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TNF inhibitors target a mevalonate
metabolite/TRPM2/calcium signaling axis in
neutrophils to dampen vasculitis in Behçet’s
disease

Menghao Zhang 1,7, Na Kang2,7, Xin Yu1,7, Xiaoyang Zhang2, Qinghui Duan2,
Xianqiang Ma3, Qiancheng Zhao3, Zhimian Wang1, Xiao’ou Wang1, Yeling Liu1,
Yuxiao Zhang2, Can Zhu2, Ruiyu Gao2, Xin Min2, Cuifeng Li2, Jin Jin 4,
Qian Cao 5, Rongbei Liu5, Xiaoyin Bai6, Hong Yang6, Lidan Zhao1, Jinjing Liu 1,
Hua Chen1, Yonghui Zhang 3, Wanli Liu 2 & Wenjie Zheng 1

TNF inhibitors have been used to treat autoimmune and autoinflammatory
diseases. Here we report an unexpected mechanism underlying the ther-
apeutic effects of TNF inhibitors in Behçet’s disease (BD), an autoimmune
inflammatory disorder. Using serum metabolomics and peripheral immuno-
cyte transcriptomics, we find that polymorphonuclear neutrophil (PMN) from
patients with BD (BD-PMN) has dysregulated mevalonate pathway and sub-
sequently increased farnesyl pyrophosphate (FPP) levels. Mechanistically, FPP
induces TRPM2-calcium signaling for neutrophil extracellular trap (NET) and
proinflammatory cytokine productions, leading to vascular endothelial
inflammation and damage. TNF, but not IL-1β, IL-6, IL-18, or IFN-γ, upregulates
TRPM2 expression on BD-PMN, while TNF inhibitors have opposite effects.
Results from mice with PMN-specific FPP synthetase or TRPM2 deficiency
show reduced experimental vasculitis. Meanwhile, analyses of public datasets
correlate increased TRPM2 expressions with the clinical benefits of TNF inhi-
bitors. Our results thus implicate FPP-TRPM2-TNF/NETs feedback loops for
inflammation aggravation, and novel insights for TNF inhibitor thera-
pies on BD.

Different from the well-characterized damage-associated molecular
pattern (DAMP), metabolic intermediates, have recently been identified
as a novel class of endogenous danger signals that strongly elicit a
variety of biological functions1–4. In response to external stimulations,
polymorphonuclear neutrophil (PMN) tend to adopt specific metabolic
pathways5, for a tunedpurpose to support specialized effector functions
such as neutrophil extracellular trap (NET) formation (NETosis)6,7.
Hence, considering the short cell lifespan8, PMN is a potentially impor-
tant source of serum danger signals during the shift of its metabolic

patterns9.However, the immunometabolismofPMN inautoimmuneand
autoinflammatory diseases remains to be investigated.

Corresponding to the clinical features of autoinflammatory and
autoimmune diseases, Behçet’s disease (BD) is a chronic systemic vas-
culitis characterized by recurrent oral or genital ulcers, skin lesions, and
involvement of vital organs, such as ocular, cardiovascular, gastro-
intestinal, and neurological manifestations10. BD is sight-threatening
and even life-threatening, imposing considerable financial burdens on
society and individuals. BD is a representative type of immune disorder
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as it exhibits aberrant and excessive activation of both innate and
adaptive immunity, which is thus considered as a unique and crucial
clinical condition linking both autoimmunity and autoinflammation11.
Although the etiology of BD is still unknown, it is well accepted that
during the progression of BD, an interplay between endogenous danger
signals and PMN is of note12–14. In this regard, elevated serum DAMPs
such as highmobility group box 1 (HMGB1)15 and S100 calcium-binding
protein A12 (S100A12)16 have been reported in BD. These DAMPs pro-
mote acute inflammation and recruitment of PMN to vascular lesions17,
and thus BD was also recognized as a “neutrophilic vasculitis”18. More-
over, PMN is particularly prone to undergo cell necrosis, mainly in the
form of NETosis under inflammatory conditions19,20, which involves the
release of various DAMPs, including DNA, histones19, HMGB1, and
S100A8, etc., aggravating the activation and inflammation of
macrophages19 and vascular endothelium20,21 in BD. As an integrating
mechanism, all these accounts for the production of proinflammatory
cytokines, including tumor necrosis factor (TNF), interferon-γ (IFN-γ),
interleukin 6 (IL-6), and skewed T-helper (Th) 1 and Th17 cell
activation22. Thus, BD is ideal for use as a representative disease to
investigate the mechanism of action underlying the therapeutic effects
of TNF inhibitors in treating autoimmune and autoinflammatory dis-
eases. Farnesyl pyrophosphate (FPP), a key metabolite in the mevalo-
nate (MVA) pathway, plays a crucial role in cholesterol biosynthesis, has
been implicated in inflammatory responses, andpotentially contributed
to autoinflammatory and autoimmune diseases23,24. However, its impli-
cations in BD pathogenesis remain largely to be elucidated.

Here in this study, we conduct comprehensive analyses of serum
metabolomics and peripheral immune cell transcriptomics, revealing a
dysregulatedmevalonate pathway in PMN from BD patients (BD-PMN)
and subsequently elevated FPP levels. Further investigations demon-
strated that FPP promotes BD-PMN hyperactivation via a calcium-
TRPM2-dependent pathway. TNF upregulates TRPM2 expression on
BD-PMN, while TNF inhibitors have the opposite effect. Our findings
highlight the potential pathogenic involvements of FPP in BD and
uncover the immunometabolic mechanisms underlying disease pro-
gression. These insights provide novel therapeutic implications for
TNF inhibitors in BD and potentially other autoimmune and autoin-
flammatory disorders.

Results
Multi-omic analyses highlight the proinflammatory contribu-
tions of MVA-pathway in BD-PMN hyperactivation
To gain an unbiased understanding of immunometabolic profiles in BD,
we first integrated multi-omic analyses in our previously published
cohorts containing BD patients and the sex- and age-matched HC,
including serum metabolomics and lipidomics25, bulk RNA-sequencing
of peripheral blood mononuclear cell (PBMC) (GSE19853311), PMN
(GSE20586712), and single-cell RNA-sequencing of PBMC (GSE19861611).
We found that the steroid biosynthesis pathway is significantly upre-
gulated in BD serum in comparison to that from HC (Fig. 1A, Supple-
mentary Fig. 1A). Multi-omic analyses of individual immune cell
populations revealed that thismetabolic alteration in serumwasmainly
displayed in the BD-PMN (Fig. 1B, and Supplementary Fig. 1B). Con-
sidering that there are multiple downstream pathways in steroid
synthesis, we then conducted an enrichment analysis of each pathway.
We found that the cholesterol biosynthesis pathway, but not the
synthesis of bile acid and steroid hormone pathways, was significantly
increased in BD-PMN in comparison to HC-PMN (Fig. 1C). It shall be
noted that although our single-cell sequencing analyses also indicated a
slight upregulation of the steroid synthesis pathway inmonocytes from
BD patients, their cholesterol synthesis pathway was not significantly
upregulated as in the case of PMN (Supplementary Figs. 1C, D).

Next, we examined the expression profiles of crucial enzymes in
the cholesterol biosynthesis pathway from transcriptional datasets of
BD-PMN and HC-PMN (Fig. 1D), and further validated the transcription

levels of these target genes by qRT-PCR in an independent cohort of
twenty BD patients (Supplementary Fig. 1E, and Supplementary
Table 1). We found that those most differentially expressed enzymes,
including ACAT1, MVK, PMVK, and MVD, were concentrated in the
upstream pathway of cholesterol biosynthesis, i.e., the MVA pathway
(Fig. 1E). These results reveal an upregulatedMVA pathway specifically
in BD-PMN.

To determine whether the upregulated MVA pathway is involved
in the hyperactivation of BD-PMN, we inhibited 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGCR) and farnesyl pyrophosphate syn-
thase (FPPS, also known as farnesyl diphosphate synthase (FDPS)),
which control the start and end points of the MVA pathway, via the
clinically-available drugs simvastatin and zoledronic acid, respectively
(Fig. 1E). Notably, both inhibitors suppressed proinflammatory cyto-
kines in BD-PMN (Fig. 2A, B). Since FPP is the end product of the MVA
pathway that is converted by FPPS enzyme from geranyl-
pyrophosphate (GPP), we speculated that FPP might be the primary
component participating in the MVA pathway-induced BD-PMN
hyperactivation. To confirm this hypothesis, we either inhibited FPP-
metabolizing enzymes farnesyl-diphosphate farnesyltransferase
(FDFT1) (squalene synthase), via zaragozic acid (ZGA) and BPH-652, or
activated FDFT1 function via ferroptosis inducing 56 (FIN56)26. The
results demonstrated that intracellular accumulation of FPP increased
the production of proinflammatory cytokines in BD-PMN (Fig. 2C, D),
and vice versa (Fig. 2E), both of which suggested a proinflammatory
role of FPP in PMN. Notably, none of the aforementioned inhibitors or
agonists had any effect on PMN viability (Supplementary Figs. 2A, B).
To conclude, these results suggested a proinflammatory role of
theMVA pathway, especially its metabolite FPP, in PMN activation and
inflammation.

FPP levels were significantly higher in BD than in HC and cor-
related with BD disease activity
PMN is particularly prone to undergo cell necrosis, mainly in the form
of NETosis under inflammatory conditions19,20, which release DAMPs
contributing to BD15–17,19. We further investigated the abundance of FPP
in both serum and total PMN lysis samples by targeted liquid
chromatography-mass spectrometry (LC-MS). The relative levels of
FPP were elevated in both types of samples from active BD patients
compared to those fromHC (Fig. 2F). Notably, our longitudinal follow-
up data showed a remarkable decrease in both PMN and serum FPP
levels after BD patients achieved remission (Fig. 2G, H). More impor-
tantly, we performed clinical evaluations and reviewed the medical
records of all participants (Table 1). The results showed that FPP levels
in BD-PMN were positively correlated with C-reactive protein (CRP),
and serum FPP levels in BD were positively correlated with CRP and
erythrocyte sedimentation rate (ESR), indicators of BD disease activity
(Fig. 2I, J). In addition, PMNand serumFPP levels weremarkedly higher
in patients with a Behçet’s Disease Current Activity Form (BDCAF)
greater than 2 compared with those with a BDCAF of 0 to 1 (Fig. 2K, L).
We further analyzed receiver-operating characteristic (ROC) curves of
serum FPP levels to investigate its diagnostic value and found that
serum FPP level could potentially differentiate BD from HC, with an
area under the ROC curve (AUC) of 0.7467 (p value = 0.0041, cutoff =
1.400, sensitivity% = 65.22%, specificity% = 82.61%) (Supplementary
Fig. 3A).Moreover, we assessed the disease severity of treatment-naïve
BD patients according to the well-established BD Disease Severity
Score reported by Krause27–29. Themedian disease severity scorewas 3
(range 2-6) for the BD-PMN cohort and 5 (range 2-7) for the BD serum
cohort. Patients with a Disease Severity Score of less than or equal to 2
were characterized as mild BD patients, while those with a score
greater than 2 were defined as moderate-severe BD patients. Of note,
serum FPP levels were significantly higher in moderate-severe BD than
in mild BD (Supplementary Fig. 3B). Remarkably, the serum levels of
FPP were notably higher in BD patients with extracardiac vascular
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Fig. 1 | Multi-omic analysis highlights the upregulated MVA pathway in BD-
PMN. A Lipidomic analysis between treatment-naïve BD and HC serum. B GSEA of
steroid biosynthesis pathway in BD and HC peripheral blood immune cells,
including bulk RNA-seq of PBMC (GSE198533), PMN (GSE205867), and single-cell
RNA-seq of PBMC (GSE198616). C GSEA of steroid synthesis sub-pathways,
including bile acids, steroid hormones, vitamin D, and cholesterol synthesis, in BD
and HC PMN (GSE205867). D Heatmap showing enzyme expression of cholesterol

synthesis pathway in BD PMN RNA-seq (GSE205867). Significantly increased and
decreased genes are marked in red and blue, respectively. E Schematic plot
showing the intervention of the cholesterol synthesis pathway. Significantly ele-
vated enzymes validated by both BD PMN RNA-seq and qRT-PCR (N = 20) are
marked in red. The agonists and inhibitors aremarked by green and purple arrows,
respectively. N for all experiments were biological replicates. ZGA, zaragozic acid;
SQS, squalene synthase.

Article https://doi.org/10.1038/s41467-024-53528-3

Nature Communications |         (2024) 15:9261 3

www.nature.com/naturecommunications


involvement (including deep vein thrombosis and aneurysms) than in
those with cardiac involvement (Supplementary Fig. 3C). A possible
explanation may be that inflammatory indicators are particularly ele-
vated in BD patients with extracardiac vascular involvement. All these
results drove us to examine theDAMPs-mediated direct effects of PMN
inflammation and necrosis upon extracellular FPP stimulation in vitro.

Enhanced responsiveness of BD-PMN to extracellular FPP pro-
motes PMN hyperactivation and vascular endothelial inflam-
mation and damage
We chemically synthesized FPP (method reported before24), and
investigated the expression of proinflammatory cytokines upon sti-
mulation by FPP in PMN, lymphocytes, and monocytes from both
active BD patients and HC. Notably, FPP significantly induced the

production of proinflammatory cytokines, including TNF, IL-6, IL-18,
and IL-1β, in PMN but not in lymphocytes or monocytes, and BD-PMN
exhibited a greater response than HC-PMN (Fig. 3A, D). FPP at con-
centrations of 5 to 10 µg/mL stimulated the production of proin-
flammatory cytokines in PMN in a dosage-dependentmanner (Fig. 3E),
with no effect on their viability (Supplementary Fig. 4A, B). When
increasing the concentrations, we found that 60μg/mL FPP induced
the death of PMN, monocytes, and lymphocytes, but more cell death
and a lower median lethal concentration (LC50) of FPP were only
observed in PMN from BD patients compared to HC (Supplementary
Fig. 4C), especially in the form of NETosis (Fig. 3F), again with stronger
responsiveness in BD-PMN (Fig. 3G, H, and Supplementary Fig. 4D).
Our published paper demonstrated a positive correlation between BD
serumNETs-derived dsDNA (NETs-dsDNA) levels and CRP19. To further
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Fig. 2 | FPP is a keymetabolite involved in BD PMN inflammation. A–E BD-PMN
was pretreated with either simvastatin (1μM and 10μM, A) to inhibit HMGCR,
zoledronic acid (1μMand 10μM,B) to inhibit FDPS, ZGA (7.5μMand 15μM, (C) and
BPH652 (40 μM and 80 μΜ, (D) to inhibit squalene synthase FDFT1, or FIN56 (1μM
and 5μM, E) to activate FDFT1, for 16 hours. The expression levels of TNF, IL-6, IL-18,
and IL-1β were detected by qRT-PCR (N= 4, for each group). F Relative abundance
of FPP in PMN (N= 24) and serum (N= 23) from active BD and HC. G, H Relative
abundance of FPP in PMN (N= 15, G) and serum (N = 14, H) from active and
remission BD. I, J Correlations between the relative abundance of FPP in BD-PMN
(N= 39, (I) and serum (N = 37, J) with BD clinical activity indicators, CRP and ESR.
K,LRelative abundanceof FPP inPMN (N= 32vs 7, (K) and serum (N = 23vs 14, L) of

BD with different BDCAF. N for all experiments were biological replicates. Data are
presented as mean± SD; error bars indicate the SD. A two-sided p-value < 0.05 was
considered statistically significant, with *p <0.05, **p <0.01, ***p <0.001, and
****p <0.0001 indicating significant differences. Source data are provided as a
SourceDatafile.One-wayANOVA testswereused in (A–E), withp-value adjusted for
multiple comparisons by FDR using the two-stage linear step-up procedure of
Benjamini, Krieger andYekutieli. Independent t-testswere used in (F,K, L), Pearson
correlation analysis was used in I, J and paired t-tests were used in (G, H). ZGA,
zaragozic acid; SQS, squalene synthase; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; BDCAF, Behçet’s Disease Current Activity Form.
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investigate the involvement of FPP levels and PMN activity in the
progression of BD, we measured NETs-dsDNA levels in the serum
cohort and found a markedly increased NETs-dsDNA in active BD
compared toHC (Fig. 3I). Furthermore, our longitudinal follow-up data
demonstrated a notable decrease in serum NETs-dsDNA levels in
remission BD after appropriate treatment (Fig. 3J). Of noted, the
supernatants of BD-PMN stimulated by 60μg/mL FPP induced a
greater inflammation of vascular endothelial cell (VEC) than that ofHC,
as demonstrated by the upregulation of proinflammatory cytokines
and adhesionmolecules (Fig. 3K). Immunofluorescence assays showed
that FPP did not lead to themortality of VECs (Supplementary Fig. 5A).
Meanwhile, neither FPP alone nor supernatants of unstimulated PMN
contributed to the inflammation of VECs (Supplementary Fig. 5B, C).
Taken together, FPP specifically triggers PMNhyperactivation and VEC
inflammation, with enhanced responsiveness of BD-PMN.

Calcium and TRP channels are essential for FPP-induced PMN
activation
FPP is known to trigger calcium influx by interacting with transient
receptor potential (TRP) channels24,30, which leads to gene transcrip-
tion and cellular immune responses31. Thus, as critical controls,
we examined the calcium influx in PMN by either removing extra-
cellular calcium or blocking the TRP channels with a universal inhi-
bitor, ruthenium red (RR), in the presence of calcium (method
reported before32). We found that both of these conditions inhibited
the FPP-induced calcium influx (Supplementary Fig. 6A), the produc-
tion of cytokines (Fig. 4A), and NETosis of PMN (Fig. 4B, D,

and Supplementary Fig. 6B), strongly suggesting that calcium and
TRP channels are essential for FPP to promote PMN hyperactivation.
As a further validation, RR was found to significantly attenuate
the effect of FPP on NETosis-induced VEC activation (Fig. 4E). We
also confirmed that NETs were essential components in the super-
natants of FPP-stimulated PMN to induce VEC inflammation, as fully
digesting the NETs-dsDNA via deoxyribonuclease I (DNase I) resulted
in significantly decreased expression of proinflammatory cytokines
and adhesion molecules in VECs (Fig. 4C, E). Additionally, we demon-
strated that TRP channelsmediated the enhanced response of BD-PMN
to FPP stimulation, as RR more effectively suppressed the activation
of BD-PMN in comparison to that of HC-PMN (Fig. 4F, G). Further
experiments by flow cytometry revealed a stronger calcium influx
of BD-PMN than that of HC-PMN in response to FPP stimulation
(Fig. 4H). Together, all these suggest that the mechanism of
FPP-induced PMN activation depends on the influx of calcium ions
through TRP channels.

TNF-TRPM2 axis elicits the FPP-induced inflammatory
response in PMN
To elucidate the mechanism underlying the hyper-responsiveness
nature of BD-PMN in response to FPP stimulation, we conducted a
high-throughput transcriptional analysis of RR-sensitive calcium
channels including TRP channel, ryanodine receptors, cation channels
sperm associated, two pore segment channels and MCU within in our
RNA-sequencing database of BD patients. Remarkably elevated
expressions of four genes including TRPM2, TRPC1, RYR1, andMCOLN2

Table 1 | Demographics and Behçet’s disease characteristics of the participants

The cohort for neutrophil mass
spectrometry

The cohort for serum mass
spectrometry

Sample BD HC BD HC

Number N = 24 N = 24 N = 23 N = 23

Age (median, (range)) 35(26-57) 35(25–56) 34(20–58) 35(22–56)

Gender, Male (n, (%)) 16(66.67) 16(66.67) 15(65.22) 15(65.22)

Clinical manifestation (n, (%))

Oral ulcer 24(100) NA 23(100) NA

Genital ulcer 15(62.5) NA 12(52.17) NA

Skin lesions 4(16.67) NA 3(13.04) NA

Gastrointestinal involvement 9(37.5) NA 5(21.74) NA

Uveitis 3(12.5) NA 1(4.35) NA

Neurological involvement 0 NA 1(4.35) NA

Arthralgia / Arthritis 5(20.83) NA 5(21.74) NA

Vascular involvement 11(45.83) NA 15(65.22) NA

Thrombus 4(16.67) NA 9(39.13) NA

Aneurysm 2(8.33) NA 6(26.09) NA

Cardiac valve involvement 6(25) NA 3(13.04) NA

Treatment (n, (%))

Treatment-naive 17(70.83) NA 19(82.61) NA

Undertreatment 7(29.17) NA 4(17.39) NA

Glucocorticosteroid 6(25) NA 3(13.04) NA

Immunosuppressant 6(25) NA 4(17.39) NA

Biologics 3(12.5) NA 2(8.70) NA

Disease evaluation

BDCAF (median, (range)) 1(0–3) NA 2(0–4) NA

ESR (median, (range), mm/h) 18.5(7–75) NA 40(11–140) NA

CRP (median, (range), mg/L) 19.09(6–108.09) NA 51.53(13.6–85.35) NA

Severity score (median, (range)) 3(2–7) NA 4(2–7) NA

Follow-up (mean ± SD, month) 5(3–26) NA 27(12–60) NA

BD Behçet’s disease; HC Healthy control; NA Not applicable.
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were identified (Fig. 5A).Among these,TRPC1 andRYR1were expressed
at extremely low levels in PMN (Supplementary Table 2), and the
regulation of cation flux and topology of MCOLN channels was mainly
dependent on PH, rather than calcium33. In addition, the other two
MCOLN family members, MCOLN1 and MCOLN3, have been reported
to be less sensitive to RR34. Consequently, we speculated that the
increased FPP responsiveness in BD-PMN was mainly attributed to
TRPM2, which was further validated by qRT-PCR (Fig. 5B) and western

blot (Fig. 5C). Notably, TRPM2 expression levels were significantly
higher in active BD patients than those in remission (Fig. 5D), sug-
gesting a potential involvement of TRPM2 in BD progression. Impor-
tantly, silencing TRPM2 on BD-PMN significantly reduced the FPP-
induced hyperactivation of BD-PMN, as evidenced by decreased pro-
duction of proinflammatory cytokines (Fig. 5E) and NETs (Fig. 5F–H,
and Supplementary Fig. 6C), reducing the inflammation of VECs
(Fig. 5I). As a critical control, the silencing efficiency of TRPM2-specific
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siRNA was verified at both the transcript (Supplementary Fig. 6D) and
protein levels (Supplementary Fig. 6E).

To gain further insights into the molecular pathways of FPP-
induced PMN activation, we employed a series of inhibitors at graded
concentrations to inhibit the downstream molecules activated by
second messenger calcium ions, including PKC inhibition with staur-
osporine (STS), NF-kB inhibition with PDTC, Pyk2 inhibition with PF-
5662271, ERK inhibition with PD98059, cPLA2 inhibition with tan-
shinone I, and calcineurin inhibition with cyclosporin A, respectively
(Supplementary Fig. 7A-7F). Notably, only STS effectively reduces FPP-
mediated PMN activation, suggesting a PKC-dependent molecular
mechanism. Additionally, the critical involvement of PKC molecules
was further confirmed by other PKC inhibitors, including VTX27,
ruboxistaurin, and Go 6983 (Supplementary Fig. 7G). Thus, all these
results indicate that FPP plays a crucial role in the opening of the
TRPM2 channel, leading to the facilitated influx of calcium. Conse-
quently, calcium ions act as pivotal second messengers, ultimately
resulting in the production of proinflammatory cytokines through the
activation of PKC signaling pathway.

Lastly, we investigated the mechanism driving the upregulated
TRPM2 levels in BD-PMN than HC-PMN, and in active BD patients than
in those in remission. It is interesting to observe that HC-PMN cultured
with active BD serum displayed significantly higher TRPM2 expression
levels compared to HC serum (Fig. 6A). To identify the serum factors
responsible for enhanced TRPM2 levels in BD-PMN, we examined the
main proinflammatory cytokines and found elevated TNF, IL-6, and
IFN-γ in BD serum than those in HC serum (Fig. 6B). These investiga-
tions revealed that only TNF significantly increased TRPM2 expression
on PMN (Fig. 6C), but not the other cytokines including IL-6, IL-18,
IL-1β, or IFN-γ (Supplementary Figs. 8A, E). Notably, the effective
reduction of TRPM2expression by TNF-neutralizing antibodies further
corroboratedour conclusion (Fig. 6D). To investigatewhether TNF can
enhance the TRPM2 expression in PMN in vivo, we examined the
expression of TRPM2 in PMN from patients with BD treated with TNF
inhibitors (including adalimumab and infliximab). We found that
TRPM2 expressionwas significantly reduced inBD-PMNafter amedian
of 4months (range 3-6) of TNF inhibitors treatment in vivo (Fig. 6E). In
addition,weperformed long-term follow-upof thesepatients upon the
treatment of TNF inhibitors with amedian term of 10months (range 7-
24), of which 3 patients were lost to follow-up. Consistently, the
expression of TRPM2 in BD-PMNwas significantly lower at the last visit
than at baseline, although no significant difference was observed
compared to the level at the mid-term follow-up (Supplementary
Fig. 8F). Furthermore, in vitro experiments showed that TNF blockade
in BD serum successfully reduced FPP-induced PMN activation
(Fig. 6F, G). Therefore, the treatment with TNF inhibitors can reduce
FPP-induced PMN activation by downregulating the expression of
TRPM2 in BD-PMN.

To explore the generalizability of our findings, we comprehen-
sively analyzed neutrophil RNA-seq or microarray data from publicly
available databases for a variety of autoimmune and autoinflammatory

diseases, including systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), inflammatory bowel disease (IBD), adult-onset Still’s
disease (AOSD), and antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis (AAV). These analyses were performed with a
focus on the cholesterol synthesis pathway and TRPM2 expression
levels. Notably, TRPM2 expression was significantly elevated in
patients with IBD, AOSD, AAV, and RA (Supplementary Fig. 9A). In
these types of diseases, TNF inhibitors have been widely recom-
mended by guidelines or have potential clinical benefits35–42. Inmarked
contrast, there was no upregulation of TRPM2 expression in patients
with SLE (Supplementary Fig. 9A), in the case of which TNF inhibitors
are contraindicated for clinical usage43–45. Additionally, a remarkable
upregulation of the cholesterol synthesis pathway was noted only in
IBD patients (Supplementary Fig. 9B). Further analysis of the key
enzymes of the cholesterol synthesis pathway in IBD patients revealed
that both upstream and downstream enzymes of FPP were elevated
(Supplementary Fig. 9C). Notably, PMN hyperactivation is implicated
in the pathogenesis of RA and IBD, and TNF inhibitors are guideline-
recommended biologics commonly used to treat patients with
refractory/severe RA and IBD.We found that serum frompatients with
active RA and IBD also promoted TRPM2 expression in the HC-PMN
(Supplementary Fig. 10A), and further enhanced the response to FPP in
the HC-PMN, as evidenced by increased production of proin-
flammatory cytokines and NETs (Supplementary Fig. 10B, C). Fur-
thermore, the blockade of TNF in RA and IBD sera effectively reduced
TRPM2 expression in PMN (Supplementary Figs. 10D–E), thereby
decreasing its response to FPP (Supplementary Figs. 10F–I). The above
results indicate that the TNF-TRPM2 axis is also potentially implicated
in the pathogenesis of other autoimmune and autoinflammatory dis-
eases, thereby further extending the generality of our findings.

The FPP-TRPM2-PMN axis is involved in the mouse model of
vasculitis and experimental autoimmune uveitis
To further confirm the critical role of FPP in vascular inflammation and
damage, we induced vasculitis in myeloid cell-specific FPP synthetase
(FPPS) knockout (FPPSflox/flox LysMcre) mice and FPPSflox/flox mice (con-
trol group), according to the previously reported method46. Notably,
FPPSflox/flox LysMcre mice demonstrated significantly reduced vascular
inflammation and damage compared with control mice, as evidenced
by remarkably decreased neutrophil infiltration and vascular perme-
ability of Evans-blue (Fig. 7A–D). In addition, a significantly lower
proportion of MPO-positive cells were noted in the skin tissues of
FPPSflox/flox LysMcre mice than in control mice, as assayed by both
immunohistochemistry and immunofluorescence (Fig. 7E–H). Mean-
while, TRPM2 total knockout (TRPM2-KO) mice also demonstrated
significantly reduced vascular damage compared with wild-type con-
trol mice, evidenced by reduced Evans-blue permeability (Fig. 7I–K).
All these layers of experiments revealed the critical involvement of
FPP-TRPM2-PMN-axis in inducing vasculitis.

In addition, after a combined consideration of the clinical features
of BD, the phenotypic features of available animal models, and the

Fig. 3 | The effect of FPP on PMN hyperactivation and vascular endothelium
inflammation. A–D The expression levels of proinflammatory cytokines in 10 μg/
mL FPP-stimulated PMN (red), lymphocytes (dark blue), andmonocytes (light blue)
including TNF, IL-6, IL-18 and IL-1β (N= 5). E Quantitative analysis of proin-
flammatory cytokines in BD-PMN, after 0, 5, and 10 µg/mL FPP stimulation (N= 4).
F Levels of NETs-derived dsDNA (NETs-dsDNA) in the supernatants of FPP-
stimulated PMN fromBDandHC (N= 5).G,HRepresentative immune-fluorescence
staining (G) and quantification (H) N = 20) of 60μg/mL FPP-induced NETosis,
immunostaining of MPO (red), NE (green) and 4′,6-diamidino-2-phenylindole
(DAPI) counterstained nuclei (blue); scale bar = 10μm. I NETs-dsDNA levels in the
serum of active BD and HC (N= 15). J NETs-dsDNA levels in the serum of active BD
and remission BD (N= 14) K. The vascular endothelial cell line HMVEC was stimu-
lated with supernatants of 60μg/mL FPP-pretreated BD and HC PMN, respectively,

and the expression level of proinflammatory cytokines, and adhesion-related
molecules, including E-selectin, P-selectin and ICAM-1, were assessed (N= 5). N for all
experimentswere biological replicates. Data are presented asmean ± SD; error bars
indicate the SD. A two-sided p-value < 0.05 was considered statistically significant,
with *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 indicating significant dif-
ferences. Source data are provided as a Source Data file. Paired t-tests were used in
(J). Independent t-test was used in (I). Two-way ANOVA tests were used in
(A–F, H and K), with the p-value adjusted for multiple comparisons by FDR using
the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli. NS,
normal saline; DAPI, 4’,6-diamidino-2-phenylindole; PMN, polymorphonuclear
neutrophil; MPO, myeloperoxidase; NE, neutrophil elastase; dsDNA, double-
stranded DNA; ICAM-1, intercellular cell adhesion molecule-1.
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Fig. 4 | Theproinflammatory effect of FPPonPMNdependsoncalciumandTRP
channels.A,BThe statistical results of proinflammatory cytokines (N = 4, (A) and
NETs-dsDNA (N = 6, (B) in FPP-stimulated BD and HC PMNwere detected by qRT-
PCR and pico-green dsDNA fluorescent probe, respectively, in the presence or
absence of RR and calcium. C, D Representative immunofluorescence staining
(C) of 60 μg/mL FPP-induced NETosis together with RR or DNase I, as well as its
quantification (D) N = 15); scale bar = 10 μm. E Quantitative analysis of RR and
DNase I affecting the expression of proinflammatory cytokines and adhesion
molecules in VECs (N = 5). F, G Inhibitory efficiency of RR on FPP-induced
proinflammatory cytokine expression (N = 4) and NETs-dsDNA release (N = 6) in

PMN of BD and HC. H 60 μg/mL FPP- and calcium-induced calcium fluxes in the
PMN of BD and HC (N = 3). N for all experiments were biological replicates. Data
are presented as mean ± SD; error bars indicate the SD. A two-sided p-value <
0.05 was considered statistically significant, with *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 indicating significant differences. Source data are
provided as a Source Data file. Independent t-tests were used in (G). One-way
ANOVA tests were used in (A, B and D), and two-way ANOVA tests were used in
(F), with the p-value adjusted for multiple comparisons by FDR using the two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli. DNase I,
Deoxyribonuclease I; RR, Ruthenium Red.
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required experimental conditions, we chose a widely accepted
experimental autoimmune uveitis (EAU) model to investigate the
involvement of FPP in BD pathogenesis. The EAU model is utilized
because ocular inflammation, as characterized by uveitis, is reported
to occur in 50–70% of BD patients47. There are also multiple reports
confirming the feasibility of inducing EAU in C57BL/6 J mice48–50. Of
note, PMN hyperactivity has been implicated in EAU, as evidenced by
excessive production of NETs51. Based on the aforementioned
thoughts and literature studies, we thus induced EAU in either FPPSflox/

flox LysMcre or FPPSflox/flox control mice using interphotoreceptor

retinoid-binding protein (IRBP) peptide 1-20 according to the pre-
viously reported methods48–50. Induction of uveitis was assessed by
ocular computerized tomography (OCT) and fundoscopy on day 14
(Supplementary Fig. 11A), and a lower incidence of EAU was found in
FPPSflox/flox LysMcre mice compared to the control mice (FPPSflox/flox

LysMcre mice vs FPPSflox/flox mice: 25% vs. 66.67%). Shedding of CD62L
is considered a marker of PMN activation52–54. On day 18, peripheral
blood and eyes were collected from each type of mice, and a reduced
percentage of CD11b+ Ly6G+ cells and higher CD62L expression were
observed in the peripheral blood of FPPSflox/flox LysMcre mice

E

G H

A

I

si-scramble PMN
+ 60 μg/mL FPP

si-TRPM2 PMN
+ 60 μg/mL FPP

DAPI TRPM2 MPO Merge

0

200

400

600

N
ET

s-
ds

D
N

A 
(n

g/
m

L) *

si-TRPM2
+ +60 μg/mL FPP
- +

Vascular Endothelial Cell 

si-scramble PMN + 60 μg/mL FPP

si-TRPM2 PMN + 60 μg/mL FPP

D

B C

0

10

20

30

40

%
 o

f N
ET

os
is

*

+ +
- +si-TRPM2

60 μg/mL FPP

−1
0
1
2
3

BaseMean

0
500
1000
1500

-logPvalue

upregulateddownregulated

log2(FoldChange)

Expression of calcium channels in BD-PMN
C

at
io

n 
ch

an
ne

ls
 s

pe
rm

 a
ss

oc
ia

te
d

R
ya

no
di

ne
 

re
ce

pt
or

s
Tr

an
si

en
t r

ec
ep

to
r 

po
te

nt
ia

l c
at

io
n 

ch
an

ne
ls

Neutrophils

si-scramble + 10 μg/mL FPP si-TRPM2 + 10 μg/mL FPP

TNF IL-6 IL-18 IL-1β
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

 le
ve

l

*
*** ***

*

TNF IL-6 IL-18 IL-1 β
0

1

2

3

4

5

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

 le
ve

l

**

*

*

*

TPCN2
TRPV6
TRPV5
TRPV4
TRPV3
TRPV2
TRPV1
TRPM8
TRPM7
TRPM6
TRPM5
TRPM4
TRPM3

TRPM2*
TRPM1
TRPC7
TRPC6
TRPC5
TRPC4
TRPC3
TRPC2
TRPC1
TRPA1

PKD2L2
PKD2L1

PKD2
MCOLN3
MCOLN2
MCOLN1

RYR3
RYR2
RYR1
MCU

CATSPER4
CATSPER3
CATSPER2
CATSPER1

5-5 0

BD-PMN

E-selectin P-selectin ICAM-1
0

1

2

3

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

 le
ve

l

*
*

*

  BD1    BD2   BD3    HC1  HC2   HC3
TRPM2
β-actin

-171kd

- 41kd

MW 
marker

Stimulated by the suspernatants of :

F

HC BD
0

1

2

3

R
el

at
iv

e 
pr

ot
ei

n
ex

pr
es

si
on

 o
f T

R
PM

2

***

HC BD
0

2

4

6

8

Re
la

tiv
e

m
R N

A
ex

pr
es

sio
n

of
TR

PM
2

*

Active Remission 
0

2

4

6

8

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

 o
f T

R
PM

2 *

Article https://doi.org/10.1038/s41467-024-53528-3

Nature Communications |         (2024) 15:9261 9

www.nature.com/naturecommunications


compared with FPPSflox/flox mice (Supplementary Fig. 11B, C). Histolo-
gical assessments were also performed according to previously
established criteria55. We found a reduction of PMN infiltration of
ocular tissues and a lower pathological score in FPPSflox/flox LysMcre
mice compared to the control FPPSflox/flox mice (Supplementary
Fig. 11D). These results provide additional support for the involvement
of FPP in BD pathogenesis in disease model studies.

Overall, our data suggested the previously unrecognized
mechanism by which TNF makes PMN more responsive to FPP by
upregulating TRPM2 expression, which, together with the pro-TNF-
and NETs-producing effects of FPP, causes positive proinflammatory
feedback loops in BD (Fig. 8). This mechanism may also contribute to
other autoimmune and autoinflammatory diseases.

Discussion
Hyperactivation and infiltration of PMN are the predominant con-
tributors to recurrent episodes of acute inflammation in BD14,20.
Through integrated analyses, we revealed that the MVA pathway
metabolite FPP promoted BD-PMN hyperactivation in a calcium-
TRPM2-dependent manner, ultimately exacerbating vascular endo-
thelial inflammation. This report also highlighted that the excessive
levels of TNF, but not IL-6, IL-18, IL-1β, or IFN-γ, in BD serum triggered
the upregulation of TRPM2, which further induced hypersensitivity to
FPP in BD-PMN. All these led to significantly increased serum levels of
NETs and proinflammatory cytokines, including TNF, ultimately
resulting in proinflammatory positive feedback loops. Thus, our
findings uncover the involvement of FPP in PMN hyperactivation and

Fig. 5 | Elevated TRPM2 expression involved in FPP-induced inflammatory
response in BD-PMN. ADifferential expression analysis of TRP channels in BD and
HC PMN transcriptome sequencing data (GSE205867). Channels with significantly
elevated (p <0.05 and log2FC>0.5) and decreased expression (p <0.05 and
log2FC>0.5) are marked in red and blue, respectively. B The quantification of
TRPM2 expression on PMN from BD and HC verified by qRT-PCR (N = 9)
C Representative and summary of Western blot (WB) analysis of the TRPM2
expression in PMN from BD and HC (N= 6). D The mRNA expression levels of
TRPM2 in active BD patients and those in remission (N= 14). E, F The expression of
TRPM2 was silenced by TRPM2-specific siRNA, and the levels of proinflammatory
cytokines (N= 6, E and NETs-dsDNA (N = 5, F) in FPP-stimulated BD-PMN were
analyzed respectively. A scramble siRNA was used as a negative control.
G,H Representative immunofluorescence staining diagrams (G) and quantification

(N= 15, H) of 60μg/mL FPP-stimulated PMN after TRPM2-specific siRNA or si-
scramble treatment, scale bars =10 µm. I The VECs were stimulated with super-
natants from 60μg/mL FPP-pretreated PMN, after TRPM2-specific or scramble
siRNA transduction. The transcriptional expression levels of the above-mentioned
proinflammatory cytokines and adhesionmolecules in VECs were detected by qRT-
PCR (N = 6). N for all experiments were biological replicates. Data are presented as
mean ± SD; error bars indicate the SD. A two-sided p-value < 0.05 was considered
statistically significant, with *p <0.05, **p <0.01, and ***p <0.001, indicating sig-
nificant differences. Source data are provided as a Source Data file. Independent
t-tests were used in B–D and F,H. Two-way ANOVA tests were used in E and I, with
the p-value adjusted for multiple comparisons by FDR using the two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli.
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Fig. 6 | TNF-TRPM2 axis elicits the FPP-induced inflammatory response in BD-
PMN. AThe expression levels of TRPM2 in HC-PMNwere assayed by qRT-PCR, after
incubation with a medium prepared from the serum of active BD and HC (N= 20).
B ELISA of proinflammatory cytokines, including TNF, IL-6, and IFN-γ in the serum
from HC and BD (N= 16). C The expression levels of TRPM2 in HC-PMN after
incubation with medium prepared from 50ng/mL TNF, IL-6, and IFN-γ (N = 7).
D The mRNA expression levels of TRPM2 in HC-PMN incubated before and after
TNF-neutralizing antibody addition to active BD serum (N= 20). E The mRNA
expression levels of TRPM2 in PMN from BD patients before and after treatment
with TNF inhibitors (N= 7). F–G The quantification of proinflammatory cytokines

(N= 8, (F) andNETs-dsDNA (N= 8,G in FPP-stimulatedBD-PMN after preincubation
with BD serum in the presence or absence of TNF-neutralizing antibody. N for all
experimentswere biological replicates. Data are presented asmean ± SD; error bars
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parisons by FDRusing the two-stage linear step-up procedure of Benjamini, Krieger
and Yekutieli.
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suggest that targeting FPP could be a potential strategy for treat-
ing BD.

The MVA pathway plays a pivotal role in immune homeostasis,
aberrant of which contributes to the pathogenesis of autoimmune and
autoinflammatorydiseases56,57. Several studies have demonstrated that
statins, inhibitors of HMGCR, a key enzyme in the initiation of theMVA
pathway, are effective in alleviating the clinical progression of patients

with rheumatic diseases, including RA58–60, SLE61, Kawasaki’s disease62,
and BD62,63. In addition, simvastatin has been demonstrated to reduce
neutrophil inflammation and NETosis in a mouse model of severe
asthma, thereby alleviating lung inflammation and airway hyper-
responsiveness64. As none of the BD patients in our current cohort had
a history of hyperlipidemia or statin usage, which made it challenging
to find sufficient subjects for further studies.Moreover, metabolites of
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theMVA pathway have been identified to enhance trained immunity in
monocytes and macrophages65, function as a potent antigen for
γδT cells, increasing the secretion of proinflammatory cytokines, such
as TNF66, and as a vital checkpoint to maintain T-reg functional and
lineage stability57. Consequently, suppressive metabolites of the MVA
pathway are considered pivotal for the anti-inflammatory, anti-oxi-
dant, and vascular repair properties of stains67. Here, by integrated
analysis of serum metabolism and the peripheral immune cell tran-
scriptome, our study is the first to highlight the proinflammatory
contributions of the MVA pathway in BD. Interestingly, endogenous
accumulation of FPP, an end product of the MVA pathway, mediated
by ZGA treatment induces NRF2-mediated oxidative stress responses
in keratinocytes68. Excessive extracellular FPP has been implicated in
promoting epithelial eotaxin-3 production69, and even triggering cell
necrosis as DAMP24. By inhibiting a series of key enzymes, our study
proposed for the first time that FPP is a key metabolite in the MVA

pathway that contributes to the activation of BD-PMN, and confirmed
the promotional effect of FPP on vascular and ocular inflammation and
damage using FPPSflox/flox LysMcre mice.

Mechanistically, it has beenproposed that FPP can regulate c-fos-
directed DNA binding by reducing phosphorylation events of p38 and
ERK, which ultimately affects Th1 cell differentiation70. However, the
mechanism by which FPP exerts danger signals is to activate the
TRPM2 and TRPV3 channels, whereas the latter is mainly expressed in
keratinocytes, not immune cells24,30. Although TRPM2-mediated cal-
cium influx has been reported to be responsible for 250μM H2O2-
induced chemokine production in monocytes71, neither monocytes
nor lymphocytes were observed to respond to 5 to 10 µg/mL FPP
stimulation in our study. Additionally, the response ofmonocytes and
lymphocytes to FPP-induced cell deathwas comparable in BD andHC.
However, BD-PMN responded significantly higher to FPP than HC,
suggesting that PMN, but not monocytes in the peripheral blood, is

Fig. 7 | Myeloid cell-specific knockout of FPPS and TRPM2-KO effectively
attenuates neutrophil infiltration and vascular permeability in mice.
A Representative images of Evans-blue permeation on the dorsal skin of FPPSflox/flox

LysMcre mice and FPPSflox/flox mice taken after induction of vasculitis. Rabbit serum
was used as a background control.BRepresentativemicrophotographs of paraffin-
embedded skin sections from FPPSflox/flox LysMcre mice and FPPSflox/flox mice with
H&E staining. Blue arrows indicate neutrophils, and orange arrows indicate ery-
throcyte extravasation. Scale bar = 25 μm. C Quantification of Evans-blue pene-
tration area in dorsal skin was standardized by the rabbit serum group, after
vasculitis induction in FPPSflox/flox LysMcre mice and FPPSflox/flox mice (N= 6, 8 weeks
old, 3 female and 3 male). D The number of perivascular neutrophils in HE-stained
skin sections observed under a 40x objective microscope (N= 6).
E, FRepresentative and summary of immunohistochemistry staining ofMPO in skin

tissues of FPPSflox/flox LysMcre mice and FPPSflox/flox mice with induced vasculitis
(N = 6). Scare bar = 50μm. G, H Representative and summary of immuno-
fluorescence staining of MPO and Ly6G in skin tissues of FPPSflox/flox LysMcre mice
and FPPSflox/flox mice with induced vasculitis (N = 6). Scare bar = 50 μm.
I–K Representative and summary of Evans-blue permeation on the dorsal skin of
TRPM2 total knockout mice and control mice taken after induction of vasculitis
(N = 4, 8weeks old, 2 female and 2male).Quantification of Evans-bluewas obtained
with Image J (J) and spectrophotometer (K), respectively. N for all experiments
were biological replicates. Data are presented as mean ± SD; error bars indicate the
SD. A two-sided p-value < 0.05 was considered statistically significant. Source data
are provided as a Source Data file. *, p <0.05. Independent t-tests were used in
(C, D, F, H, and J, K).
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the primary cell in which FPP contributes to the pathogenesis of BD.
Our study is the first to propose a TRPM2-calcium-dependent proin-
flammation mechanism of action of FPP in PMN. Notably, FPP speci-
fically promoted PMN to produce more proinflammatory cytokines
such as TNF, which in turn upregulated PMN responsiveness to FPP.
Moreover, FPP at the site of inflammation accelerated NETosis, lead-
ing to further release of FPP, and exacerbating the proinflammatory
microenvironment in BD. The TRPM2-dependent effect on vascular
inflammation and damage was also confirmed using TRPM2-KOmice.
Taken together, the generation of two types of proinflammatory
feedback centering on FPP highlights the theoretical rationale for
developing metabolically-targeted drugs for BD but also comple-
ments the therapeutic mechanism of TNF inhibitors on BD from an
immunometabolism perspective.

Our study has some limitations. First, we only focused on the
effects of FPP on immune cells in peripheral blood, and further study
of BD lesions would improve our understanding of the role of FPP in
BDpathogenesis. Second, due to the lack of specific antibodies against
FPP, we merely measured FPP levels in BD serum and PMN using tar-
geted LC-MS. Specific antibodies areworthdeveloping in the future for
better quantification and localization of FPP in BD lesions, and for
exploring the pathogenesis of BD. Third, this study provides initial
insights into the involvement of FPP with BD disease activity and
severity. Further multi-center, larger long-term follow-up studies will
be valuable in clarifying the significance of FPP in BD pathogenesis.

In summary, our study revealed the proinflammatory implications
of FPP in fueling PMN hyperactivation, thus broadening the under-
standing of PMN hyperactivation-associated diseases from an immu-
nometabolism perspective. It also highlights a novel therapeutic
mechanism of TNF inhibitors in BD and potentially other autoimmune
and autoinflammatory diseases.

Methods
Patient enrollment
Participants were recruited from the Peking Union Medical College
Hospital (PUMCH) between November 2020 and February 2021. To
perform the qRT-PCR validation of differentially expressed MVA
pathwaykey enzymes analyzed byGSEA, 20BD and 20HCparticipants
were recruited between November 2020 and September 2022 from
PUMCH. Furthermore, a cohort of active BD patients was recruited
between February 2021 and October 2023 and followed up until April
2024. A total of 39 BD-PMN samples and 37 BD sera were collected for
targeted mass spectrometry analysis of FPP. These included 24 active
BD-PMN samples and 15 remission BD-PMN samples. Additionally, 23
active BD serum samples and 14 remission BD serum samples were
collected. All BD patients met the International Criteria for BD (ICBD),
and their disease activity was assessed using ESR, CRP, and the BD
Current Activity Form 2006 (BDCAF 2006)72. IBD serum samples were
collected from SRRSH IBD Biobank in China (SRRSH-IBC).

The PUMCH Ethical Committee approved this study (I-23PJ1123; I-
24PJ0600), and all subjects provided written informed consent.

PBMC and PMN isolation
Blood samples were collected from active BD patients and age- and
gender-matchedHCswith no personal or family history of autoimmune
diseases for mass spectrum analysis. PMN, monocytes, and lympho-
cytes were isolated using Ficoll-Hypaque density gradient centrifuga-
tion according to the manufacturer’s instructions at 500 x g for
20minutes at 24 °C. The PMN layer was harvested and red blood cell
(RBC) lysis was performed using red blood cell lysis buffer (RBC lysis
buffer, 10×, BioLegend) according to themanufacturer’s protocol. After
washingwith PBS, PMNwas resuspended in RPMI-1640 growthmedium
(Gibco, USA), and their purity was confirmed by flow cytometry.
Monocytes were isolated from the PBMC layer using CD14 magnetic
beads (Miltenyi, Germany, 130-050-201), and lymphocyteswere defined

as the remaining cells in PBMC after monocyte removal. The cells were
washed with PBS and resuspended for further experiments.

Cell culture and transfection
Human microvascular endothelial cell line HMVEC was gifted from
Qiong Wu lab in Tsinghua University. The cell line was cultured in
DMEM supplemented with 10% FBS, 1% non-essential amino acids,
and 1% penicillin/streptomycin solution in a 5% CO2 incubator at
37 °C. To silence the expression of TRPM2, siRNAs targeting TRPM2
were transfected into the cells according to the manufacturer’s
instructions.

Mice
Adult C57BL/6 J mice were purchased from GemPharmatech Co., Ltd
(Strain NO. N000013) in the present study. Mice were maintained in
separately ventilated cages in a specific pathogen-free (SPF) facility, in
a room with standard ambient temperature and humidity, and the
animals had unrestricted access to food (Xietong Organism, 1010001)
and water, with a 12-hour light/dark cycle. TRPM2-KO mice were gen-
erated with 4 nucleotide deletion mutation ACTT (ACGAGCAA-
CACTTGGAGGT→ACGAGCAACGGAGGT) in exon 5 by CRISPR-Cas9
technique in C57BL/6 J background and were then backcrossed with
wildtype C57BL/6 J for at least three generations before further func-
tional experiments. Myeloid cell-specific FPP synthase (FPPS) knock-
outmice (FPPSflox/floxLysMcre) and FPPSflox/flox micewere gifted from the
laboratory of Prof. Yonghui Zhang26 at Tsinghua University. Mice were
euthanized by carbon dioxide (CO2) asphyxiation inhalation, and cer-
vical dislocation was performed as a secondary euthanasia procedure,
and then the tissues were isolated. All animal experiments were
approved by the Animal Research Ethics Committee and were carried
out in accordance with the guidelines of the Laboratory Animal
Research Center of Tsinghua University, with an assurance identifica-
tion number: 15-LWL3 and 19-LWL1 by the Institutional Animal Care
and Use Committee (IACUC) of Tsinghua University.

Inhibitors
Simvastatin (1μM, 10μM), zoledronic acid (1μM, 10μM), FIN56
(1μM, 5μM), zaragozic acid (ZGA) (7.5μM, 15μM), and BPH-652
(40μM, 80μM) were purchased from MedChemExpress (MCE). All
the inhibitors used in this study for PKC screening including staur-
osporine (STS) (1 nM, 5 nM, 10 nM), PDTC (20μM, 100μM, 500μM),
PF-5662271 (5 nM, 10 nM, 20 nM), PD98059 (1μM, 5μM, 25μM), tan-
shinone I (1μM, 5μM, 25μM), cyclosporin A (1 nM, 5 nM, 25 nM),
VTX27 (10 nM), ruboxistaurin (10 nM), and Go 6983 (10 nM). These
inhibitors were purchased from Tsinghua University active screening
platform.

RNA isolation and qPCR
Total RNA was extracted using an RNA-Quick Purification Kit (ES sci-
ence, China, #RN001) according to the standard protocol. RNA was
reverse transcribed into cDNAusing anM5Super plus qPCRRTkitwith
gDNA remover (Mei5 Biotechnology, China, MF166-plus-01). Quanti-
tative PCR (qPCR) was performed using 2X M5 HiPer SYBR Premix
EsTaq (with Tli RNaseH) (Mei5 Biotechnology, China, MF787-02). All
primer sequences were presented in Supplementary Table 3.

FPP stimulation assay
Cells were washed twice with PBS and resuspended with normal saline
to a final concentration of 106/mL. For the peripheral blood immune
cells activation assay, the final concentrations of 0, 5, and 10μg/mL
FPPwere incubatedwith cells for 10minutes, followedbyadding 2mM
CaCl2 for 30minutes, then cells were collected for follow-up assays.
For VEC activation, PMN was incubated with 60μg/mL FPP for
10minutes, followed by adding 2mM CaCl2 for 30minutes, the
supernatant was collected and added to VECs at 80% density for
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4 hours, the supernatant was removed and VECs were harvested for
subsequent assays. For all the experiments involving inhibitors,
30minutes were allowed for the inhibitors to fully interact with cells
before adding FPP.

Mass spectrum
For cell samples, equal numbers of PMN from HCs and BD were lysed
using a solution ofmethanol and ammoniumhydroxide (7:3, v/v). After
sonication and deproteinization, samples were centrifuged, and the
resulting supernatantwasdried anddissolved in acetonitrile andwater
(1:1, v/v) before injection into the LC-MS/MS system.

For serum samples, 300μL of serum from HCs and BDs was
diluted with 900μL of 2% formic acid aqueous solution, vortexed, and
loaded into solid phase extraction (SPE) cartridges pre-treated with 2%
formic acid aqueous solution. After washing, elution was performed
using NH4OH:2-propanol:1-hexane (1:7:12, v/v/v). The eluted samples
were evaporated and dissolved in acetonitrile and water (1:1, v/v)
before injection into the LC-MS/MS system.

Qtrap 6500+ (AB Sciex, USA) coupled with H-Class UHPLC
(Waters, USA) for FPP analysis. The “relative abundance” of FPP was
determined based on the chromatographic area of the FPP signal. The
chromatographic area is directly proportional to the concentration of
FPP in the sample. Therefore, by assessing the “relative abundance” of
FPP extracted from equal serum or neutrophils, we can determine
whether FPP is up- or down-regulated.

Flow cytometry
For cell death measurement after FPP stimulation by flow cytometry,
cells were treated as indicated above, and the PI (MCE, USA, HY-D0815,
20μg/mL) signal was measured after 30minutes of incubation. PI-
positive cells were defined as dead cells.

Peripheral blood was collected from the experimental auto-
immune uveitis (EAU)-induced mouse model on day 18. After washing
and lysis of red blood cells, surface staining was performed for the
neutrophil-specific marker Ly6G (1:100, MultiScience Biotech, China,
clone: RB6-8C5, 70-F21LY6G03-25) and the activation indicators CD11b
(1:100, Biolegend, USA, clone: M1/70, 101205) and CD62L (1:100, Bio-
legend, USA, clone: W18021D, 161204). Expression of these surface
markers was measured by percentage of positive cells and mean
fluorescence intensity (MFI).

The stained cells were analyzed with a BD FACS Aria II and FlowJo
Software (Tree Star).

Double-stranded DNA (dsDNA) Quantification
After isolating PMN from HC and BD, 6 × 105 cells were either stimu-
lated with 0, 10, 30, or 60μg/mL FPP for 10mins, followed by 2mM
CaCl2 for 30mins at room temperature in 24-well plates. The resulting
supernatant was collected after centrifugation at 500 × g for 10mins.
Double-stranded DNA (dsDNA) in the supernatants was quantified
using a Quant-iT Pico-Green dsDNA assay kit (Invitrogen, USA, P7589)
by incubating the samples with PicoGreen for 5mins at room tem-
perature andmeasuring the fluorescence emission intensity at 520 nm
after excitation at 485 nm.

Immunofluorescence and Immunohistochemical Staining
After isolating PMN fromHC and BD, 6 × 105 cells were seeded on poly-
L-lysine-coated coverslips in 24-well plates and incubated with 60μg/
mL FPP for 10mins, followed by 2mM CaCl2, with or without 50U/mL
Dnase I for 60mins. Cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.5% Triton X-100, and blocked with 2% BSA. Rabbit
monoclonal tomyeloperoxidase (MPO) (1:500, Abcam, UK, ab208670)
were utilized as primary antibodies.

The paraffin-embedded skin sections of FPPSflox/floxLysMcre and
FPPSflox/flox mice were stained with neutrophil-specific Ly6G (1:500,
CST, USA, Clone: 1A8, 88876S) and MPO (1:500, Abcam, UK, Clone:

EPR20257, ab208670) antibodies. YF®594 Goat Anti-Rabbit IgG
(1:1000, UElandy, China, Y6107L) were utilized as secondary anti-
bodies. DAPI was used to stain the nuclei.

Confocal microscopy was used to capture images, and the per-
centage of PMN undergoing NETosis was calculated as the number of
cells showing NETosis divided by the total number of cells, multi-
plied by 100%.

For immunohistochemical staining, paraffin-embedded skin sec-
tions of FPPSflox/flox LysMcre and FPPSflox/floxmicewere stainedwithMPO
antibody (1:1000, Abcam, UK, Clone: EPR20257, ab208670) according
to standard procedures and quantified by Image J software.

Enzyme-linked immunosorbent assay (ELISA)
Levels of proinflammatory cytokines, including TNF, IL-6, and IFN-γ, in
serum from BD patients and HC were measured using commercially
available ELISA kits (human TNF ELISA Kit, MultiScience Biotech, China,
EK182-96; human IL-6 precoated ELISA Kit, Dakewei Biotech, China,
1110602; human IFN-γ ELISA Kit, MultiScience Biotech, China, EK180-
96), following the manufacturer’s protocol. Levels of MPO-DNA
complex, a specific marker for NETs, in cell supernatant were mea-
sured by a commercially available human MPO-DNA complex ELISA
Kit (MEIMIAN, China, MM-2467H1) according to the manufacturer’s
instructions.

Western blot
Neutrophils were lysed on ice using RIPA buffer (Huaxingbio, China)
supplemented with a protease inhibitor and phosphatase inhibitor
cocktail (ThermoScientific, USA, 78446). The protein concentration of
lysates was determined using the Pierce™ BCA Protein Assay Kits
(Thermo Scientific, USA, 78446) according to the manufacturer’s
instructions. Cell lysates were subjected to 10% SDS–PAGE, and
transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad,
USA, 1620177). Themembranes were blocked and then incubated with
anti-TRPM2 (1:500, SABbiotech, Clone:MGC133383, 22689) and anti-β-
actin (1:1000, abcam, UK, Clone: 13E5, ab8227) overnight at 4 °C,
respectively. The membranes were washed and incubated with anti-
rabbit IgG-HRP for 1 hour at room temperature. Blots were developed
with chemiluminescence and detected by Tanon-5200 (Bio-Tanon,
China). Gray value analysis was done by Image J (v.1.50 g, NIH)
software.

Public data collection and analysis
Metabolomics data in BD was obtained from the National Genomics
Data Center (NGDC) database (OMIX007402 and OMIX007403,
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA030253))25. Gene
Set Enrichment Analysis (GSEA)wasperformed to identify significantly
changed metabolic pathways in BD serum with the threshold
p-value < 0.05 and normalized enrichment score (NES) | > 1, analyzed
by R package MetaboAnalystR.

Bulk RNA sequencing (Bulk RNA-seq) data of BD PBMC and PMN
were obtained in the GEOdataset GSE198533 andGSE205867 fromour
published research, respectively11,12. The fold change, p-value, and
adjusted p were calculated by R package DESeq2. Heatmap by R
package ComplexHeatmap was employed to demonstrate genes from
cholesterol biosynthesis pathway in PMNbulkRNA-seq, normalized by
rlog method in DESeq2. Genes with p < 0.01, padj < 0.1, and |log2Fold
Change | >0.5 were considered significantly different.

Single-cell RNA-sequencing (scRNA-seq) of PBMCwas obtained in
the GEO dataset GSE19861611 from our published research. The fold
change, p-value, and adjusted p were calculated by Function Find-
Markers in theRpackage Seurat. Subgroups of immunocytes including
T cells, B cells, monocytes, NK cells, and dendritic cells were subset
according to original research.

GSEA of metabolic pathways in RNA-seq data was performed
using the R package ClusterProfiler. Gene sets included

Article https://doi.org/10.1038/s41467-024-53528-3

Nature Communications |         (2024) 15:9261 14

https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA030253
www.nature.com/naturecommunications


KEGG_STEROID_BIOSYNTHESIS, GOBP_VITAMIN_D_BIOSYNTHETIC_-
PROCESS, WP_CHOLESTEROL_

BIOSYNTHESIS_PATHWAY, KEGG_PRIMARY_BILE_ACID_BIOSYNTH-
ESIS, and KEGG_STEROID_HORMONE_BIOSYNTHESIS from Molecular
Signatures Database (MSigDB).

A gene set of calciumchannelswas obtained from theHUGOGene
Nomenclature Committee (HGNC), including Cation channels sperm
associated (CATSPER), Inositol 1,4,5-triphosphate receptors (ITPR),
Ryanodine receptors (RYR), and Two pore segment channels (TPCN).
We also investigated Mitochondrial Calcium Uniporter (MCU). Genes
with p <0.01, padj <0.1, and |log2Fold Change | >0.5 were considered
significantly different.

Induction and evaluation of vasculitis in mice
The FPPSflox/floxLysMcre mice and FPPSflox/flox mice (N = 6, 8 weeks old, 3
female and 3 male), TRPM2 knockout (KO) mice and wild-type (WT)
mice (N = 4, 8 weeks old, 2 female and 2 male) were injected by intra-
peritoneal with 100μL of PBS containing 2% bovine serum albumin
(BSA) (Solarbio, China, PC0001) and 1% Evans blue (MACKLIN,
E808783), respectively. Then, the mice were intradermally injected
with 40μL of rabbit anti-BSA antibody (Solarbio, China, SA263). Rabbit
serum (Solarbio, China, T8570) was used as a control. 4 hours after
injection, the mice were euthanized and dorsal skin samples were
collected and digitally photographed. Evans-blue dye was extracted
from the dorsal skin of TRPM2 KO mice and WT mice in a vasculitis
model, and then dissolved in 50% trichloroacetic acid, the absorbance
of each group was then measured at 620 nm by spectrophotometry.
Additionally, skin samples were fixed in 10% neutral buffered formalin
and stained with hematoxylin for routine microscopic examination.
The severity of vasculitis was assessed by Image J analysis of the area of
Evans blue permeation area and manual counting of perivascular
neutrophils in HE-stained sections under a 40x objective.

Induction and evaluation of EAU in mice
The FPPSflox/flox LysMcre mice and FPPSflox/flox mice (N = 6, 8 weeks old,
female) were injected subcutaneously with an emulsion consisting of
200μg of retinal antigen interphotoreceptor retinoid-binding protein
(IRBP) peptide 1–20 (GPTHLFQPSLVLDMAKVLLD, Sangon, China) and
complete Freund’s adjuvant (sigma, USA, F5881) containing Myco-
bacterium tuberculosis strain H37Ra (BD Biosciences, USA, 231141) in a
1:1 volume ratio. Intraperitoneal injections of 250μg Pertussis toxin
(list lab, USA, #180) were given on day 0 and day 2 postimmunization.
The induction of uveitis was assessed by ocular computerized tomo-
graphy (OCT) and fundoscopy on day 14 after immunization. On day
18, peripheral blood and eyes were collected from each type of mice.
Neutrophil activation was measured by flow cytometry as indicated
above. Histological assessments of eyes were performed according to
standard procedures and previously established criteria55.

Statistics
Experiments were repeated at least three times, with one representa-
tive dataset shown. Data are presented as mean ± standard deviation
(SD), median + quantile, or percentage. The Kolmogorov-Smirnov test
was used to test for the normality of data distribution. Student’s t-test
and non-parametric test were used for comparisons between two
groups, while paired t-test was used for comparisons before and after
treatment. One-way ANOVA and two-way ANOVA tests were used with
p-value adjusted for multiple comparisons by FDR using the two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli. Correla-
tions were calculated using Pearson correlation analysis. Statistical
analyses were performed using SPSS V22.0 (IBM, USA) and GraphPad
Prism V6.01 (GraphPad Software Inc, USA). A two-sided p-value < 0.05
was considered statistically significant, with *p <0.05, **p <0.01,
***p <0.001, and ****p < 0.0001 indicating significant differences.

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

Data availability
All the data supporting the findings of this study are present in the
article and the supplementary information files, or can be obtained
from the corresponding author upon reasonable request. Source data
are provided with this paper.
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