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Abstract16

Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment, yet only a limited proportion of17

patients benefit from ICI monotherapy. Identifying new factors that enhance antitumor responses for18

combination therapy is key to improving clinical efficacy. Herein, we report that exogenous 5-HT19

(5-hydroxytryptamine, also named serotonin) synergizes with anti-PD-1 therapy to significantly suppress20

tumor growth and enhance CD8+ T cell antitumor responses. Serotonylation, as a newly noted21

5-HT-involved post-translational modification, is essential for T cell functionality through modulating22

mitochondrial function. Mechanistically, exogenous 5-HT treatment leads to STAT1 serotonylation at23

glutamine 285 (Q285), which is catalyzed by tissue transglutaminase 2 (TGM2) in CD8+ T cells. This in turn24

promotes STAT1 phosphorylation at serine 727 and then represses Mtfr2 (mitochondrial fission regulator 2)25

transcription to inhibit mitochondrial fission via the MTFR2-DRP1 axis, while activating Mfn2 transcription26

to promote mitochondrial fusion. Clinically, higher tryptophan hydroxylase 1 (TPH1) and peripheral 5-HT27

levels are associated with favorable responses in patients with non-small cell lung cancer (NSCLC) receiving28

anti-PD-1 treatment. Together, these findings reveal a previously underappreciated serotonylation on STAT129

that remodels mitochondrial function and enhances CD8+ T cell antitumor immunity. Our study raises the30

possibility that 5-HT supplementation may represent a potential combination strategy with ICIs in cancer31

immunotherapy.32

Key words: 5-HT, STAT1 serotonylation, mitochondrial function, anti-PD-1 combination therapy, CD8+ T33

cells.34

35

Introduction36

Immune checkpoint inhibitors (ICIs) have achieved remarkable clinical advancement by reinvigorating CD8+37

T cell-mediated anti-tumor responses in advanced or conventional therapy-resistant cancers1-3. However,38

numerous clinical studies show that although ICIs have prolonged the survival period of patients in multiple39

carcinomas, there show response rates of only 20%–30% to ICIs monotherapy2,4,5. This limited efficacy is40

largely attributed to T cell functional impairment within the tumor microenvironment (TME) which is driven41

by multiple factors. Among these factors, metabolic reprogramming is one of the key mechanisms disrupting42

mitochondrial function and energy production6,7.43

Mitochondrial dysfunction is characterized by structural defects, depolarization, and impaired dynamics44

upon chronic antigenic stimulation8. These abnormalities impair oxidative phosphorylation (OXPHOS),45

induce excessive reactive oxygen species (ROS) production and disrupt compromised bioenergetics,46

ultimately resulting in T cell functional defect8-10. Emerging evidence has also highlighted the critical role of47



mitochondrial fission-fusion homeostasis in regulating T cell activation, effector function, and long-term48

persistence8,10. Although ICIs have achieved favorable clinical efficacy, many patients develop primary49

resistance or disease relapse, which is closed to disrupted mitochondrial dynamics in T cells11. In the TME,50

mitochondrial perturbations in CD8+ T cells act as a core driver of functional decline and T cell exhaustion51

with transcriptional, phenotypic, and functional alterations12. Therefore, restoring mitochondrial homeostasis52

might offer a promising strategy to reverse T cell exhaustion and improve ICI therapeutic outcomes.53

The emerging field of neuroimmuno-oncology underscores the pivotal role of the nervous system in shaping54

tumor immunity13. In non-neural malignancies, it is demonstrated that tumor-associated nerves including55

sensory nerves, parasympathetic nerves and sympathetic nerves could release multiple neurotransmitters that56

modulate immune cell function within the TME14,15. Among them, 5-hydroxytryptamine (5-HT, also named57

as serotonin) is abundant and exerts broad immunomodulatory effects. Notably, merely approximately 5% of58

systemic 5-HT is synthesized in the brain16. The majority of peripheral 5-HT is produced by intestinal59

enterochromaffin cells and subsequently stored in platelets. Its biosynthesis is catalyzed by the rate-limiting60

enzymes tryptophan hydroxylase 1 (TPH1) for peripheral 5-HT production and TPH2 in the nervous system.61

In tumor scenario, 5-HT predominantly functions as a tumor-promoting factor through three interconnected62

mechanisms17. Via 5-HT receptors, it triggers pro-survival signals (PI3K/AKT, MAPK/ERK, JAK/STAT1,63

Wnt/β-catenin) to promote proliferation and survival in cancer cells. It can also promote tumor angiogenesis64

by stimulating endothelial cell activation and elevating microvessel density. Furthermore, 5-HT suppresses65

anti-tumor immunity by inhibiting pro-inflammatory cytokine release and polarizing macrophages toward an66

M2 phenotype18. These mechanisms highlight that 5-HT alone acts as a pleiotropic accelerator on cell67

proliferation, angiogenesis, and immune escape.68

Recent studies reveal that 5-HT acts on immune cells not only via receptor-mediated signaling but also69

through post-translational modifications (PTMs), a process termed serotonylation, in which 5-HT is70

covalently conjugated to target proteins via transglutaminase 2 (TGM2) catalysis—a modification initially71

described in neuronal and platelet biology19-22. Given the importance of PTMs such as glycosylation,72

palmitoylation and lactylation in modulating T cell function23,24, the regulatory potential of serotonylation in73

CD8+ T cell immunity has been recently explored. For instance, TGM2-catalyzed serotonylation of GAPDH74

promotes glycolysis and enhances CD8+ T cell anti-tumor activity25. Meanwhile, autocrine signaling through75

5-HT receptor further boosts T cell function26. Conversely, 5-HT can upregulate PD-L1 expression in tumor76

cells via serotonylation, thereby suppressing CD8+ T cell effector functions27. In colorectal cancer, 5-HT77

promotes tumor progression via TGM2-mediated histone serotonylation in cancer-associated fibroblasts28. In78

pancreatic ductal adenocarcinoma, the histone serotonylation (H3Q5ser) remodels cellular lipid metabolism79

to facilitate tumor growth29. Intriguingly, emerging evidence reveals a more complex, context-dependent role80



for 5-HT within the immune compartment. Both CD8⁺ T cells and neuroendocrine tumor cells express a81

functional 5-HT metabolic machinery, comprising the synthetic enzyme TPH1, the high-affinity serotonin82

transporter (SERT), the catabolic enzyme monoamine oxidase A (MAOA), and the post-translational83

modifier TGM225,26,30,31. These comprehensive findings reflect the dual and highly context-dependent role of84

5-HT in anti-tumor immunity, revealing a critical knowledge gap that demands deeper mechanistic85

exploration.86

In this study, we have observed that exogenous 5-HT supplementation significantly reduced tumor growth87

and enhanced the antitumor activity of CD8+ T cells when co-administered with anti-PD-1 antibody. Further88

experiments demonstrated that TGM2-dependent serotonylation of signal transducer and activator of89

transcription (STAT1) promoted CD8+ T cell functions. Gln285 of STAT1 was identified as the90

serotonylation site, which facilitated the transcription of mitochondrial fission regulator 2 (MTFR2) and91

mitochondrial functionality. Our findings thus unveil a serotonylation-mitochondria axis in modulating CD8+92

T cell function, offering a translational strategy to enhance ICI therapy by targeting serotonylation.93

Results94

Exogenous 5-HT synergizes with anti-PD-1 to suppress tumor growth95

To explore the potential roles of 5-HT in tumor progression, mice bearing subcutaneous lung cancer cell line96

SJT1601 were subjected to intravenous administration of PBS, anti-PD-1 monoclonal antibodies (PD-1),97

5-HT, and the combination of 5-HT and PD-1 (5-HT+PD-1) (Fig. 1a). It was found that high levels of98

serum 5-HT were detectable in 5-HT fed mice (Extended Data Fig. 1a). Moreover, tumor growth was99

significantly slowed down, and tumor weight was reduced in the 5-HT-treated mice as compared to the100

PBS-treated mice. Notably, the combined treatment of 5-HT and PD-1 displayed the best anti-tumor101

efficacy, as evidenced by the smallest tumor size and lowest tumor weight in the SJT1601 tumor-bearing102

mice (Fig. 1b, c and Extended Data Fig. 1b). In the 5-HT+PD-1 group, we observed increased production103

of IFN and GzmB in tumor-infiltrating CD8+ T cells (Fig. 1d). In addition, the expression of exhaustion104

markers including KLRG1 and LAG3 in CD8+ T cells was significantly reduced as compared to other three105

groups (Extended Data Fig. 1c). However, the percentages of natural killer (NK) cells and the production of106

IFN, TNF and GzmB in NK cells remained comparable among all groups (Extended Data Fig. 1d). Given107

that tumor-specific memory CD8+ T cells are bona fide responders to PD-1/PD-L1 blockade in draining108

lymph nodes32, we observed greatly increased CD44+CD62L+Tcm-like cells in tumor dLNs (TdLNs) from109

5-HT+PD-1 group mice (Extended Data Fig. 1e). We further sorted CD8+ T cells from the TdLNs of110

tumor-bearing mice and stimulated with CD3/CD28 in vitro. CD8+ T cells were then co-cultured with111

tumor cells. It was obvious that CD8+ T cells from 5-HT+PD-1 combination therapy group mice exhibited112



the strongest cytotoxic activity among four groups (Extended Data Fig. 1f). Similarly, combined treatment of113

5-HT and PD-1 significantly delayed tumor growth with reduced tumor weight in MC38-grafted mice (Fig.114

1e-h and Extended Data Fig. 1g). Production of IFN and GzmB in CD8+ T cells was elevated the most115

dramatically as well in mice receiving combination treatment when compared to other three treatments (Fig.116

1h).117

To determine whether CD8+ T cells are involved in tumor suppression upon 5-HT+PD-1 combination118

treatment, we depleted CD8+ T cells with an anti-mouse CD8 monoclonal antibody (mAb) in119

SJT1601-bearing mice (Fig. 1i). We found that CD8+ T cell depletion abrogated the suppression on tumor120

growth observed in 5-HT+PD-1 group. Tumor growth and tumor weight were similar to those in PD-1 or121

5-HT groups (Fig. 1j-k). Similarly, CD8+ T cell depletion led to the reverse of tumor growth and weight in122

5-HT+PD-1 treated group mice that was comparable to PD-1 or 5-HT single treatment in MC38-grafted123

mice (Fig. 1l-n). These results demonstrate that 5-HT synergizes anti-tumor efficacy of anti-PD-1 treatment124

in tumor-grafted mice predominantly in a CD8+ T cell dependent manner.125

Serotonylation is indispensable for CD8+ T cell antitumor function upon 5-HT supplementation126

Although we have observed elevated 5-HT levels in the periphery of 5-HT supplemented mice, the127

underlying mechanisms of enhanced CD8+T cell functionality in 5-HT supplemented tumor-bearing mice128

need to be further investigated. We firstly determined the distribution of 5-HT in tumor regions. By flow129

cytometric analysis on tumor infiltrating CD8+ cells it was showed that both PD-1 and 5-HT treatment130

alone elevated 5-HT levels in CD8+ T cells while combination treatment resulted in a more significant131

increase (Fig. 2a). PD-1-induced 5-HT elevation in CD8+T cells was also confirmed by132

immunofluorescence assays on tumor tissues (Fig. 2b and Extended Data Fig. 2a). When we stimulated133

CD8+ T cells with CD3/CD28 in vitro, we not only observed the accumulation of intracellular 5-HT and134

secretion of 5-HT to the culture supernatant (Fig. 2c, d), serotonylation level was also dramatically increased135

in CD8+ T cells upon CD3/CD28 stimulation (Fig. 2e and Extended Data Fig. 2b).136

TGM2 is a key enzyme that is expressed in CD8+ T cells and catalyzed the serotonylation reaction through137

transferring 5-HT to the Gln residues of target proteins25. To elucidate the roles of serotonylation in CD8+ T138

cell anti-tumor immunity, we added LDN27219, a specific TGM2 inhibitor to in vitro CD8+ T cell activation139

system. It was shown that LDN27219 treatment inhibited T cell proliferation (Fig. 2f) and reduced the140

proportions of CD107a, GzmB, IFNandF-secreting CD8+ T cells (Fig. 2g), which is similar to the141

results from tgm2-deficient CD8+ T cells25. Functional enrichment analysis revealed that LDN27219142

impaired immune response functions (Extended Data Fig. 2c). GSEA analysis also showed impaired143

cytokine activity in LDN27219-treated T cells (Extended Data Fig. 2d).144



To further validate the putative role of serotonylation in regulating CD8+ T cell function during anti-PD-1145

treatment, we adoptively transferred CD8+ T cells from Tgm2-/- and wild-type (WT) mice into Rag1-/- mice146

and monitored in vivo tumor growth of SJT1601 (Fig. 2h). Mice reconstituted with Tgm2-/- CD8+ T cells147

exhibited significantly larger tumor volumes and heavier tumor weight than those receiving WT CD8+ T148

cells (Fig. 2i, j). Consistently, the percentages of IFN- and GzmB-producing tumor-infiltrating CD8+ T cells149

were significantly reduced in Rag1-/- mice reconstituted with Tgm2-/- CD8+ T cells (Fig. 2k). There results150

demonstrate that serotonylation promotes CD8+ T cell effector function both in vitro and in vivo.151

Inhibition of serotonylation in CD8+ T cells dampens mitochondrial function152

Next, we explored the mechanism of how serotonylation regulating CD8+ T cell functionality. GSEA153

analysis showed that ROS-related genes were significantly enriched in LDN27219-treated CD8+ cells when154

compared to control CD8+ T cells (Fig. 3a). We further evaluated mitochondrial membrane potential (MMP)155

and mitochondrial ROS (mtROS) levels by staining cells with MitoTracker dye, TMRM, and MitoSOX156

respectively. It was shown that LDN27219-treated CD8+ T cells exhibited significantly elevated MMP and157

mtROS, indicating excessive mitochondrial activation accompanied by high MMP and increased oxidative158

stress (Fig. 3b). Furthermore, transmission electron microscope revealed that LDN27219 treatment reduced159

both the number and area of mitochondria (Fig. 3c). LDN27219-treated CD8+ T cells also displayed a160

significantly lower mitochondrial oxygen consumption rate (OCR) with reduced spare respiratory capacity161

compared to control cells, along with a slight reduction in the extracellular acidification rate (ECAR) (Fig.162

3d and Extended Data Fig.3a, b). Consistent with these metabolic defects, C12-resazurin staining confirmed163

a significant reduction in the metabolic activity of CD8+ T cells following LDN27219 treatment (Fig. 3e).164

Intracellular ATP content was also reduced in LDN27219-treated CD8+ T cells compared to control cells165

(Fig. 3f). These results demonstrate that serotonylation is involved in maintaining mitochondria metabolic166

activity and effector function in CD8+ T cells.167

Serotonylation at Gln285 of STAT1 facilitates mitochondrial function168

To identify serotonylated proteins in CD8+ T cells, we performed immunoprecipitation (IP) by using an169

anti-5-HT antibody in both resting and anti-CD3/CD28 activated CD8+ T cells, followed by targeted liquid170

chromatography-tandem mass spectrometry (LC-MS/MS) (Fig. 4a). In total, 589 proteins were identified at171

the 0 h time point and 1014 proteins at 48 h. Among these candidates, 483 proteins were detected at both172

time points, whereas 531 proteins were exclusively identified at 48 h post activation (Fig. 4b). Gene173

Ontology (GO) enrichment analysis was performed on proteins exhibiting >2-fold changes (48 h vs. 0 h) as174

well as those uniquely detected at 48 h. The results revealed significant enrichment in categories including175

mitochondrial protein complexes and ATP-dependent protein folding chaperones (Fig. 4c). Following176



extensive screening by immunoprecipitation and Western blot, STAT1 was detected in 5-HT antibody177

immunoprecipitates from WT CD8+ T cells, but not from Tph1-/- CD8+ T cells (Fig. 4d). Conversely, 5-HT178

was detected in STAT1 antibody immunoprecipitates (Fig. 4e). These findings indicate that STAT1 is one of179

the serotonylated target proteins in activated CD8+ T cells. To further assess whether STAT1 is a direct180

substrate for serotonylation, we conducted an in vitro enzymatic assay by using recombinant TGM2 and181

monodansylcadaverine (MDC), a fluorescent monoamine analog. Fibrinogen is a previously well-established182

serotonylation substrate and used as a positive control in the reaction. The results showed that robust MDC183

incorporation was observed in STAT1, confirming the presence of TGM2-induced transamidation reaction184

on STAT1 (Fig. 4f).185

To map the serotonylation sites on STAT1, we performed LC-MS/MS analysis on the samples from in vitro186

TGM2 enzymatic assays with MDC labeling. Tandem mass spectrometry identified two glutamine residues,187

Gln120 and Gln285, as potential serotonylation sites in recombinant human STAT1 (Fig. 4g and Extended188

Data Fig. 4a). Given the high sequence conservation of STAT1 across species (Fig. 4h), we synthesized short189

mouse peptides encompassing Q120 and Q285 and subjected them to in vitro TGM2 enzymatic reactions.190

Peptide-level mass spectrometry validated both Gln120 and Gln285 as bona fide serotonylation substrates, as191

evidenced by successful MDC and 5-HT conjugation modifications (Fig. 4i-j and Extended Data Fig. 4b, c).192

To further dissect the functional roles of STAT1 serotonylation at these two sites, we constructed lentiviral193

vectors encoding wild-type STAT1 (WT-STAT1) or STAT1 Gln-to-Ala point mutants (Q120A and Q285A)194

and transduced them into murine EL4 T lymphoma cells, transfection efficiency was detected by flow195

cytometry (Extended Data Fig. 4d). Following stimulation with anti-CD3/anti-CD28 antibodies in the196

presence or absence of 5-HT, we evaluated mitochondrial function across all groups. We found that the197

Q285A, but not Q120A, mutation markedly elevated mitochondrial membrane potential (MMP) and mtROS198

levels under both conditions (Fig. 4k). Consistently, C12-resazurin staining revealed substantially reduced199

cellular metabolic activity specifically in Q285A-mutant EL4 cells but not in the Q120A mutant (Fig. 4l).200

Similarly, ATP production was inhibited in Q285A-STAT1-mutated EL4 cells but not in the Q120A mutant201

(Fig. 4m). Transmission electron microscopy (TEM) further confirmed that the Q285A mutation led to a202

notable reduction in mitochondrial abundance (Fig. 4n-o). Collectively, these results demonstrate that203

STAT1 serotonylation at Q285 is a novel post-translational modification that sustains mitochondrial function204

in T cells.205

STAT1 serotonylation modulates mitochondrial function through enhancing STAT1 S727206

phosphorylation207



To investigate whether STAT1 itself functionally contributes to the serotonylation-associated phenotypes,208

we treated CD8+ T cells with fludarabine, a specific STAT1 inhibitor. Fludarabine treatment led to209

phenotypes similar to those observed upon serotonylation inhibition (Fig. 3b). it elevated mitochondrial210

markers (Mitotracker, TMRM, mtROS), impaired ATP production, reduced effector molecule expression211

(CD107a, IFN-γ, TNF-α) in a dose-dependent manner (Extended Data Fig. 5a-c), and exacerbated CD8⁺ T212

cell exhaustion with impaired antitumor function (Extended Data Fig. 5d-f). Thus, STAT1 is not only a213

substrate for serotonylation but also functionally required for maintaining mitochondrial function and CD8⁺214

T cell activity, prompting us to further dissect how its serotonylation regulates these processes.215

216

We further investigated how STAT1 serotonylation modulates mitochondrial homeostasis. In line with a217

previous report33, CD3/CD28 stimulation induced STAT1 phosphorylation specifically at Ser727 (S727)218

site, but not at Tyr701 site, in CD8+ T cells, and this S727 phosphorylation was completely abrogated by PP2,219

an inhibitor of Src family kinase (Extended Data Fig. 6a), indicating that S727 is a key functional220

phosphorylation site downstream of TCR signaling. We thus hypothesized that STAT1 serotonylation might221

regulate its S727 phosphorylation. As shown in Fig 5a, the levels of pSTAT1S727 were elevated in freshly222

isolated TdLN CD8+ T cells from 5-HT-treated SJT1601 tumor-bearing mice. Conversely, treatment with223

LDN27219 suppressed pSTAT1S727 levels in anti-CD3/CD28 activated CD8+ T cells in vitro, accompanied224

by increased DRP1 and decreased MFN2 expression (Fig. 5b), suggesting enhanced mitochondrial fission225

and reduced fusion upon impaired serotonylation. Consistently, the STAT1 Q285A mutant abolished226

5-HT-induced pSTAT1S727 elevation in transfected EL4 cells (Fig. 5c). Futhermore, LDN27219 treatment227

suppressed Mfn2 mRNA expression while upregulating Mtfr2 (mitochondrial fission regulator 2), with no228

significant change in Dnm1l (encoding DRP1) mRNA levels (Fig. 5d and Extended Data Fig. 6b). Similar229

results were obtained with fludarabine. Together, these results demonstrate that STAT1 serotonylation at230

Q285 promotes STAT1 S727 phosphorylation.231

STAT1 is primarily recognized as a transcription factor that regulates both innate and adaptive immunity. To232

explore whether pSTAT1S727 directly controls the expression of mitochondrial dynamic-related genes, we233

analyzed ChIP-seq data from human SET-2 cells using an antibody specific for STAT1 phosphorylated at234

Ser727. This analysis identified peaks in the promoter regions of MFN2 and MTFR2 (Extended Data Fig. 6c,235

6d). Moreover, integration with H3K27ac ChIP-seq data indicated that these peak regions are lie within236

active chromatin domains (Extended Data Fig. 6c, 6d). To validate this in the mouse system, we performed237

ChIP using an anti-pSTAT1S727 antibody in activated mouse CD8⁺ T cells, and qPCR validation confirmed238

that pSTAT1S727 binds to the promoters of Mfn2 and Mtfr2. Notably, while pSTAT1S727 occupancy correlated239

with increased Mfn2 expression, it inversely correlated with Mtfr2 expression (Fig. 5d), suggesting that240



pSTAT1S727 differentially regulates these two targets, acting as an activator for Mfn2 and a repressor for241

Mtfr2.242

It has been reported that MTFR2 protein binds to DRP1, preventing its lysosomal degradation and thereby243

promoting mitochondrial fission34. To confirm the MTFR2-DRP1 interaction, we transduced El4 cells with244

mCherry-fused lentiviruses carrying a FLAG-tagged mtfr2 construct. Co-immunoprecipitation with an245

anti-FLAG antibody successfully pulled down DRP1 (Fig. 5f), and immunofluorescence staining revealed246

not only elevated DRP1 expression in MTFR2-overexpressing cells but also co-localization of MTFR2 and247

DRP1 (Fig. 5g). Consistent with these observations, siRNA-mediated knockdown of Mtfr2 in EL4 cells248

(Extended Data Fig. 6e) suppressed both phosphorylated and total DRP1 protein levels while increasing249

MFN2 expression (Fig. 5h), indicating a shift toward enhanced mitochondrial fusion and reduced fission250

Accordingly,Mtfr2 interference led to a decrease in mitochondrial numbers (Fig. 5i).251

Together, these findings establish that serotonylation of STAT1 at Q285 promotes its S727 phosphorylation.252

This phosphorylated STAT1 then acts as a dual regulator. On one hand, it represses Mtfr2 transcription,253

reducing MTFR2 protein and thereby relieving DRP1 from MTFR2-mediated stabilization, which inhibits254

mitochondrial fission. On the other hand, it activates Mfn2 transcription to promote mitochondrial fusion.255

Thus, STAT1 serotonylation coordinates both fission and fusion programs to modulate mitochondrial256

homeostasis in CD8⁺ T cells.257

Clinical relevance of 5-HT in anti-PD-1 therapy258

To explore the clinical relevance of 5-HT in anti-tumor immunity, we analyzed public single-cell RNA-seq259

data from human tumor samples (GSE189357). TPH1, the rate-limiting enzyme for 5-HT synthesis, was260

broadly expressed across multiple cell types but at very low levels (Extended Data Fig. 7a-b). Given261

interpatient variability, samples were stratified into TPH1_high and TPH1_low groups (Extended Data Fig.262

7c). Unsupervised clustering identified six CD8+ T cell subsets (Extended Data Fig. 7d). The TPH1_high263

group showed significantly higher proportions of tissue-resident memory (TRM) and central memory CD8+264

T cells (Fig. 6a) lower exhaustion scores (Fig. 6b), and reduced PD-1 expression in terminal effector CD8+ T265

cells (Fig. 6c). These human data align with our mouse model findings, suggesting that elevated 5-HT266

(indicated by TPH1 expression) associates with a low-exhaustion state in CD8+ T cells, potentially more267

responsive to anti-PD-1 immunotherapy.268

We next analyzed a separate single-cell dataset from NSCLC patients receiving anti-PD-1 plus269

chemotherapy (GSE207422; pre-treatment n=3, post-treatment non-responders [NR] n=8, responders [R]270

n=4) (Extended Data Fig. 7e). Post-treatment, both NR and R groups showed increased T cells and plasma271

cells and decreased neutrophils and myeloid cells, with more pronounced changes in responders (Fig. 6d). At272



the bulk level, the increase in TPH1⁺ T cells from 33% (pre) to 100% post-treatment is striking, but due to273

limited sample size the Kruskal-Wallis test was not significant (p = 0.052) (Fig. 6e). Nevertheless, this trend274

suggests a potential link between 5-HT and therapy exposure, motivating us to further examine 5-HT levels275

in patient sera.276

To further investigate the relationship between 5-HT and treatment response, we next assessed serum 5-HT277

levels in 46 patients with advanced non-small cell lung cancer (NSCLC) receiving nivolumab (anti-PD-1)278

therapy (Table 1), measured at baseline and four weeks after the first treatment (Fig. 6f). At the first279

evaluation, 24 patients achieving partial response or stable disease were classified as responders, while 22280

patients with progressive disease were classified as non-responders. No significant difference in baseline281

5-HT levels were observed between responders and non-responders. After treatment, 5-HT levels were282

significantly elevated from baseline in responders, but not in non-responders (Fig. 6g). Pearson correlation283

analysis revealed a statistically significant positive association between 5-HT levels and progression-free284

survival (PFS) (R=0.4071 p=0.0041), indicating that higher 5-HT levels correlated with longer PFS (Fig. 6h).285

Furthermore, a significant negative correlation was observed between the proportion of LAG3+ CD8+ T cells286

in peripheral blood and 5-HT levels (R=-0.5129, p=0.0016), suggesting a moderate inverse relationship (Fig.287

6i). Collectively, these human single-cell and serum clinical data are broadly consistent with our mouse288

mechanistic findings and raise the possibility that higher 5-HT levels may be favorable for improving the289

clinical response to anti-PD-1 therapy.290

Discussion291

In this study, we identified serotonylation as a novel post-translational modification of STAT1 that promotes292

its phosphorylation at Ser727, thereby influencing T cell function through the transcriptional regulation of293

mitochondrial-related proteins.294

It is well established that the transcriptional activity of STAT1 requires coordinated phosphorylation at two295

key residues: tyrosine 701 (Y701), which enables DNA binding, and serine 727 (S727), which enhances296

transcriptional activation33. While Y701 phosphorylation is primarily mediated by the canonical JAK/STAT297

pathway35, S727 phosphorylation exhibits cell type- and stimulus-specificity. In human T cells, TCR298

signaling stimulates S727, but not Y701, phosphorylation of STAT1, and the Src family kinase inhibitor PP1299

completely abrogated CD3-mediated S727 phosphorylation33. In mouse CD8+ T cells, we confirmed that300

CD3/CD28 induces S727 phosphorylation of STAT1, which is abrogated by the Src family kinase inhibitor301

PP2 (Extended Data Fig. 6a).302

Current evidence indicates that STAT1 predominantly exerts indirect effects on mitochondrial function,303

primarily through three mechanisms: (i) transcriptional regulation of apoptosis-associated genes36, (ii)304



functional interplay with other STAT family members (e.g., STAT3)37,38, and (iii) modulation of305

mitochondrial metabolic pathways via intermediary regulatory factors39,40. However, conclusive evidence306

substantiating direct mitochondrial localization of STAT1 or its immediate regulation of mitochondrial307

protein expression remains absent.308

It is worth noting that the dual regulatory capacity of pSTAT1S727—exerting opposing effects on different309

target genes—is not without precedent. In the context of IFN-γ signaling, Bancerek and colleagues310

demonstrated that CDK8-mediated STAT1 S727 phosphorylation positively or negatively regulates over311

40% of IFN-γ-responsive genes, a divergent regulation that occurs despite comparable CDK8 occupancy at312

both up- and down-regulated targets41,42. Thus, the ability of pSTAT1S727 to act as both an activator and a313

repressor is an inherent property of the STAT1 transcription factor, likely dictated by the chromatin context314

and co-regulatory partners at individual promoters. Extending this concept, we show here that in activated315

CD8⁺ T cells, pSTAT1S727 directly binds to the promoters of Mfn2 and Mtfr2 but exerts opposite effects on316

their transcription: activating Mfn2 to promote mitochondrial fusion while repressing Mtfr2 to suppress317

MTFR2-mediated DRP1 stabilization and fission. Together, these findings establish STAT1 S727318

phosphorylation as a key node that integrates upstream signaling inputs (serotonylation) to coordinate319

bidirectional control of the mitochondrial dynamics network.320

Through targeted mass spectrometry and amino acid mutagenesis, we identified Q285 as the site of STAT1321

serotonylation within its coiled-coil domain (CCD). STATs use this domain for dimerization and/or322

interactions with other transcription factors or regulatory proteins, thereby influencing the transcriptional323

activity of downstream genes35,43,44. In a recently characterized post-translational modification, vitcylation of324

K298 disrupts the anti-parallel conformation of pSTAT1, a conformation essential for binding to T cell325

protein-tyrosine phosphatase (TCPTP) and subsequent dephosphorylation, thereby elevating pSTAT1 levels326

and enhancing IFN-mediated immune responses45. Given that both K298 and Q285 reside within the CCD,327

the serotonylation of Q285 may regulate STAT1 phosphorylation and transcriptional activity through a328

mechanism analogous to that of K298 vitcylation.329

This study identifies serotonylation as a unique post-translational modification that integrates330

neurotransmitter signaling (5-HT) with T cell metabolism via STAT1. Unlike classical STAT1331

phosphorylation pathways, serotonylation operates through TGM2-mediated protein modification, expanding332

the toolkit for metabolic immune regulation. The discovery of MFN2 and MTFR2 as STAT1 target genes333

further links mitochondrial dynamics to T cell function.334

Extending our mechanistic findings to the clinical setting, we analyzed human single-cell RNA sequencing335

data from NSCLC patients and found that TPH1_high tumors are characterized by CD8+ T cells with lower336

exhaustion scores. In a cohort of 46 advanced NSCLC patients receiving nivolumab, higher serum 5-HT337



levels correlated with longer progression-free survival and negatively correlated with the proportion of Lag3+338

CD8+ T cells. In an independent cohort of NSCLC patients receiving anti-PD-1 plus chemotherapy, TPH1339

expression in T cells increased following treatment, with particularly striking elevations in responders. These340

clinical data are broadly consistent with our mechanistic findings in mice and suggest that higher 5-HT levels341

may be favorable for improving responses to anti-PD-1 therapy.342

ICIs have revolutionized cancer therapy, yet a significant proportion of patients fail to respond to343

monotherapy due to tumor immune evasion mechanisms1. Identifying novel factors that enhance antitumor344

immunity and enable effective combination strategies is critical to improving clinical outcomes. Here, we345

demonstrate that extracellular 5-HT synergizes with anti-PD-1 therapy to suppress tumor growth and346

enhance CD8+ T cell function through serotonylation-mediated mitochondrial remodeling. We have347

uncovered a previously unknown role of serotonylation in T cell metabolism, providing a strong rationale for348

targeting this pathway alongside ICIs in cancer therapy.349

Limitation of the study350

Several limitations of this study should be acknowledged. First, prior research has shown that serotonylation351

occurs as a post-translational modification in a wide range of proteins. Our LC-MS/MS-based proteomic352

analysis detected hundreds of potential serotonylated proteins in CD8+ T cells. It remains possible that353

additional serotonylated proteins contribute to T cell function. Second, our data indicate that anti-PD-1354

antibody treatment increases intracellular 5-HT levels in T cells. However, the precise mechanism is not yet355

understood and may involve modulation by different functional states of the cells. Further research is needed356

to elucidate this mechanism. Third, the human single-cell analyses were based on publicly available datasets357

with relatively small sample sizes, and the serum 5-HT measurements were performed in a single-center358

cohort without an independent external validation. Fourth, causality between 5-HT elevation and treatment359

response cannot be firmly established from correlative clinical data. Prospective clinical studies with larger360

sample sizes are warranted to validate the biomarker potential of 5-HT and to determine whether exogenous361

5-HT could improve immunotherapy outcomes.362
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382

Methods383

Experimental model and subject details384

Mice385

All mice were housed in a specific-pathogen-free environment with a 12h light/light cycles and with386

controlled temperature 23-25ºC. 6-8 weeks old C57BL/6 were purchased from shanghai lingchang387

Biotechnology Co., Ltd (China). Tgm2-/- (Cat. NO. NM-KO-191051) and Rag1-/- (Cat. NO. NM-KI-00069)388

mice were purchased from Shanghai Model Organisms Center, Inc.(China). All mice were used in389

accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of390

Shanghai Jiao Tong University School of Medicine.391

392

Cells and cell culture393

All cells were cultured under an atmosphere of 5% CO2 at 37 ºC. The SJT1601 cell line of mouse lung394

adenocarcinoma cells (donated by Dr. Jiong Deng from Shanghai Jiaotong university School of Medicine),395

the MC38 cell line (previously purchased from the Shanghai Institute of Biochemistry and Cell Biology,396

China) and the EL4 cell line (purchased from Shanghai Fuheng Biotechnology Co.,Ltd. China) were all397

cultured in complete Dulbecco’s Modified Eagle Medium (DMEM, Thermo) containing 10% fetal bovine398

serum (FBS, Gemini) and 1% penicillin/streptomycin (Thermo). Mouse primary CD8+ T cells were cultured399

in RPMI 1640 (Thermo) supplemented with 10% FBS (GIBCO), penicillin/streptomycin, L-glutamine (4400

mM; Thermo), 2-mercaptoerhanol (50 mM; Sigma), HEPES (10 mM; Thermo) and non-essential amino401

acids (Thermo).402

403



Human subjects404

This study enrolled patients with advanced non-small cell lung cancer (NSCLC) were participants in the405

clinical trial CheckMate870 (NCT03195491) conducted at Shanghai Chest Hospital, affiliated with Shanghai406

Jiao Tong University School of Medicine. As described in our previously published article46, this study407

enrolled advanced IIIB/IV NSCLC patients who progressed after 1–2 prior systemic therapies, assessed408

measurable disease via CT/MRI per RECIST 1.1, and treated them with intravenous nivolumab (3 mg/kg409

every two weeks) until progression or unacceptable toxicity, with response evaluation every six weeks410

(confirmation ≥4 weeks after initial response) and classification as responders [progression-free survival411

(PFS) >180 days] or non-responders (PFS <180 days) based on Response Evaluation Criteria in Solid412

Tumors version 1.1 (RECIST 1.1). All patients were informed of the study and consented to the enrollment.413

The study was approved by the Ethics Committee of Shanghai Chest Hospital (Approval ID: KS21005). Key414

patient attributes for the NSCLC cohort are detailed in Table 1.415

416

Method details417

Mouse tumor models418

Tumor cells were subcutaneously inoculated into the right axillary region of 8-week-old mice (106 SJT1601419

cells or 5×105 MC38 cells per mouse). Tumor length and width were measured every 2-3 days to calculate420

tumor volume (=length × width2 × 0.5). For the extra 5-HT supplementation groups, 200 g/100 l 5-HT421

(Sigma, H9523) were intraperitoneally (i.p.) injected per mouse from tumor inoculation every other day. For422

anti-PD-1 therapy, 100 g/100 l mouse anti-PD-1 monoclonal antibodies (clone RMP1-14, BioXCell) were423

i.p. injected on day 10, 13 and 16 in SJT1601-implanted mice and 200 g/100 l anti-PD-1 monoclonal424

antibodies were i.p. injected on day 7, 10 and 13 in MC38-implanted mice after tumor cell inoculation (day425

0). For depletion of CD8+ T cells, 200 g/100 l anti-CD8 monoclonal antibodies (clone 2.43, BioXCell)426

were injected i.p. at day -2, 5 and 12. For Rag1-/- adoptive transfer experiments, 107 purified CD8+ T cells427

from lymph nodes and spleen of WT or Tgm2-/- mice were intravenously (i.v.) injected 2 days before428

SJT1601inoculation. Mice were sacrificed at the indicated time points, and tumor weight was measured.429

430

Preparation of mouse tumor infiltrating lymphocytes431

Tumor tissues were minced into small pieces, and resuspended in DMEM medium with 0.5mg/mL432

Collagenases II, 0.5mg/mL Collagenases IV and 0.1mg/mL DNase I (StemCell, 07426, 07418 and 07470),433

followed by digestion for 30 minutes in a 37ºC incubator. Cell suspensions were sequentially filtered through434

70-mm cell strainers to isolate single-cell suspensions.435

436



In vitro murine CD8+ T cells experiments437

CD8+ T cells for in vitro experiments were isolated from the spleens and lymph nodes of mice using the438

Mouse CD8+ T Cell Isolation Kit (StemCell,19853) following the manufacturer’s protocol. The purity was439

validated at >95% via flow cytometric analysis. Purified CD8+ T cells or EL4 cells were cultured in plates440

pre-coated with 2 g/mL CD3/CD28 (Thermo, 16-0031-38, 26-0281-86) in complete RPMI 1640441

medium as described before for 24-72 h. 10 ng/mL recombinant mouse IL-2 (ABclonal, RP01384) was442

involved in all CD8+ T cell cultures except in memory-induced experiments. For proliferation studies, CD8+443

T cells were labelled with 5 M CFSE (invitrogen) and then activated with CD3/CD28 with or without 50444

M TGM2 inhibitor LDN27219 for 72 h. The proliferation of CD8+ T cells was detected by flow cytometry445

and analyzed by CFSE dilution. For CD8+ T cells function analysis, cells were harvested at 48 h446

post-stimulation and cultured with protein transport inhibitor GolgiStop (BD) for 4 hours prior to further447

flow cytometry staining. To induce T cell exhaustion in vitro, CD8+T cells were initially activated for 3 days448

via CD3/CD28 stimulation, followed by another 3 days of activation on plates, and then subjected to flow449

cytometry staining. For assessment of mitochondrial function, cells were harvested at 24 h post-stimulation450

and stained with surface marker CD8 and live/dead dye (Thermo), and then stained with 1 M Mitotracker,451

TMRM (1:1000), 5 M mitoSOX (Thermo; M22426, M36008, 134361) in 37ºC for 30 min followed by452

cleaning and analyzed with flow cytometry within one hour. For Metabolic activity was determined using a453

Vybrant Cell Metabolic Assay Kit (containing C12-resazurin) (Thermo, V23110), In a 96-well plate,454

activated cells were incubated with 10 μM C12-resazurin at 37°C for 15 min. Fluorescence was measured by455

flow cytometry. For inhibition experiments, 50 M LDN27219 and 10 M Fludarabine (MedChemExpress;456

HY-16693, HY-B0069) were used during CD8+ T cell stimulation.457

458

Flow cytometry459

For surface staining, cells were stained with a Fixable viability dye and surface marker in PBS containing460

2% FBS. For interacelluar cytokine detection, cells were stimulated with phorbol 12-myristate 13-acetate461

(PMA, 100 ng/mL, Sigma-Aldrich), ionomycin (1 mg/mL, Sigma-Aldrich) and GolgiStop (0.1%, BD462

Biosciences) for 4 h.463

For in vitro CD8+ T cell cytokine detection, only 0.1% GolgiStopTM were added to the culture medium464

before staining for 4 h. Cells were subjected to intracellular staining using a Cytofix/CytopermTM Kit (BD465

Biosciences) following the manufacturer’s instructions. Cells were subjected to intracellular staining using a466

Cell Fixation/Permeabilization Kit (BD Biosciences) following the manufacturer’s instructions. Stained cells467

were analyzed using BD LSRFortessa x20 Flow Cytometer (BD Biosciences). FlowJo 10 software (Tree Star)468

was used to analyze the data.469



470

Immunofluorescence analysis471

Fresh tumor tissues were fixed with in Universal Tissue Fixative (Servicebio) for more than 24 h. The tissues472

were then embedded in paraffin after dehydration, clearing and infiltration according to routine procedures.473

Tissue section (8-10 m) were prepared from the paraffin-embedded tumor samples and subjected to474

immunofluorescence assay. Briefly, the slides were preformed standard dewaxing and rehydration and tissue475

antigen retrieval with sodium citrate under high temperature and high pressure. Then donkey and mouse476

serum were added to the slides to block non-specific binding for 30 min and anti-5-HT goat antibody (1:400,477

ab66047, Abcam) and anti-CD8a rabbit antibody (1:500) were incubated with tissues at 4ºC overnight. The478

slides were rinsed three times with TBS and incubated with AF488-mouse anti-rabbit (1:800),479

AF594-donkey anti-Goat (1:800) at room temperature for 1 hour in dark. The slides were washed three times480

with TBS. DAPI solution (1:500) was added for nuclear labeling with 10 min dark incubation. The slides481

were mounted using vectashield mounting media and were imaged using Olympus SLIDEVIEWTM VS200482

Research Slide Scanner.483

484

Extracellular flux analysis485

Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) were separately measured by486

the Seahorse XF analyzer with Mitochondrial stress test (MST) and Glycolysis Stress Test (GST) (Agilent487

Technologies, 103015-100, 103020-100) according to the manufacturer’s instructions. Briefly, 2x105488

activated T cells were plated in Cell-Tak-coated XF96 plates in RPMI medium in the presence of the489

following compounds: 2 μM oligomycin, 1 M FCCP, and 0.5 μM rotenone/antimycin A for OCR, and 50490

μM 2-DG, 10 mM glucose, and 2 μM oligomycin for ECAR (Agilent Technologies).491

492

Transmission electron microscopy (TEM) experiment493

Activated CD8+ T cells in present or absent of LDN27219, and EL4 cells cultured with 5-HT and494

CD3/CD28 for 24 h, were fixed in fresh electron microscope fixative (2.5% glutaraldehyde, Biossci)495

followed by secondary fixation with 1% osmium tetroxide to stabilize lipids and enhance contrast. Cells496

were gradually dehydrated trough an ethanol or acetone series to remove water followed by infiltrated with497

epoxy resin (SPI), then polymerized at 60°C for 24–48 h to form a rigid block. Sections (70 nm) were cut498

using ultramicrotome (Leica) and collected on copper grids coated with formvar films. Sections are stained499

with uranyl acetate (aqueous, 2–5%) for 10–20 minutes to bind nucleic acids and proteins, followed by lead500

citrate (0.2% in NaOH) for 5–10 minutes to enhance contrast of membranes and cytoplasmic structures.501



Excess stain was rinsed with distilled water and dried overnight under a laminar flow hood. The stained502

sections were observed and imaged under a transmission electron microscope (HITACHI).503

504

Lactate dehydrogenase (LDH) release assay505

Cytotoxicity was assessed by LDH release assay using CytoTox 96 Non-Radioactive Cytotoxicity assay kit506

(Dojindo, CK12) according to the manufacturer’s protocols. Briefly, pre-activated CD8+ T cells were507

resuspended in DMEM culture medium as effector cells and mixed with SJT1601 cells at effector to target508

ratios equal 20:1. LDH release was detected by absorbance measurement at 490 nm using a colorimetric509

assay based on the enzymatic reaction of lactate dehydrogenase after culturing at 37ºC for 24 h. Cytotoxicity510

was calculated according to the formula: Cytotoxicity (%)=(Experimental release – Target cell spontaneous511

release – effector spontaneous release )/(Target cell maximum release-target cell spontaneous release) × 100512

“Experimental release” referred to LDH release from experimental wells. “Target cell spontaneous release”513

referred to the spontaneous release of LDH from target cells alone. “Effector cell spontaneous release”514

referred to the spontaneous release of LDH from effector cells alone. “Target cell maximum release” referred515

to the maximum release of LDH from target cells in a medium containing 1% Triton X-100 T cells.516

517

Immunoprecipitation, Western blot assay and LC-MS/MS518

CD8+ T cells or EL4 cells were activated with αCD3/αCD28 for 24 hours. Cell lysates were prepared using519

RIPA lysis buffer (Thermo) supplemented with protease inhibitor and phosphatase inhibitor (Sigma). The520

lysates were subjected to immunoprecipitation using an anti-STAT1 antibody (CST, 9172) or an521

anti-serotonin antibody (Abcam, ab66047) with a Protein G Immunoprecipitation Kit (Thermo, 88802).522

After normalization of total protein levels, the samples were separated by 10% SDS-PAGE and transferred523

onto 0.45 µm polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with a524

protein-free rapid blocking solution (Epizyme) for 30 minutes at room temperature, then cut if necessary and525

incubated overnight with primary antibodies (1:1000 dilution), followed by incubation with HRP-conjugated526

secondary antibodies (Abclonal, 1:5000 dilution) for 2 hours. Immunoreactive proteins were visualized using527

an ECL detection system (Millipore).528

To screen for serotonylated proteins, equal amounts of total protein from CD8+ T cell lysates (unstimulated529

vs. stimulated for 48 hours) were subjected to immunoprecipitation using the anti-serotonin antibody with a530

Protein A/G Immunoprecipitation Kit. The samples were then separated by 10% SDS-PAGE, but the531

electrophoresis was run only within a 2 cm length. The resulting gel strips were analyzed by LC-MS/MS at532

Biotree Technology (Shanghai) Co., Ltd. Briefly, the gel slices were destained with acetonitrile, followed by533

reduction of disulfide bonds with DTT solution and alkylation with IAA solution. In-gel trypsin digestion534



was performed by saturating the gel with trypsin buffer, and peptides were extracted using a formic535

acid/acetonitrile (ACN) buffer. The extracted peptides were vacuum-dried and reconstituted. Peptides were536

then separated and analyzed using a nano-UPLC (Evosep One) coupled to a timsTOF Pro2 instrument537

(Bruker) with a nano-electrospray ion source. Raw MS files were processed using SpectroMine software538

(version 4.2.230428.52329) and the built-in Pulsar search engine. After the search was completed, qualitative539

analysis was performed.540

541

Enzymatic serotonylation assays542

A 25 L enzymatic system was established with 5 mM MDC (Sigma) or 5 mM 5-HT, 0.25 g functional543

TGM2 protein (R&D, 5418-TG-010) and protein target 10g recombinant human STAT1 (Abclonal,544

RP01251) or 10 g fibrinogen (Sigma, F3879) and enzymatic buffer (25 mM pH 8 Tris-Cl, 5 mM CaCl2 and545

protease inhibitor). The reaction buffer was incubated at 37ºC for 3 hours in the dark, then denatured at 98ºC546

for 8 min prior to gel electrophoresis. Serotonylated proteins were detected under UV illumination, and547

protein loading was confirmed by Coomassie staining. Peptides of STAT1 were synthesized by Shanghai548

Sangon Biotechology Co., Ltd. Subsequently, transamidation reactions were carried out using MDC or 5-HT549

as substrates with 10 g STAT1 peptides, employing the same protocols as previously described. The550

serotonylation products were then analyzed by LC-MS/MS.551

552

Enzyme linked immunosorbent assay (ELISA)553

5-HT contents of CD8+ T cell cultured supernatants, tumor tissue homogenates (about 0.0100g tissue plus554

200 L RIPA with accurate weight to volume ratio), mouse serum and human plasmas were determined with555

an ELISA kit (Abnova, KA1894) according to the manufacturer's protocol.556

557

ATP content detection558

CD8+ T cells were purified and activated with LDN27219 or Fludarabine for 24 h. El4 cells were activated559

for 24 h with or without 5-HT. Cells were collected and ATP content was detected using an ATP assay kit560

(MCE, HY-K0314) according to the manufacturer’s protocol, and protein concentration was measured by561

BCA assay (Beyotime, P0009). ATP content was normalized to protein content.562

563

Stable transfection of EL4 cells564

Lentiviruses-EGFP WT-STAT1 or Gln to Ala (Q120A and Q285) mutated STAT1 plasmids were565

constructed by OBiO Technology（Shanghai）Co., Ltd. Lentiviral Packaging: transfecting HEK 293T cells566

with three plasmids: the transfer plasmid, the packaging plasmid (p155/psPAX2), and the envelope plasmid567



(pMD2.G). After transfection, the virus-containing supernatants were collected, filtered, and concentrated.568

EL4 cells were transfected with concentrated supernatants and screened with 8 g/mL puromycin. The569

overexpression efficiency was confirmed by flow cytometry analysis.570

For overexpression of mtfr2, mCherry-fused lentiviruses expressing mouse mtfr2 were constructed by OBiO571

Technology（Shanghai）Co., Ltd. El4 cells were transfected at MOI 80 and 8 g/mL puromycin was add for572

selection.573

574

siRNA interference experiment575

MTFR2 knockdown in El4 cells was established by transfection with small interfering RNA (siRNA) using576

CALNP™ RNAi in vitro agent (D-nano therapeutics, Beijing, China) according to the manufacturer's577

instructions. Mtfr2 siRNA (siMtfr2): 5’- CGACUUGAGUGAUGAACA ATT-3’, and negative control578

siRNA (siNC) were provided by OBiO Technology（Shanghai）Co., Ltd.579

580

Real-time qPCR581

Total RNA was isolated from activated CD8+ T cells or EL4 cells using TRIzol reagent (Thermo) following582

the manufacturer's protocol. First-strand cDNA synthesis was performed using the PrimeScript RT reagent583

Kit (Takara, RR037B) according to the manufacturer's protocol. 10 ng of synthesized cDNA served as the584

template for real- time qPCR analysis. Gene expression quantification was carried out using SYBR Green585

Pro Taq HS qPCR Master Mix (Accurate Bio). Amplification conditions consisted of 40 cycles: denaturation586

at 95°C for 15 s, annealing at 60°C for 15 s, and extension at 72°C for 45 s. Target gene primers are listed in587

the Key Resources Table. Relative gene expression levels were normalized to the housekeeping gene hprt588

using the comparative cycle threshold (2-ΔΔCT) method. The primers were listed in the key resources table.589

qPCR was performed using the following primers: Hprt forward, 5’- GTTGGGCTTACCTCACTGCT-3’590

and reverse, 5’- TAATCACGACGCTGGGACTG -3’; Mfn2 forward, 5’-591

GCTAGTGACGTGTTGGGTGT-3’ and reverse, 5’-GGTGTTGACTCCA CCTGTCC-3’; Mtfr2 forward,592

5’-AGCTCCAGGGATGGTGATCTT-3’ and reverse, 5’- GCAAATCCTGGTCTACGGGA-3’; Dnm1l593

forward, 5’- ACCGGGAATGACCAAAGTACC-3’ and reverse, 5’-594

TGGGATTACTGATGAACCGAAGA-3’.595

596

ChIP qPCR597

The ChIP assay was performed using the Pierce Magnetic ChIP Kit (26157, Thermoscientific) according to598

the manufacturer’s instructions. Briefly, dead cells were removed by the Ficoll density gradient599

centrifugation. 8-10 × 106 activated CD8+ cells were washed and Crosslinked with 1% formaldehyde for 10600



min and stop with glycine. Then, cells were lysed to remove the cell membrane and isolate nuclei. Chromatin601

was then digested with Micrococcal Nuclease (MNase) to generate fragments of approximately 150–300 bp.602

Following MNase inactivation, the nuclear membrane was disrupted to release the digested chromatin. The603

resulting chromatin fragments were subjected to immunoprecipitation using Phospho-Stat1 (Ser727)604

antibodies (CST, #8826). After washing, DNA was eluted, cross-links were reversed, and DNA was purified.605

Purified DNA was analyzed by qPCR. Mfn2 promoter primer: forward, 5’-CTGGTAACCGTCCCGTGTC-3’606

and reverse, 5’-CGGACGCTGATCCAAACTACA-3’. Mtfr2 promoter primer1: forward, 5’-607

TAGGACAGACTTGGAGGA ACTG-3’ and reverse, 5’- AAAGTTGGCTTTGAAATGCTGCC-3’. Mtfr2608

promoter primer2: forward, 5’- TGTGGTTTCCTTAGTGCGGT-3’ and reverse, 5’- ACGCTGTTCGTTG609

GTACCTT -3’.610

611

RNA sequencing612

CD8+ T cells were activated with CD3/CD28 for 24 h with or without 50M LDN27279. Total RNAs613

were isolated using the TRIzol reagent following the manufacturer’s protocol. RNA integrity was assessed614

by Agilent 4200 Bioanalyzer (RIN ≥ 6.0). Samples were sent to GENE DENOVO biotechnology for615

clustering and sequencing.616

617

Human ChIP-seq analysis618

Human ChIP-seq data (GSE100566 and GSM4304440) analysed in a web platform named H3NGST47, and619

and visualized with Integrative Genomics Viewer (IGV).620

621

Human single-cell RNA sequencing analysis622

Public scRNA-seq datasets GSE189357 (TD1-TD9) and GSE207422 (anti-PD-1/chemotherapy cohort: Pre,623

n=3; NR, n=8; R, n=4) were analyzed using Scanpy in Python 3. After quality control and UMAP624

dimensionality reduction, cell types were annotated using canonical markers. Samples from GSE189357625

were stratified into TPH1_high and TPH1_low groups based on median TPH1 expression; CD8+ T cells626

were extracted for subclustering and functional scoring, and PD-1 expression was compared between groups.627

For the independent cohort (GSE207422), pseudobulk analysis (raw count aggregation per Sample× cell628

type, followed by CPM + log2 normalization) was used to evaluate TPH1 expression in T and B cells.629

PyDESeq2 was applied for between-group differential expression comparison, and the proportion of TPH1+630

samples was calculated per response group. Statistical comparisons were performed using Mann-Whitney U631

test or ANOVA as appropriate.632

633



Statistical analysis634

The sample size, statistical methods, and relevant details are provided in the figure legends. Statistical635

analysis was performed with Graphpad Prism 7, and values were presented as mean ± standard error of the636

mean (SEM). Data were analyzed using appropriate statistical tests, including two-tailed student’s t-test,637

one-way ANOVA and Tukey’s test, and two-way ANOVA. The Spearman correlation test was applied to638

perform the association analysis. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.639

640

641
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Figure 1.748

749

Fig.1 5-HT supplementation exhibit enhanced CD8+ T cell functionality and synergizes with anti-PD-1 to750

inhibit tumor growth751

a-d Studying SJT1601 tumor growth. Schematic timeline (a), tumor growth curve (b)., tumor weight (c), and752

FACS analyses of IFN+ and GzmB+ in tumor infiltrating CD8+ T cells (d) (n = 8-12, Data from two753

independent experiments were pooled). e-h Studying MC38 tumor growth. Schematic timeline (e), tumor754

growth curve (f), tumor weight (g), and FACS analyses of IFN+ and GzmB+ in tumor infiltrating CD8+ T755

cells (h) (n = 8-10, Data from two independent experiments were pooled). i-k Studying SJT1601 tumor756

growth with anti-CD8a antibody. Experimental design (i), tumor growth curve (j), and tumor weight (k) (n =757

3-6). l-n Studying MC38 tumor growth with anti-CD8a antibody. Experimental design (l), tumor growth758

curve (m), and tumor weight (n) (n = 3-5). Data are presented as mean ± SEM. Statistical analyses were759

performed using one-way ANOVA and Tukey’s test (c, d, g, h, k and n) and two-way ANOVA and Tukey’s760

test (b and f). ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001.761



Figure 2.762

763

Fig. 2 Serotonylation via TGM2 is required for CD8+ T cell antitumor function.764

a, FACS analysis of 5-HT expression in tumor infiltrating CD8+ T cells from SJT1601 tumor-bearing mice765

after treatment with PBS versus 5-HT with or without anti-PD-1 antibody (n = 5-6). b, Immunofluorescence766

staining of CD8a and 5-HT in SJT1601 grafted tumors from the mice treated with or without anti-PD1767

antibody. Green indicates CD8a and Red (AF594) indicates 5-HT. Blue (DAPI) indicates the nucleus. White768

arrows show co-location of CD8 and 5-HT. Scale bar, 100 m (n = 5). c, Immunofluorescence staining of769

5-HT in CD8+ T cells with or without CD3/CD28 for 24 h. Red indicates 5-HT and blue indicates the770

nucleus. Scale bar, 100 m (n = 3). d, Concentrations of 5-HT in CD8+ T cell supernatants stimulated with771

CD3/CD28 for 0, 24 h and 48 h by ELISA (n = 1-3). e, Immunoblotting analysis of 5-HT and -actin in772

CD8+ T cells with CD3/CD28 stimulation for 0 or 48 h. f, proliferation analysis of CD8+ T cells with or773

without LDN27219 treatment for 72 h with CFSE pre-staining (n = 3). g, Intracellular cytokines analysis of774

CD8+ T cells with or without LDN27219 treatment for 48 h (n = 6). h-k, Experimental design for WT or775



Tgm2-/- CD8+ T cells adoptive transfer to Rag1-/- mice followed by SJT1601 subcutaneously implanted (h),776

tumor growth curve (i) and tumor weight at day 21 (j) were measured. Percentages of IFN and GzmB in777

tumor infiltrating CD8+ T cells were detected by FACS (k). (n = 4-5). Representative of two (a, b, c, e, f, i, j)778

and three (f, g) experiments. Data are presented as mean ± SEM. Statistical analyses were performed using779

one-way ANOVA and Tukey’s test (a), two-way ANOVA and Tukey’s test (i) and unpaired Student’s t-test780

(f, g, j and k). ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001.781

782



Figure 3.783

784

Fig. 3 Inhibition of serotonylation impairs mitochondrial function in CD8+ T cells785

a, GSEA analysis of the ROS biosynthetic process between DMSO and LDN27219-treated CD8+ T cells (n786

= 3). b, CD8+ T cells were activated for 24 h, with or without LDN27219 treatment. Mitotracker, TMRM787

and mitoSOX were stained (n = 3). c, CD8+ T cells were activated for 24 h, with or without LDN27219788

treatment. Electron Micrograph of Mitochondria and Structural Diagram were displayed by transmission789

electron microscopy. Mitochondria numbers of each cells and mitochondrial area were statistically analyzed790

(n = 6-7). d, CD8+ T cells were activated for 48 h, with or without LDN27219 treatment. OCR was measured,791

basal respiration, ATP production, Max respiration and spare capacity were analyzed (n = 2). e, CD8+ T cells792

were activated for 24 h, with or without LDN27219 treatment. C12-resazurin staining were conducted (n =793

3). f, CD8+ T cells were activated for 24 h, with or without LDN27219 treatment. ATP productions were794

measured (n = 3). Representative of two (d, f) and three (b, e) experiments. Data are presented as mean ±795

SEM. ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001 by the unpaired Student’s t-test.796

797



Figure 4.798

799

Fig. 4 Serotonylation of STAT1 prevents mitochondrial dysfunction and maintains effector function in CD8+800

T cells801

a, Workflow for the discovery of serotonylated proteins by LC-MS/MS. b, Venn diagram showing the802

overlap of serotonylated proteins between 0 h and 48 h activated CD8+ T cells. c, Enrichment of KEGG803

pathways upregulated in CD8+ T cells from 48 h. d, WT and Tph1-/- CD8+ T cells were activated for 48 h,804

5-HT was immunoprecipitated, and STAT1 was detected. e, CD8+ T cells were activated for 48 h, STAT1 or805

IgG was immunoprecipitated, and 5-HT was detected. f, TGM2 monoaminylation assays with STAT1 or806

fibrinogen were shown through UV light and then stained with coomassie brilliant blue staining. g,807

LC-MS/MS analysis of TGM2-transamidated MDC to human recombinant STAT1.h, The gene similarity of808

STAT1 across different species. i, LC-MS/MS analysis of TGM2-transamidated MDC to mouse STAT1809



peptide 277-295. j, LC-MS/MS analysis of TGM2-transamidated 5-HT to mouse STAT1 peptide 277-295.810

k-m, EL4 cells were transfected with lentiviruses expressing either WT-STAT1 or Gln to Ala (Q120A and811

Q285A) mutated STAT1. Cells were activated for 24 h, with or without 100 M 5-HT. Mitotracker, TMRM812

and mitoSOX were analyzed by FACS (n = 3) (k). C12-resazurin staining were conducted (n = 3) (l). ATP813

production was detected (n = 3) (m). n, EL4 T cells were activated for 24 h with 5-HT. Electron Micrograph814

of Mitochondria and Structural Diagram were displayed by transmission electron microscopy. o,815

Mitochondria numbers of each cells in the n were statistically analyzed (n = 8). Representative of two816

experiments. Data are presented as mean ± SEM. Statistical analyses were performed using one-way817

ANOVA and Tukey’s test (k, l, m and o) and unpaired Student’s t-test (h). ns, non-significant; *p < 0.05, **p818

< 0.01, ***p < 0.001.819

820



Figure 5.821

822
Fig. 5 Serotonylation of Gln285 at STAT1 facilitates its Ser727 phosphorylation and regulates mitochondrial823

dynamics824

a, Western blot analysis of indicated proteins in purified TdLN CD8+ T cells from SJT1601 tumor-bearing825

mice after treatment with PBS versus 5-HT with or without anti-PD-1 antibody (n = 1-2 pooled). b, CD8+ T826

cells were activated for 24 h with or without LDN27219. Indicated proteins were detected by western blot. c,827

Transected WT or mutated STAT1 EL4 cells were activated for 24 h with or without 100 M 5-HT.828

Indicated proteins were detected by western blot. d, Mfn2 and Mtfr2 mRNA expressions in CD8+ T cells829

treated with LDN27219 or fludarabine for 24 hwere analyzed by qPCR (n = 3). e, ChIP was performed with830

an anti-pSTAT1S727 antibody or control IgG on activated CD8+ T cells. The precipitated DNA was analyzed831

by qPCR with one pair of primers targeting the Mfn2 promoter and two pairs of primers targeting distinct832

regions of the Mtfr2 promoter. Data are presented as percentage of input DNA (n = 6). f-g, mCherry-fused833



lentiviruses with Flag-label expressing MTFR2 was transduced into EL4 cells. Flag was immunoprecipitated,834

and DRP1 was detected (f). Immunofluorescence staining of DRP1, Green indicates DRP1 and Red835

(mCherry) indicates negative control (NC) or Mtfr2-OE. Middle: DRP1 fluorescence intensity analysis.836

Right: colocalization analysis of mCherry-tagged MTFR2 and DRP1 (green), Pearson’s Correlation837

Coefficient and Overlap Ratio were calculated from 10 slices per condition. Blue (DAPI) indicates the838

nucleus. Scale bar, 100 m (g). h-i, EL4 cells were transfected with 40 nM of Mtfr2 siRNA (siMtfr2) or a839

negative control siRNA (siNC), and then activated for 24 h. Indicated proteins were analyzed by western blot840

(h). Mitochondria and structural diagram were displayed by transmission electron microscopy. Mitochondria841

numbers of each cells were statistically analyzed (i). Representative of two experiments. Data are presented842

as mean ± SEM. ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001 by the unpaired Student’s t-test.843

844



Figure 6.845

846
Fig. 6 Clinical relevance of 5-HT in anti-PD-1 therapy in non-small cell lung cancer847

a-c Human NSCLC tumor samples scRNA-seq dataset analysis (GSE189357). Stacked bar chart showing848

CD8+ T cell subset distribution in TPH1_low vs TPH1_high groups (a). Violin plots of CD8+ T cell849

exhaustion function score from TPH1_low vs TPH1_high tumors (b). Heatmap showing PD-1 expression850

levels across CD8+ T cell subsets stratified by TPH1 group (c). d-e Human NSCLC tumor samples before851

and after anti-PD-1+chemotherapy scRNA-seq dataset analysis (GSE207422). Stacked bar charts showing852

Immune cell composition changes following treatment (d). TPH1 expression dynamics in T cells across853

treatment response groups (e). f-i Analysis of NSCLS patients with nivolumab treatment. Flowchart for854

nivolumab treatment in NSCLS patients (f). 5-HT levels in the plasma of the responder versus the855

non-responder NSCLC patients at the baseline or received therapy for 4 weeks. (n = 22/24) (g). Spearman856

correlations of plasma 5-HT levels with progression-free survival (PFS) (h). Spearman correlations of857

plasma 5-HT levels with the percentages of LAG3+ CD8+T cells in PBMC (i). Data are presented as mean ±858

SEM. Statistical analyses were performed using Ma -Whitney U test in (b, c), Kruskal-Wallis test in (e),859

paired Student’s t-test in (g). *p < 0.05, **p < 0.01, ***p < 0.001.860

861



Table1— Clinical manifestations of advanced NSCLC patients receiving nivolumab treatment862

863

864

865

866

867

868

869

870

871

872

873

Values are n (%) unless otherwise stated.874

R, responder; NR, non-responder.875
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without LDN27219
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a, CD8+ T cells were activated for 48 h with or

without LDN27219 treatment, and extracellular

acidification rate (ECAR) was measured using a

Seahorse analyzer. b, Basal glycolysis and

glycolytic capacity were analyzed based on the data

in (a). Representative of two independent

experiments. Data are presented as mean ± SEM. p

values were analyzed using the unpaired Students’s

t-test.
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TGM2-mediated
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a, LC-MS/MS analysis of TGM2-transamidated

MDC to human recombinant STAT1. b,

LC-MS/MS analysis of TGM2-transamidated MDC

to mouse STAT1 peptide 108-126. c, LC-MS/MS

analysis of TGM2-transamidated 5-HT to mouse

STAT1 peptide 108-126. d, Transfection efficiency

of STAT1-WT, and STAT1-Q120A and

STAT1-Q285A mutant viruses in EL4 cells.

Extended
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Fludarabine
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CD8+ T cell

exhaustion and

reduces tumor cell

cytotoxicity

Extended

Data Fig. 5

a-c CD8+ T cells were activated for 24 h with 0, 5

or 10 m fludarabine. Staining with Mitotracker,

TMRM and mitoSOX (a), measurement of ATP

production (b) and staining of cytokines (c) (n = 4).

d-f Exhausted CD8+ T cells were induced in vitro

with 0, 5, or 10 M fludarabine. Study design (d).

FACS analysis of exhaustion-related marker

expression (n = 2) (e). In vitro induced exhausted

CD8+ T cells coculture with SJT1601 tumor cells,

the cell cytotoxicity was analyzed by LDH release

(n = 3) (f). Statistical analyses were performed

using one-way ANOVA and Tukey’s test (a-c, e)

and the paired Student’s t test (f). Representative of



two experiments. Data are presented as mean ±

SEM. ns, non-significant; *p < 0.05, **p < 0.01,

***p < 0.001 by the unpaired Student’s t-test.

Extended

Data Fig. 6

Effects of PP2,

LDN27219, and

fludarabine on

pSTAT1S727, Dnm1l

expression, and

chromatin signatures

at MFN2 and

MTFR2 loci, along

with Mtfr2

knockdown

efficiency

Extended

Data Fig. 6

a, CD8+ T cells activated for 0, 24 h, with or

without 10 M PP2. Immunoblotting analysis of

pSTAT1S727and -actin. b, Dnm1l mRNA

expressions in CD8+ T cells treated with

LDN27219 or fludarabine for 24 h were analyzed

by qPCR (n = 3). c, ChIP-seq tracks at

the MFN2 locus comparing STAT pS727, H3K27ac

signals (in reads per million) in SET-2 cells. d,

ChIP-seq tracks at the MTFR2 locus comparing

STAT pS727, H3K27ac signals (in reads per

million) in SET-2 cells. e, siRNA knockdown

efficiency of Mtfr2 in EL4 cells. Data are presented

as mean ± SEM. ns, non-significant; *p < 0.05 by

the unpaired Student’s t-test

Extended

Data Fig. 7

Single-cell landscape

of TPH1 expression

and CD8⁺ T cell

subsets in non-small

cell lung cancer.

Extended

Data Fig. 7

a, UMAP visualization of major cell populations in

non-small cell lung cancers (GSE189357) stratified

by each sample and cell types. b, Bar charts

showing TPH1 expression distribution and

percentages of TPH1+ cells in major cell types. c,

Bar plot showing mean TPH1 expression levels in

each patient sample. d, UMAP visualization of five

CD8+ T cell subsets identified by unsupervised

clustering. e, UMAP visualization of major cell

populations in all cells and in cells stratified by

treatment response group in non-small cell lung

cancers before and after treatment with

anti-PD-1+chemotherapy (GSE207422).
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