymyxin B (PMB) was applied to neutralize the potential lipopolysaccharide (LPS) in commercial S2E purified from E.coli. Briefly, the PMB
(Med Chem Express, HY-149179, China) was dissolved in PBS (250 pg/mL) and was pre-incubation with S2E (0.1 pg/ul) at 37°C for 1 h before
injection.

Intradermal injection was performed under short-term anesthesia with isoflurane. Drugs were subcutaneously injected into the plantar
hind paw by insulin syringe. Intrathecal injection was performed by an insulin syringe to deliver the reagents into the subarachnoid space be-
tween the L5 and L6 spinal levels. The instant tail-flick reaction induced by the needle entry was applied to valid a proper depth of the needle.
For both of the two administration types, vehicle was applied alone to the control groups compared to the corresponding drug groups.

Adeno-associated viruses (AAV2/9-lbal-zsgreen-shTIr2 and AAV2/9-lbal-zsgreen-NC) were designed and manufactured by HanBio
(Shanghai, China). AAV injection was performed 4 weeks prior to behavioral tests. In brief, mice were deeply anesthetized under isoflurane
(RWD Life Science, Guangdong, China) and a 30-G syringe was used to conduct intradermal/intrathecal injection to deliver AAV viruses
(1x10" vg/mL, 10 pL). Once the injection finished, the syringe was maintained for 5 s and then removed.

Behavioral tests

Pain behavioral test

Mice were fully acclimated by being placed in the test chamber on the metal mesh 30 min before each behavioral assay. Mechanical allodynia
was assessed by applying a series of von Frey filaments (0.16, 0.40, 0.60, and 1.00 g) to the plantar surface at a vertical angle for 3s. Each mouse
was tested 10 times and the percentage of paw withdrawal response was calculated. For the Hargreaves test, the radiant heat source of a
thermal stimulator (BME-410C Plantar Test Apparatus) was focused on the hind paw for 3 times and the average withdrawal latency was calcu-
lated. The timeline of drug delivery and behavior test for each pharmacological experiment was showed by diagram in relative figures.

Itch behavioral test

To test the spontaneous itch and mechanical itch, the fur on the neck nape was carefully shaved without any skin lesions and mice were fully
acclimated for 3 consecutive days by being placed in the plastic chamber 30 min per day. For the spontaneous itch, mice were immediately
put into the chambers and recorded with a high-resolution digital camera (SONY HANDYCAM HDR-PJ580E, Japan) for 30 min. Scratching the
nape skin with hind paws was defined as a single scratching bout. For the mechanical allokinesis, von Frey filaments ranging from 0.008t0 1.0 g
were used to deliver mechanical stimuli. The filaments were applied to the nape skin for up to 1 s unless the scratching response. Each mouse
was tested 5 times for every filament with a 10 s interval between adjacent two weights. The percentage of scratching responses was
calculated.

Primary microglia transfection and drug administration

To test the effects of S2E, primary microglia was cultured with medium containing S2E (1.0 pg/mL) or Vehicle (PBS) for 12 h. To identify TLR2
function, siTLR2 or scRNA was transfected for 24 h before S2E addition. To pharmacologically block TLR2, primary microglia was treated by
S2E together with C29 or its Vehicle (PBS containing 10% DMSO) for 12h before samples collection.

Immunofluorescence staining

Immunohistochemistry for cryosections

After 12 hours of S2E injection, mice were deep anesthetized with pentobarbital sodium and perfused with sterile PBS, followed by pre-cooled
4% paraformaldehyde (PFA, Servicebio, Wuhan, China). The lumbar segments (L3-L5) of the spinal cord, DRG, and hind paw skin were
removed rapidly. After post-fixed in 4% PFA and dehydrated overnight in 30% sucrose, the tissues were embedded in OCT (Tissue-Tek,
Japan) and cut into 15 pm sections. For the human samples, tissues collected from donors were fixed in 4% PFA. Sections were then permea-
bilized with 0.3% Triton X-100, blocked for 1 h at room temperature with 10% donkey serum, and incubated overnight at 4°C with primary
antibodies. After PBS washing, sections were incubated with corresponding secondary antibodies for 1 h at room temperature. The slides
were then mounted by mounting medium (ZSGB-Bio, Beijing, China) and scanned by a laser confocal microscopic imaging system
(FV1000 and Olympus FluoView software; Olympus, Japan). At least 3 sections from each donor’s sample or 10 sections from 3 randomly
selected mice from each group were examined. The fluorescence intensity was measured with ImageJ.
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The used primary antibodies included: rabbit anti-TLR2, 1:200, Abcam (ab209216); mouse Anti-His-tag, 1:200, MBL (D291-3); goat anti-
IBA1, 1:400, Abcam (ab5076); Chicken anti-GFAP, 1:400, Abcam (ab4674); mouse anti-NeuN, 1:1000, Abcam (ab104224); mouse anti-c-Fos,
1:1000, Abcam (ab208942); rabbit anti-p-ERK, 1:400, CST (4370); rabbit anti-S2E, 1:500, Proteintech (28904); rabbit anti-S2S, 1:500,
GeneTex (GTX635654); rabbit anti-S2M, 1:500, GeneTex (GTX636245); rabbit mAb isotype 1gG, 1:500, CST(3900).

Immunohistochemistry for primary microglia
After pharmacological treatment, microglia were post-fixed in cold 4% PFA for 10 min. After permeabilized with 0.2% Triton X-100 for 15 min,
the coverslips were incubated with 3% bull serum albumin (BSA, Solarbio, Beijing, China) for 20 min. Then the sections were incubated with
primary antibodies at 4°C overnight. After washed by PBS buffer, these glass coverslips were incubated with corresponding secondary an-
tibodies for 1 h and mounted with fluorescent mounting medium. Images were acquired and analyzed with laser confocal microscopic im-
aging system (TCS-SP8 STED 3X, Leica, Germany).

The used primary antibodies included: rabbit anti-p-NF-«kB (Ser536), 1:400, CST (3033); rabbit anti-TLR2, 1:200, Abcam (ab209216); mouse
anti-His-tag, 1:200, MBL (D291-3); goat anti-IBA1, 1:400, Abcam (ab5076).

The used secondary antibodies included: donkey anti-mouse Alexa 405, 1:400, Abcam (ab175658); donkey anti-rabbit Alexa 488, 1:400,
Abcam (ab150073); donkey anti-rabbit Alexa 594, 1:400, Invitrogen (A-21207); donkey anti-mouse Alexa 594, 1:400, Abcam (ab150108);
donkey anti-goat Alexa 594, 1:400, Abcam (ab150132).

RNA extraction and quantitative real-time PCR (qPCR)

Total RNAs of skin, spinal dorsal horn (SDH) and cultured microglia were extracted using TRIzol reagent (Invitrogen, USA), then reversely tran-
scribed by RT Master Mix (Takara, Japan) according to the manufacturer’s instructions. gPCR amplifications were conducted by CFX96™ Real-
Time PCR Detection System (Bio-Rad, Hercules, California, USA) with MagicSYBR Mixture (Cwbio, Jiangsu, China). The housekeeping gene
B-Actin was used for normalization. The primers were listed in Table S2.

Western blotting

12 h after S2E injection, mice were deep anesthetized with pentobarbital sodium (50 mg/kg i.p.). The spinal cord and skin were harvested
rapidly and homogenized in T-PER tissue protein extraction reagent (Thermo Fisher Scientific, USA) with a protein phosphatase inhibitor
and protease inhibitor cocktail. After denatured on heating, proteins were separated by 10% SDS-PAGE electrophoresis and transferred
to polyvinylidene fluoride membranes. The membranes were blocked with BSA (Solarbio, Beijing, China) for 1 h at room temperature, and
primary antibody (rabbit anti-NF-kB, 1:1000, CST (8242); rabbit anti-p-NF-«kB (Ser536), 1:1000, CST (3033); rabbit anti-TLR2, 1:1000, Abcam
(ab209216); mouse anti-B-Actin, 1:2000, CST (3700)) incubation was performed at 4°C overnight. The membranes were washed three times
and incubated with the corresponding secondary antibody (HRP-conjugated goat anti-mouse, 1:3000, CST (7076); HRP-conjugated goat
anti-rabbit, 1:3000, CST (7074)) for 1 h at room temperature. The bands were visualized with western blotting system (Cytiva, USA) after de-
tected by eECL western blotting kit (Tanon, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as means with standard errors (mean + SEM). Statistical analyses were performed using the SPSS software (version
17.0). A Student’s t test was used to evaluate the statistical significance of a difference between two groups. Comparisons for a group of mul-
tiple timepoints were carried out using a One-way ANOVA with Dunnett’s multiple comparisons test. Comparisons for multiple groups with
the control group were carried out using a Two-way ANOVA with Dunnett's post hoc test. Comparisons for multiple timepoints were carried
out using a two-way ANOVA with Sidak’s post hoc test. p< 0.05 was considered as statistical significance in all analyses. Significance levels (p
values) are indicated in legends of each figure, showing *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; n.s., non-significant. All results of
in vitro experiments were collected from at least 3 independent biological replicates.
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