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Abstract

Objective: Langerhans cell histiocytosis (LCH) is a rare inflammatory myeloid neoplasm in which

the inflammatory microenvironment plays a crucial role in the development and progression of

disease. The prognostic value of circulating lymphocyte subsets and cytokines remains

uncertain.

Methods: The authors retrospectively analyzed baseline peripheral lymphocyte subsets and

serum cytokines in 330 consecutive pediatric patients. Immune profiles were compared across

disease extent, clinical events, and biological features. Prognostic associations with progres-

sion-free survival (PFS) were tested using univariable and multivariable models.

Results: Peripheral immune profiles varied with disease extent. Patients with multisystem risk-

organ involvement (MS RO+) had fewer total T and Th1 cells, more CD4⁺ Tand B cells, and higher

IL-6, IL-10, and IFN-g. Patients who progressed or relapsed showed a similar pattern, and non-

survivors had particularly high IL-10. In the first-line cohort, the proportions of T, B, CD4⁺ T, CD8⁺

T, and Th1 cells, ratios of CD4/CD8 and Th1/Th2, and levels of IL-6, IL-10 predicted progression/

relapse, and Youden-derived cut-offs dichotomized with distinct PFS. On multivariable Cox, IL-6,

IL-10, Th1/Th2 ratio, RO status, and week-6 responses were independent predictors, and a

nomogram model with good predictive capability was formed. IL-10 remained independently
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prognostic in multisystem LCH; the immune indices were not prognostic in single-system LCH.

External validation in 103 patients confirmed risk stratification and model performance with

well-calibrated PFS estimates.

Conclusion: Baseline peripheral lymphocyte subsets and cytokines carried prognostic informa-

tion in pediatric LCH. The IL-6, IL-10, and Th1/Th2 profile supported risk stratification and may

inform treatment planning.

© 2025 The Authors. Published by Elsevier España, S.L.U. on behalf of Sociedade Brasileira de

Pediatria. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1 Introduction

2 Langerhans cell histiocytosis (LCH), the most common histio-

3 cytic disorder in children, features lesions of aberrant CD1a/

4 CD207 (langerin)�expressing Langerhans cells with immune

5 infiltrates [1,2]. Disease course spans from self-limited uni-

6 focal involvement to life-threatening multisystem (MS) dis-

7 ease. Activating MAPK-pathway mutations�most commonly

8 BRAF-V600E and MAP2K1�drive pathogenesis of LCH [3,4].

9 Despite improved outcomes with risk-adapted therapy,

10 about one-third of patients relapsed [5,6]. MAPK inhibitors

11 benefit refractory/recurrent LCH, but relapse is frequent

12 after discontinuation, highlighting the need for reliable

13 prognostic tools [7,8].

14 The inflammatory microenvironment is central to LCH

15 pathogenesis. Lesions contain prominent myeloid and T-cell

16 infiltrates that secrete exuberant pro-inflammatory cyto-

17 kines and chemokines [9]. Lesional T cells frequently display

18 dysfunction and exhaustion, with a relative excess of

19 CD4+ D33X Xover CD8+ T cells [10,11]. Regulatory T cells (Tregs) are

20 enriched in lesions and increased in the circulation during

21 active disease [12]. These cellular interactions and signaling

22 networks support lesion persistence and dissemination [13].

23 Peripheral immune markers track with LCH disease

24 extent and treatment response. Compared with single-sys-

25 tem (SS) disease, MS involvement is associated with higher

26 cytokine/chemokine levels�such as soluble interleukin-2

27 receptor (sIL-2R) and interleukin-18 (IL-18)�at baseline

28 [14]. Risk-organ involvement (RO+) correlates with elevated

29 IL-6, IL-10, interferon-gamma (IFN-g), increased activated T

30 cells, and poorer treatment responses [15]. sIL-2R and tumor

31 necrosis factor-alpha (TNF-a) help identify MS RO+ patients

32 at diagnosis, and sIL-2R and CD8+ T cells decline significantly

33 after treatment [16]. Higher baseline sIL-2R levels were also

34 associated with high-risk features and worse prognosis [17].

35 Nonetheless, the prognostic value of circulating lymphocyte

36 subsets and cytokines in LCH remains incompletely eluci-

37 dated. The authors therefore conducted a retrospective

38 study to examine associations among peripheral lymphocyte

39 subpopulations, cytokine levels, clinical characteristics, and

40 outcomes in LCH patients, and to evaluate their utility for

41 prognostic stratification.

42 Methods

43 Enrolled patients

44 From January 2017 to September 2020, 368 newly diagnosed

45 pediatric LCH patients were identified through the

46electronic medical records of Beijing Children’s Hospital

47[18]. Among them, 330 patients met the inclusion criteria:

48confirmed LCH diagnosis, age < 18 years, complete baseline

49peripheral lymphocyte subsets and cytokines testing, and

50standardized treatment with follow-up. Thirty-eight were

51excluded due to missing data or loss to follow-up (Supple-

52mentary Figure S1).

53The Ethics Committee of Beijing Children’s Hospital

54approved this study. Written informed consent was

55exempted due to the retrospective design, with all personal

56identifiers securely protected.

57Sample collection

58Peripheral blood for lymphocyte subset profiling and cyto-

59kine measurement was collected at diagnosis, before the

60start of any systemic therapy. The samples were immedi-

61ately processed as fresh specimens. None of the patients

62had received systemic corticosteroids before the baseline

63blood draw. Upon admission, all patients underwent stan-

64dardized tests for pathogens, and no evidence of concurrent

65infection was identified.

66Lymphocyte subsets analysis by flow cytometry

67Cells (stimulated or unstimulated) were stained for surface

68antigens using fluorochrome-conjugated monoclonal anti-

69bodies, then fixed and permeabilized for intracellular stain-

70ing. Isotype controls with irrelevant specificity were run in

71parallel. Samples were acquired on a BD FACSCanto II, with

72lymphocytes defined by low side scatter and bright CD45

73expression. CD3+ T, CD19+ B, and CD16+/CD56+ natural killer

74(NK) cells were subsequently assessed from total lympho-

75cytes. The percentages of CD4+ and CD8+ T cells were

76derived from the CD3+ population. T helper 1 (Th1, defined

77as CD3+ CD8- IFN-g+), Th2 (CD3+ CD8- IL-4+) and Th17 (CD3+

78CD8- IL-17+) subsets were calculated from CD3+ CD8- cells.

79Tregs (CD3+ CD4+ CD25+ FoxP3+) were derived from CD3+

80CD4+ cells. Ratios (CD4/CD8, Th1/Th2, and Treg/Th17) were

81calculated. Antibodies used are listed in Supplementary

82Table S1, and the gating strategy is depicted in Supplemen-

83tary Figure S2.

84Cytokine profiling

85Serum cytokines (IL-2, IL-4, IL-6, IL-10, TNF-a, and IFN-g)

86were quantified by cytometric bead array (CBA, BD Human

87Th1/Th2 Cytokine Kit II, 551,809). Standards were prepared

88by serial dilution. Capture beads were incubated with serum

89samples, standards, and kit controls for three hours at room
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90 temperature, washed twice, and acquired by flow cytometry

91 (FC, BD FACSCanto II). Data were analyzed with FCAP Array

92 v3.0. Potential outliers — values § 3 standard deviations

93 (SD) from group means—were re-analyzed on raw fluores-

94 cence histograms; exclusions were limited to biologically

95 implausible signals consistent with technical artifact (e.g.,

96 instrument noise). Dynamic range was supported by anti-

97 body-titration optimization and per-run internal controls.

98 Protocols followed peer-reviewed standards.

99 Treatment protocol

100 Patients were stratified by disease extent: SS, MS RO-, and

101 MS RO+D34X XLCH. RO refers to the liver, spleen, or hematologic

102 system. Treatment followed the BCH-LCH 2014 protocol [6].

103 First-line therapy consisted of six or twelve weeks of induc-

104 tion with vindesine and prednisone, followed by mainte-

105 nance that included vindesine and prednisone, with or

106 without 6-mercaptopurine. Second-line chemotherapy con-

107 sisted of an intensified regimen of D35X Xcytarabine (Cytarabine),

108 vindesine, and dexamethasone, with or without D36X Xcladribine
109 (Cladribine). Maintenance treatment then continued with

110 vindesine, prednisone, and 6-mercaptopurine. Response was

111 defined as non-active disease or better [19]. Disease pro-

112 gression was defined as clinical worsening or new lesions

113 while on therapy. Relapse was defined as recurrence of

114 active disease after complete remission or more than three

115 months post-maintenance [20].

116 Statistical analysis

117 Categorical variables were compared using Fisher’s exact

118 test, while continuous variables were analyzed with the

119 Mann-Whitney U or Kruskal-Wallis test. Associations were

120 assessed by Spearman correlation. Overall survival (OS) was

121 defined as the time interval from diagnosis to death, and

122 progression-free survival (PFS) was defined as the time from

123 treatment initiation to disease progression, relapse, or

124 death, whichever occurred first. The performance of binary

125 predictions was evaluated using receiver operating charac-

126 teristic (ROC) curves and the area under the curve (AUC);

127 optimal cut-offs were determined by Youden’s index. Varia-

128 bles with ROC D37X XP D38X X< 0.05 were included in the univariate anal-

129 yses (Kaplan-Meier with log-rank test). Those with D39X XP D40X X< 0.10

130 progressed to the multivariable Cox model to identify inde-

131 pendent prognostic factors. A prognostic nomogram was

132 built with the “rms” R package (v6.3� D41X X0). The model’s ability

133 to discriminate between outcomes was assessed using the

134 concordance index (C-index). The calibration was evaluated

135 through bootstrap-corrected calibration curves, utilizing

136 200 resamples. A composite risk score was calculated from

137 the independent prognostic factors. Continuous indicators,

138 specifically IL-6, IL-10, and the Th1/Th2 ratio, were proc-

139 essed via the “survival” R package (v3.3.1). Patients were

140 categorized into high- and low-risk groups based on the

141 median risk score. Analysis was performed in SPSS 25.0 (IBM)

142 and R (v4.2.1); Visualizations, including donut plots, bubble

143 heatmaps, correlation pie charts, and risk score plots, were

144 generated with the ggplot2 package (v3.4.4). Unless other-

145 wise specified, tests were two-sided, and D42X XP D43X X< 0.05 was con-

146 sidered statistically significant.

147Results

148Baseline characteristics and long-term outcomes

149Baseline demographics of 330 enrolled patients are pre-

150sented in Supplementary Figure S3A. The median diagnostic

151age was 2.8 years (0.5� D44X X16.1). Disease extent distribution

152included 158 (47.9 %) SS-LCH, 115 (34.8 %) MS RO-, and 57

153(17.3 %) MS RO+-LCH. Involved organs included bone, skin,

154lung, liver, pituitary, lymph nodes, spleen, hematologic sys-

155tem, ear, eye, and, rarely, the thymus. Of 233 genotyped,

156BRAF-V600E was detected in 136 (58.4 %), MAP2K1 variants

157in 21 (9.0 %), and other BRAF alterations in 17 (7.3 %). Base-

158line features did not differ between enrolled and excluded

159cohorts (Supplementary Table S2).

160Initial management comprised first-line therapy ( D45X Xn D46X X= 294),
161upfront second-line chemotherapy for pituitary involvement

162( D47X Xn D48X X= 10), targeted therapy with dabrafenib/trametinib for

163age or vascular constraints (D49X Xn D50X X= 10), and observation for non-

164central nervous system (CNS)-risk single-site lesion ( D51X Xn D52X X= 16).
165Over a median follow-up of 73.0 months, three (0.9 %)

166deaths occurred (5-year OS, 99.1 % § 0.5 %). Fifty-three

167patients (16.1 %) progressed and 97 (29.4 %) relapsed, yield-

168ing a 5-year PFS of 54.7 % § 2.7 %. Permanent consequences

169(PCs) developed in 16 patients (five neurodegeneration, four

170liver cirrhosis, four anterior pituitary hormone deficiency,

171three diabetes insipidus) with a 5-year cumulative incidence

172of 3.1 % § 1.0 % (Supplementary Figure S3B). Seventeen

173patients had diabetes insipidus at baseline.

174Comparison of lymphocyte subsets/cytokines by
175disease extent and events

176Across LCH subtypes (Figure 1), the percentages of T cells

177were lowest in MS RO+-LCH (vs. SS-LCH, D53X XP D54X X< 0.001; vs. MS

178RO--LCH, D55X XP D56X X= 0.018, respectively), whereas B cells were low-

179est in SS-LCH (vs. MS RO--LCH, D57X XP D58X X= 0.002; vs. MS RO+-LCH,

180D59X XP D60X X< 0.001, respectively). MS RO+ LCH showed higher CD4+ D61X XT
181cells ( D62X XP D63X X= 0.014) but lower Th1, Tregs, and Th17 cells than

182SS-LCH ( D64X XP D65X X< 0.001, D66X XP D67X X= 0.045, and D68X XP D69X X= 0.004, respectively),

183and higher IL-6, IL-10, and IFN-g (D70X XP D71X X= 0.034, D72X XP D73X X< 0.001, and

184D74X XP D75X X= 0.010, respectively).
185Patients with progression/relapse had higher B and CD4+

186Tcells ( D76X XP D77X X= 0.048, and D78X XP D79X X= 0.014, respectively) but lower total
187T cells, Th1 cells, and Th1/Th2 ratios ( D80X XP D81X X= 0.033, 0.003, and
1880.048, respectively), with elevated IL-6, IL-10, and IFN-g

189( D82X XP D83X X= 0.013, 0.006, and 0.036, respectively); IL-10 was partic-

190ularly higher in non-survivors (D84X XP D85X X= 0.020). PCs showed no

191association with lymphocyte subsets/cytokines (Figure 2).

192Within MS-LCH, lower total T and Th1 cell proportions and

193elevated IL-10 levels were associated with progression,

194relapse, or death (Supplementary Figure S4). No significant

195difference was observed in SS-LCH (Supplementary Figure

196S5).

197Correlation with clinical-biological features

198At baseline (Supplementary Figure S6), age < 2 years associ-

199ated with lower total T, CD8+ T, Th1, Th2, Th17, Tregs, and

200Th1/Th2 ratios, but higher B, CD4+ T cells, CD4/CD8 and

201Treg/Th17 ratios. BRAF-V600E carriers had fewer T cells and

202more B cells. By organ, skin involvement was associated
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203 with lower total Tand Th1 cells and higher total B and CD4+ T

204 cells; splenic or hematologic involvement correlated with

205 lower Th17 cells and higher Treg/Th17 rations; pulmonary

206 involvement was associated with lower Tregs. IL-6 and IL-10

207 levels were higher in younger age, BRAF-V600E positivity, or

208 cutaneous disease; IFN-g was higher with splenic or hemato-

209 logic involvement (all D86X XP D87X X< 0.05).

210 Patients presenting with fever at diagnosis had higher IL-

211 10 and IFN-g at baseline compared to those without fever

212 ( D88X XP D89X X< 0.001 and D90X XP D91X X= 0.014, respectively). Among 20 patients

213 with secondary Hemophagocytic lymphohistiocytosis (sHLH),

214 levels of IL-10 and TNF-a were significantly elevated

215compared to other MS cases without sHLH ( D92X XP D93X X< 0.001 and

216D94X XP D95X X= 0.025, respectively; Supplementary Figure S7). Addition-

217ally, Inter-marker correlations were generally weak, with

218most correlation coefficients below 0.2 (Supplementary

219Figure S8).

220Age, sex, and mutation-related trends remained consis-

221tent when the cohort was divided into MS-LCH and SS-LCH

222(Supplementary Figure S9). The organ-specific patterns

223observed in MS-LCH were similar to those found in the over-

224all cohort. In SS-LCH, immune profiles differed by site of

225involvement. Specifically, compared with cutaneous disease,

226bone involvement displayed higher proportions of Th1, CD8+

Figure 1 Box-and-whisker plots showing lymphocyte subset proportions and cytokine levels across the three clinical subtypes of

LCH. Abbreviations: LCH, Langerhans cell histiocytosis; RO, risk organ; SS, single-system; MS, multisystem.
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227 T, and NK cells and higher Th1/Th2 ratios, but lower propor-

228 tions of CD4+ T and B cells and lower CD4/CD8 ratios (all

229 D96X XP D97X X< 0.05).

230 Prognostic value of immune indices

231 In 294 patients receiving first-line chemotherapy, the pro-

232 portions of T, B, CD4+ D98X XT, CD8+ T, and Th1 cells, ratios of

233CD4/CD8 and Th1/Th2, and levels of IL-6, IL-10 predicted

234progression/relapse (ROC, Figure 3A, Supplementary

235Table S3). Youden-derived cut-offs dichotomized with dis-

236tinct PFS (Figure 3B). The Prognostic significance of clin-

237ico-biological characteristics, lymphocyte subsets, and

238cytokines was assessed by univariate analysis (Supplemen-

239tary Table S4). On multivariable Cox, IL-6, IL-10, Th1/Th2

240ratio, RO status, and week-6 treatment response were

Figure 2 Box-and-whisker plots comparing lymphocyte subset proportions and cytokine levels by event status. Events included

death, progression/relapse (P/R), and permanent consequences (PC).
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241 independent prognostic factors (Figure 4A), informing a

242 nomogram model with good predictive capability (C-index

243 0.715, 95 % CI 0.692� D99X X0.738, Figure 4B). Furthermore, the

244 calibration plots indicated a good agreement between the

245 predicted PFS rates and the actual observations (Figure

246 4C).

247 Additionally, the authors performed a risk score analysis to

248 evaluate the predictive value of IL-6, IL-10, and Th1/Th2 ratio,

249 treating them as continuous variables (Figure 4D). The authors

250 then classified the patients into high-risk and low-risk score

251 groups using the median risk score as a cut-off. The survival

252analysis revealed inferior PFS in the high-risk group compared

253to the low-risk group (D100X XP D101X X< 0.001; Figure 4E).

254Across the three clinical subtypes of LCH, most of the

255three indicators (IL-6, IL-10, and Th1/Th2 ratio) showed

256significant or trending PFS differences (Supplementary

257Figure S10). Higher IL-6 tended to be associated with

258progression/relapse after treatment with BRAF/MEK

259inhibitors ( D102X XP D103X X= 0.068). However, the authors did not

260observe significant differences among other treatment

261groups (Supplementary Figure S11). In MS-LCH, total T

262cells, Th1 cells, and IL-10 levels retained prognostic

263value by ROC analysis, and IL-10 remained independently

Figure 3 Prognostic significance of lymphocyte subsets and cytokines in pediatric Langerhans cell histiocytosis. (A) ROC curves for

variables with significant predictive value (D1X XP D2X X< 0.05); full results are provided in Supplementary Table S3. (B) Kaplan-Meier survival

curves comparing groups stratified by the cut-off values for lymphocyte subsets and cytokines, determined by Youden’s index from

the ROC analysis.
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264 prognostic in multivariable Cox models (Supplementary

265 Table S5-S6 and Figure S12). In contrast, these immune

266 indicators showed no significant prognostic relevance in

267 SS-LCH (Supplementary Table S7).

268External validation

269An independent validation cohort of 103 pediatric LCH patients

270diagnosed between October 2020 and June 2022 was included.

271There were 60 boys (58.3 %) and 43 girls (41.7 %), with a

272median age of 4.6 years (range 1.9� D104X X7.7). Disease subtypes

273included SS-LCH (50 cases, 48.5 %), MS RO--LCH (34 cases,

Figure 4 Multivariate analysis of risk factors for progression-free survival (PFS) in patients receiving first-line therapy. (A) Forest

plot of the multivariate Cox regression. (B) Nomogram for PFS prediction. (C) Calibration curves at 1, 3, and 5 years. (D) Risk-score

distribution, survival status, and heatmaps of IL-6, IL-10, and the Th1/Th2 ratio. (E) Kaplan-Meier survival curves for high- vs. low-

risk score groups.
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274 33.0 %), and MS RO+-LCH (19 cases, 18.4 %). With a median fol-

275 low-up of 45.0 months, the 3-year PFS rate was 61.2 % § 4.8 %.

276 Using the discovery cut-offs for Th1/Th2, IL-6, and IL-10, PFS

277 differed significantly between groups (Supplementary Figure

278 S13A). The prognostic nomogram model showed good discrimi-

279 nation in the validation cohort, achieving a C-index of 0.800

280 (95 % CI: 0.767�0.833) (Supplementary Figure S13B). Calibra-

281 tion plots showed strong agreement between predicted and

282 observed PFS (Supplementary Figure S13C).

283 Discussion

284 LCH exhibits features of both a neoplasia and an inflamma-

285 tory disorder, and progression or recurrence remains a chal-

286 lenge. In a large cohort of 330 children with LCH, the

287 authors profiled baseline lymphocyte subsets and cytokines

288 and found consistent associations with disease extent and

289 outcomes. Using independent immune risk factors, the

290 authors then developed and validated a prognostic model to

291 support risk stratification and management.

292 Prognosis in LCH varies by clinical category, with markedly

293 higher mortality and relapse in patients with RO involvement

294 [21]. Consistent with this, children with MS RO+ disease showed

295 lower circulating total T and Th1 cells, higher CD4+ T and B

296 cells, and elevated IL-6, IL-10, and IFN-g. This RO+ immune

297 profile mirrored that of patients who progressed or relapsed,

298 indicating systemic inflammation and immune dysregulation

299 consistent with LCH as an inflammatory myeloid neoplasm and

300 associated with adverse outcomes [22]. The authors also

301 observed that BRAF-V600E was associated with fewer T cells

302 and expanded B cell compartments, consistent with the “mis-

303 guided myeloid differentiation” model in which MAPK activa-

304 tion in hematopoietic precursors skews myeloid differentiation

305 and promotes inflammatory cytokine production [23]. BRAF

306 mutation was associated with increased IL-6 and IL-10, sug-

307 gesting mutation-associated systemic inflammation and a ten-

308 dency toward poorer outcomes. While BRAF/MEK inhibitors

309 elicit rapid responses, relapse after discontinuation argues for

310 combinatorial approaches targeting clonal precursors to secure

311 durable remission [24,25].

312 Mechanistically, the present data suggested that the Th1/

313 Th2 axis and the cytokines IL-6 and IL-10 were key factors

314 correlated with risk. Th1 cells drive cell-mediated immunity

315 through IFN-g, IL-2, and TNF-a, activating macrophages and

316 promoting differentiation of CD8+ T cells to enhance cyto-

317 toxic function. By contrast, Th2 cells support humoral

318 responses via IL-4, IL-10, and IL-13, suppressing Th1-medi-

319 ated responses and fostering an immunosuppressive tumor

320 microenvironment [26]. In LCH, a reduced Th1/Th2 ratio sig-

321 nals Th2 skewing that may suppress cytotoxic surveillance

322 and recruit pro-tumor myeloid populations, including mye-

323 loid-derived suppressor cells and M2 macrophages [27]. As a

324 pro-inflammatory cytokine, IL-6 may sustain LCH-cell prolif-

325 eration and survival by activating STAT3/MAPK signaling and

326 promoting VEGF-dependent angiogenesis, contributing to

327 lesion expansion and dissemination [28]. IL-10, produced by

328 Th2 cells, Tregs, and M2 macrophages within lesions, attenu-

329 ates immune surveillance by restraining dendritic-cell matu-

330 ration and T-cell activation, facilitating immune escape

331 [29]. Clinically, elevation of this triad (low Th1/Th2, high IL-

332 6 and IL-10) was associated with more aggressive disease

333and systemic immunosuppression. Therapeutic normaliza-

334tion likely reflects remission and re-established immune

335homeostasis, whereas persistent dysregulation denotes

336ongoing dysfunction and elevated relapse risk. Demonstrat-

337ing concordance between circulating markers and lesional

338immunity will require paired longitudinal cohorts.

339The prognostic nomogram and risk-score integrating IL-6, IL-

34010, and Th1/Th2 provided incremental prognostic value beyond

341clinical subtype and genotype, particularly for identifying chil-

342dren at risk of early progression or recurrence. A trend toward

343higher IL-6 among patients relapsing on targeted therapy fur-

344ther supports exploring IL-6 as a dynamic monitoring biomarker

345to guide response-adaptive interventions. Limitations include

346the absence of longitudinal monitoring of these indicators dur-

347ing treatment, which should be addressed in future prospective

348designs. Besides, cytokines were quantified by FC, which has a

349narrower dynamic range compared to immunoassays like ELISA.

350While the authors optimized the assays and focused on relative

351differences, complementary platforms may allow for absolute

352quantification across a broad range of concentrations. Addition-

353ally, fever and sHLHmay confound cytokine measurements. The

354authors pre-specified immune predictors and used a two-stage

355screening procedure to limit multiplicity and overfitting, yet

356evaluating correlated biomarkers still carried risk. In an inde-

357pendent external cohort, the model showed good calibration

358and a C-index of 0.800, supporting its generalizability. Even so,

359larger prospective studies with longitudinal immune profiling

360are needed, and future work should examine integration with

361other biomarkers (e.g., C-reactive protein) and additional

362immune readouts.

363Stratified analyses indicated that immune profiles differed

364by disease type and were prognostically informative mainly in

365MS-LCH. In MS-LCH, lower total T and Th1 cells with higher IL-

36610 were associated with progression/relapse, and IL-10

367remained independently predictive of PFS after adjustment.

368These markers were not prognostic in SS-LCH, suggesting that

369local lesion biology may dominate risk in single-system disease.

370The absence of prognostic signal in SS-LCH may also reflect

371fewer progression/relapse events, limiting statistical power.

372Clinically, the present data support disease�type�specific risk

373stratification—incorporating IL-10 for MS-LCH—while recogniz-

374ing limited utility in SS-LCH. Prospective, longitudinal valida-

375tion should assess whether dynamic changes in these indices

376can guide response-adaptive therapy.

377In summary, circulating lymphocyte subsets and cytokines

378carried prognostic information in pediatric LCH and sup-

379ported disease type-specific risk stratification. Given that

380LCH lies at the intersection of clonal oncogenic signaling and

381immune dysregulation, optimal management should inte-

382grate molecular mutation status with immune-microenviron-

383ment features. Deeper, longitudinal profiling of cytokines

384and T-cell subsets—particularly IL-10, IL-6, and Th1/Th2 bal-

385ance — may refine risk assessment and inform timing and

386selection of targeted and immunomodulatory therapies.
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