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Longitudinal systemic and medullary immune profiling identifies candidate immune mediator 
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 30 

ABSTRACT 31 

Background: Pediatric B-cell acute lymphoblastic leukemia (B-ALL) remains a major 32 

childhood malignancy in which interactions between leukemic cells and the immune 33 

microenvironment influence disease progression and clinical outcomes. However, the 34 

temporal dynamics of soluble immune mediators during remission chemotherapy and their 35 

prognostic value remain incompletely understood. Methods: Here, we profiled 48 soluble 36 

immune mediators in peripheral blood (PB) and bone marrow (BM) from 36 pediatric B-ALL 37 

patients at diagnosis (D0) and during remission chemotherapy (D15, D35, and D84) using 38 

multiplex assays. Mediator profiles were also compared between patients who achieved 39 

remission (RG) and those who died during induction therapy (DG). Results: At D0, pediatric 40 

B-ALL patients exhibited a broadly dysregulated immune landscape, followed by progressive 41 
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remodeling throughout remission chemotherapy, with only partial normalization of mediator 42 

levels and persistent disruption of immune interaction networks over time. Patients in the DG 43 

displayed a more exacerbated immune profile at diagnosis than those in the RG. Decision tree 44 

models identified small panels of soluble immune mediators at D0 (PB: CCL5, IL-6, CXCL9, 45 

and IL-2Rα; BM: CXCL12 and CCL4) that discriminated clinical outcome with high 46 

internally resampled performance (PB: AUC = 0.996, 95% CI 0.987�1.000; BM: AUC = 47 

0.910, 95% CI 0.790�1.000). Conclusions: Together, these findings provide a comprehensive 48 

characterization of longitudinal immune remodeling in pediatric B-ALL and identify 49 

candidate immune mediator panels associated with adverse clinical outcomes. These results 50 

support the further evaluation of immune profiling as a candidate approach for early risk 51 

stratification in pediatric B-ALL. 52 

Keywords: B-cell acute lymphoblastic leukemia; tumor microenvironment; immune 53 

signatures; immune biomarkers; risk stratification. 54 

 55 

INTRODUCTION 56 

Acute Lymphoblastic Leukemia (ALL) is the most common childhood malignancy, 57 

accounting for approximately 30% of all pediatric cancer diagnoses, with B-cell ALL (B-58 

ALL) comprising 85% of ALL cases (1). Despite significant therapeutic advances raising 59 

overall survival rates to over 90% in high-income countries, outcomes remain substantially 60 

worse in low- and middle-income regions (2). Furthermore, a considerable proportion of 61 

patients still experience unfavorable outcomes, including treatment resistance, relapse, and 62 

treatment-related mortality, with cure often associated with significant short- and long-term 63 

toxicities (3). Given this scenario, the identification of biomarkers to enable more precise 64 



risk stratification at diagnosis, as well as the development of more personalized and less toxic 65 

treatment strategies, remains a critical priority in pediatric ALL. 66 

Growing evidence demonstrates that the bone marrow (BM) microenvironment plays 67 

a crucial role in leukemic cell survival, chemoresistance, and immune evasion (4�7). A wide 68 

range of soluble immune mediators, including cytokines, chemokines, and growth factors, 69 

mediate the complex interactions between leukemic cells and components of the medullary 70 

niche (4�7). These mediators not only modulate disease progression but also influence 71 

patients� responses to therapy. Although some studies have described immune alterations in 72 

pediatric B-ALL (8�12), few have longitudinally evaluated the dynamic remodeling of these 73 

mediators in peripheral blood (PB) and BM throughout remission chemotherapy. 74 

Furthermore, the extent of immune remodeling during treatment and its potential association 75 

with clinical outcomes remain poorly understood. 76 

To address this gap, we performed a comprehensive longitudinal analysis of 48 77 

soluble immune mediators in paired peripheral blood and bone marrow samples from 78 

pediatric B-ALL patients. We characterized the dynamic remodeling of the immune 79 

landscape from diagnosis to the end of remission chemotherapy and investigated its 80 

relationship with clinical outcomes, including mortality during induction therapy. By 81 

integrating longitudinal and compartment-specific immune profiling, we identified candidate 82 

immune signatures and small panels of soluble immune mediators associated with adverse 83 

clinical outcomes. These findings provide a comprehensive characterization of immune 84 

remodeling in pediatric B-ALL and support the further investigation of soluble immune 85 

mediators as candidate biomarkers for early risk stratification and disease monitoring. 86 

 87 

SUBJECTS AND METHODS 88 



Ethics statement 89 

This study was approved by the Research Ethics Committees of Fundação Hospitalar 90 

de Hematologia e Hemoterapia do Amazonas (HEMOAM) and Instituto René Rachou, 91 

Fundação Oswaldo Cruz (Fiocruz Minas), under approval numbers 4,982,395 and 5,022,234, 92 

respectively. Written informed consent was obtained from the parents or legal guardians of 93 

all participants prior to enrollment, and assent was obtained from the children whenever 94 

applicable. The study was conducted in accordance with the principles of the Declaration of 95 

Helsinki and the Brazilian National Health Council Resolution No. 466/2012. 96 

Patients and control subjects 97 

The study population comprised 36 consecutive children (<15 years) newly 98 

diagnosed with B-ALL at Fundação HEMOAM, the regional referral center for 99 

hematological diseases in the Brazilian Amazon. Diagnosis was established according to the 100 

World Health Organization classification criteria (13).  Patients were prospectively followed 101 

from diagnosis through the completion of remission chemotherapy, with peripheral blood 102 

(PB) and bone marrow (BM) samples collected at predefined treatment time points. 103 

Patients were stratified into two outcome-based groups: remission group (RG), 104 

including those who completed remission chemotherapy, and deceased group (DG), 105 

including those who died during induction therapy. The RG included 25 patients (13 males 106 

and 12 females; median age, 5 years [IQR, 3�9]), whereas the DG included 11 patients (4 107 

males and 7 females; median age, 3 years [IQR, 1�7]). 108 

In addition, 25 children without leukemia were included as a control group (CG) (14 109 

males and 11 females; median age, 9 years [IQR, 5�11]). PB samples were collected from 110 

controls to provide reference values, as BM aspiration is an invasive procedure. Control 111 



subjects had no history of infection within four weeks prior to sampling and showed no 112 

hematological abnormalities. 113 

Demographic, clinical, and laboratory characteristics of the study population are 114 

summarized in Table 1, whereas detailed hematological parameters at diagnosis are 115 

presented in Supplementary Table 1. 116 

Table 1. Demographic, clinical and laboratory characteristics of the study population. 117 

Variables 

 

CG              

(n=25) 

 B-ALL           

(n=36) 

 Outcome during treatment 
 

p-value  

 
 RG (n=25) 

 

DG (n=11) 
 

 
 

  
 

     
 

  
 

 Age in years 
 

9 (5 - 11) 
 

5 (3 - 7)  5 (3 - 9) 
 

3 (1 - 7) 
 

0.275 

Sex  
 

  
 

     
 

  
 

 

Male 
 

14 (56%) 
 

17 (47%)  13 (52%) 
 

4 (36%) 
 

0.032 
Female 

 

11 (44%) 
 

19 (53%)  12 (48%) 
 

7 (64%) 
 

Immunophenotyping 
 

  
 

     
 

 
 

 

Common B-ALL (CD10+) 
 

- - 
 

36 (100%)  25 (100%) 
 

11 (100%) 
 

NA 

Aberrant markers 
 

  
 

     
 

  
 

 

Absent 
 

- - 
 

26 (72%)  17 (68%) 
 

9 (82%) 
 

0.033 
Present 

 

- - 
 

10 (28%)  8 (32%) 
 

2 (18%) 
 

High-risk cytogenetic findings 
 

  
 

     
 

  
 

 

Absent  
 

- - 
 

24 (67%)  17 (68%) 
 

7 (64%) 
 

<0.001 Present 
 

- - 
 

3 (8%)  3 (12%) 
 

0 (0%) 
 

Missing data 
 

- - 
 

9 (25%)  5 (20%) 
 

4 (36%) 
 

CNS infiltration  
 

  
 

     
 

  
 

 

Absent  
 

- - 
 

31 (86%)  23 (92%) 
 

11 (100%) 
 

0.007 Present 
 

- - 
 

2 (6%)  2 (8%) 
 

0 (0%) 
 

Missing data 
 

- - 
 

3 (8%)  0 (0%) 
 

0 (0%) 
 

Risk stratification at D0 
 

  
 

     
 

  
 

 

Low risk 
 

- - 
 

9 (25%)  6 (24%) 
 

3 (27%) 
 

<0.001 Intermediate risk 
 

- - 
 

15 (42%)  13 (52%) 
 

2 (18%) 
 

High risk 
 

- - 
 

12 (33%)  6 (24%) 
 

6 (55%) 
 

Measurable residual disease at D15 
 

  
 

     
 

  
 

 

Negative 
 

- - 
 

21 (58%)  21 (84%) 
 

0 (0%) 
 

NA Positive 
 

- - 
 

4 (11%)  4 (16%) 
 

0 (0%) 
 

Not performed 
 

- - 
 

11 (31%)  0 (0%) 
 

11 (100%) 
 

Myelogram 
 

  
 

     
 

  
 

 

D0 
 

  
 

     
 

  
 

 

M1 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

>0.999 M2 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

M3 
 

- - 
 

36 (100%)  25 (100%) 
 

11 (100%) 
 

D35 
 

  
 

     
 

  
 

 



M1 
 

- - 
 

15 (42%)  15 (60%) 
 

0 (0%) 
 

NA M2 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

M3 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

Not performed 
 

- - 
 

21 (58%)  10 (40%) 
 

11 (100%) 
 

D84 
 

  
 

     
 

  
 

 

M1 
 

- - 
 

21 (58%)  21 (84%) 
 

0 (0%) 
 

NA M2 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

M3 
 

- - 
 

0 (0%)  0 (0%) 
 

0 (0%) 
 

Not performed 
 

- - 
 

15 (42%)  4 (16%) 
 

11 (100%) 
 

Lymphoblast Count 
 

  
 

     
 

  
 

 

D0 
 

- - 
 

32.664 (64%)  34.292 (70%) 
 

16.800 (58%) 
 

0.636 

D35 
 

- - 
 

100 (1.2%)  100 (1.2%) 
 

- - 
 

NA 

D84 
 

- - 
 

108 (0.4%)  108 (0.4%) 
 

- - 
 

NA 

 
 

  
 

     
 

  
 

 

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; RG, remission group (patients 118 

who completed remission chemotherapy); DG, deceased group (patients who died during 119 

induction therapy); CNS, central nervous system; M1, <5% lymphoblasts; M2, 5�25% 120 

lymphoblasts; M3, >25% lymphoblasts; NA, not applicable. 121 

Study groups: The overall B-ALL cohort (n=36) comprises all patients included in the study 122 

and was used for analyses comparing patients with controls, whereas outcome-based analyses 123 

were performed between RG and DG. 124 

Data presentation: Data are presented as number (percentage), unless otherwise specified. 125 

High-risk cytogenetic findings observed in the study cohort included translocation 126 

t(9;22)(q34;q11) (Philadelphia chromosome, BCR::ABL1) and inversion inv(16)(p13;q22) 127 

with myeloid co-expression (14). 128 

Lymphoblast count: At diagnosis (D0), results are expressed as absolute lymphoblast counts, 129 

calculated as follows: lymphoblast percentage obtained by flow cytometry multiplied by the 130 

total leukocyte count obtained by a hematological analyzer, divided by 100. At D35 and D84, 131 

lymphoblast counts are expressed as the number of lymphoblasts per 500 nucleated bone 132 

marrow cells evaluated by cytomorphological analysis. These measurements reflect different 133 

methodological approaches and are therefore not directly comparable. 134 



Treatment regimen 135 

All pediatric patients with B-ALL received remission chemotherapy according to the 136 

Brazilian Group for Treatment of Childhood Leukemia protocol (GBTLI-2009) (15). 137 

Remission induction therapy was designed to achieve complete remission, defined as <5% 138 

lymphoblasts in the BM after five weeks of treatment. Patients in the RG subsequently 139 

proceeded to consolidation therapy according to the same protocol. 140 

The treatment regimen included prednisone, dexamethasone, vincristine, 141 

daunorubicin, L-asparaginase, and intrathecal therapy (MADIT: methotrexate, cytarabine, 142 

and dexamethasone), administered according to protocol specifications. 143 

Biological sample collection  144 

PB and BM samples were collected from B-ALL patients by venipuncture and iliac 145 

crest aspiration, respectively, at four time points: diagnosis (D0), day 15 of induction therapy 146 

(D15), end of induction therapy (D35), and day 84 of consolidation therapy (D84). In 147 

controls, PB samples were collected at a single time point. 148 

Samples were collected into EDTA tubes (BD Vacutainer® K2EDTA) and 149 

centrifuged at 600 × g for 10 minutes at room temperature. Plasma was separated and stored 150 

at −80 °C until analysis. Samples were subsequently shipped to Fiocruz-Minas for immune 151 

mediator measurements. 152 

A detailed methodological workflow, including patient inclusion, sampling time 153 

points, and processing procedures, is provided in Supplementary Figure 1. 154 

Sample preparation and immune mediator measurement via multiplex assay 155 



Soluble immune mediators were quantified using a multiplex bead-based assay (Bio-156 

Plex Pro Human Cytokine Screening Panel, 48-Plex; Bio-Rad, cat. no. 12007283). The panel 157 

included chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors 158 

(Supplementary Table 2). 159 

Plasma samples were thawed at 37 °C, vortexed, and centrifuged at 14,000 × g for 5 160 

minutes at room temperature. Assays were performed according to the manufacturer�s 161 

instructions. Briefly, 50 µL of diluted bead mixture was added to each well, followed by 50 162 

µL of sample. Plates were washed and incubated overnight at 4 °C with agitation. Detection 163 

antibody and streptavidin-phycoerythrin were subsequently added, with incubation steps 164 

performed at room temperature under agitation and protected from light. After final washes, 165 

beads were resuspended in assay buffer prior to acquisition. 166 

Data were acquired using a Bio-Plex 200 system with xPONENT software (version 167 

3.1). Median fluorescence intensity (MFI) values were converted to concentrations (pg/mL) 168 

using standard curves fitted with a five-parameter logistic model in Bio-Plex Manager 169 

software (version 6.2; Bio-Rad).  170 

Conventional statistical analysis  171 

Comparisons between B-ALL patients and controls, as well as between RG and DG, 172 

were performed using Student�s t-test or the Mann�Whitney U test, as appropriate. 173 

Comparisons across time points (D0, D15, D35, and D84) were performed using one-way 174 

repeated-measures ANOVA with Tukey�s post hoc test or the Friedman test with Dunn�s 175 

post hoc test, as appropriate. 176 

Data normality was assessed using the Shapiro�Wilk test. All tests were two-sided, 177 

and a p-value < 0.05 was considered statistically significant. Statistical analyses were 178 



performed using GraphPad Prism (version 10.1.2; GraphPad Software, San Diego, CA, 179 

USA). 180 

Heatmap analysis 181 

Heatmaps were generated to visualize the distribution of soluble immune mediator 182 

levels across study groups and time points. Data from 48 mediators were organized by 183 

functional class (chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth 184 

factors), and samples were arranged by group or time point, with clustering applied within 185 

each subset. 186 

Values were standardized per mediator using row-wise Z-score transformation within 187 

each compartment (PB or BM) and time point, when applicable, to enable comparison across 188 

samples. To reduce the influence of extreme values, Z-scores were winsorized to a range of 189 

−3 to +3. Missing values were imputed using the median for each mediator. 190 

Unsupervised hierarchical clustering was applied to order samples based on similarity 191 

patterns. Heatmaps were generated in R (version 4.5.1) using the ComplexHeatmap package, 192 

with the circlize package used for color scaling. Visualizations highlight relative differences 193 

in mediator abundance, with red and blue indicating relatively higher and lower values, 194 

respectively. 195 

Latent variable analysis 196 

Partial Least Squares�Discriminant Analysis (PLS-DA) was performed to explore 197 

patterns of separation between RG and DG based on soluble immune mediator profiles, with 198 

separate models constructed for PB and BM using the mixOmics framework. Data were 199 

centered and scaled prior to analysis. 200 



Model performance and optimal complexity were assessed using repeated 5-fold 201 

cross-validation (50 repeats), with evaluation based on the balanced error rate (BER). Key 202 

contributors to group separation were identified based on the loadings of the first latent 203 

variable (LV1). 204 

Signatures and delta analysis  205 

Signature analysis was performed as previously described (Magalhães-Gama et al., 206 

2024) (16). Continuous values for each mediator were converted into categorical variables 207 

using global median cut-offs calculated separately for each analytical comparison (B-ALL 208 

vs controls and B-ALL RG vs B-ALL DG). Individuals were classified as having lower 209 

(below the cut-off) or higher (above the cut-off) levels of each mediator. Cut-off values 210 

(pg/mL) are provided in Supplementary Table 3. 211 

To assess group-level patterns, mediators were grouped by functional class 212 

(chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors), and the 213 

proportion of individuals above the median cut-off was calculated for each group. 214 

Differences between groups were evaluated using Fisher�s exact test. 215 

Delta signatures were computed as the difference in proportions of individuals above 216 

the cut-off between groups and were also assessed using Fisher�s exact test (p < 0.05). Results 217 

were visualized using line plots and lollipop charts according to mediator class. Venn 218 

diagrams were generated to identify shared and group-specific mediators. 219 

Biological networks  220 

Biological network analysis was performed to evaluate correlations among 221 

chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors in B-ALL 222 



patients and controls, as well as between RG and DG. Correlations between mediator levels 223 

were assessed using Spearman�s rank correlation coefficient in GraphPad Prism (version 224 

10.1.2; GraphPad Software, San Diego, CA, USA), with statistical significance set at p < 225 

0.05. Significant strong correlations (r > 0.68) were used to construct networks in Cytoscape 226 

(version 3.10.3; National Institute of General Medical Sciences, Bethesda, MD, USA). 227 

Correlations were represented as edges connecting nodes (mediators), with node size 228 

proportional to the number of connections. The networks were organized using circular 229 

layouts and grouped according to functional classes. Connectivity was further quantified by 230 

calculating the total number and relative proportion of significant correlations within each 231 

mediator class and compared across groups. 232 

Decision Tree Analysis 233 

To investigate the association between soluble immune mediators and clinical 234 

outcomes in pediatric B-ALL, an interpretable decision tree model was developed based on 235 

baseline (D0) measurements from PB and BM. Feature selection was performed using a 236 

Random Forest algorithm with 500 trees and 20-fold cross-validation, incorporating the 237 

Synthetic Minority Oversampling Technique (SMOTE) to address class imbalance between 238 

RG and DG. Variable importance was estimated using the mean decrease in Gini index. 239 

To assess robustness, bootstrap resampling (50 iterations) was applied, and the 240 

average variable importance across iterations was used to select the top 10 predictors. These 241 

variables were then used to construct a decision tree using the rpart package in R. 242 

Model performance was evaluated using receiver operating characteristic (ROC) 243 

curves and confusion matrices, with performance metrics including sensitivity, specificity, 244 

balanced accuracy, and F1-score. The classification threshold was optimized to balance 245 



sensitivity and specificity. Performance metrics were reported with 95% confidence intervals 246 

(95% CI), when applicable. The same analytical workflow was applied to BM data. 247 

 248 

RESULTS 249 

Systemic immune landscape at diagnosis in pediatric B-ALL 250 

At D0, pediatric B-ALL patients exhibited a markedly altered systemic immune 251 

mediator profile compared to controls (Figure 1). A broad increase in soluble mediators was 252 

observed, consistent with a mixed inflammatory signature. 253 

Elevated levels were detected across multiple mediator classes, including chemokines 254 

(e.g., CCL2, CCL3, CXCL8, CXCL9, CXCL10), pro-inflammatory cytokines (e.g., IL-1β, 255 

IL-6, TNF-α, IFN-γ, IL-17, IL-18), regulatory cytokines (e.g., IL-4, IL-5, IL-9, IL-10), and 256 

growth factors (e.g., bFGF, HGF, SCGF-β, G-CSF, GM-CSF, IL-2Rα, MIF). Notably, VEGF 257 

was the only mediator reduced in B-ALL patients relative to controls, contrasting with the 258 

overall pattern of increased mediator levels. 259 

Together, these findings indicate a broadly activated and dysregulated immune 260 

landscape at D0, involving the simultaneous engagement of inflammatory, regulatory, and 261 

growth-related axes, with a distinct divergence in the VEGF-associated pathway. 262 

Structured and heterogeneous immune mediator landscape distinguishes pediatric B-ALL 263 

from controls at diagnosis 264 

At D0, heatmap analysis revealed a clear separation between controls and pediatric 265 

B-ALL patients, with the latter displaying a broadly elevated profile of soluble immune 266 

mediators across all functional classes (Figure 2). 267 



Importantly, the B-ALL group exhibited marked inter-individual heterogeneity, with 268 

variable patterns of mediator expression across patients rather than a uniform increase, 269 

consistently observed across chemokines, pro-inflammatory cytokines, regulatory cytokines, 270 

and growth factors. The coordinated elevation of multiple mediator classes further suggests 271 

a structured, multi-axis immune response rather than isolated changes in individual analytes. 272 

These patterns were further supported by signature analysis, which revealed a higher 273 

proportion of individuals with increased mediator levels across all functional classes in B-274 

ALL patients compared to controls (Supplementary Figure 2). 275 

Together, these findings indicate that the systemic immune response in pediatric B-276 

ALL at D0 is not only amplified but also highly organized and heterogeneous, supporting the 277 

presence of distinct immune mediator patterns across patients.  278 

Distinct temporal remodeling of immune mediator profiles in peripheral blood and bone 279 

marrow during treatment in pediatric B-ALL 280 

Heatmap analysis revealed dynamic changes in soluble immune mediator profiles 281 

throughout treatment in pediatric B-ALL (Figure 3). At D15, both PB (Figure 3A) and BM 282 

(Figure 3B) exhibited a marked attenuation of the elevated mediator profile observed at D0. 283 

At D35, this pattern shifted, with a partial re-emergence of elevated mediator levels, 284 

particularly evident in BM, where broader and more pronounced regions of increased 285 

expression were observed. In contrast, PB showed a more limited and heterogeneous 286 

reconfiguration. 287 

By D84, PB profiles converged toward a more homogeneous pattern characterized by 288 

predominantly neutral to reduced expression levels. Conversely, BM retained localized 289 

clusters of elevated mediator expression, maintaining a higher degree of heterogeneity. 290 



These kinetic patterns were further supported by longitudinal analysis of individual 291 

mediator levels in PB, confirming a non-linear pattern of early reduction, intermediate 292 

reconfiguration, and late attenuation (Supplementary Figure 3). In contrast, BM analysis 293 

revealed more heterogeneous and non-uniform temporal patterns, reinforcing compartment-294 

specific immune remodeling (Supplementary Figure 4). 295 

Together, these findings indicate distinct compartment-specific remodeling 296 

dynamics, with PB undergoing rapid and more uniform normalization, whereas BM exhibits 297 

sustained and heterogeneous immune activity during treatment, suggesting incomplete 298 

restoration of immune homeostasis. 299 

Marked reduction in immunological interactions and central role of IL-10 in biological 300 

networks in pediatric B-ALL 301 

Biological network analysis revealed a marked reduction in the number of significant 302 

correlations in both PB and BM of B-ALL patients compared to controls (Figure 4). This 303 

reduction persisted throughout treatment and was not restored by D84, indicating sustained 304 

disruption of immune mediator interactions. 305 

In PB, the remaining network structure showed a predominance of correlations 306 

associated with growth factors, including a predominance of negative correlations involving 307 

VEGF. In contrast, BM networks were characterized by an even lower connectivity and a 308 

predominance of interactions involving pro-inflammatory and regulatory cytokines, 309 

highlighting distinct compartment-specific interaction patterns. 310 

Notably, the regulatory cytokine IL-10 emerged as the most connected mediator in 311 

both compartments, establishing the highest number of correlations and suggesting a central 312 



role in network organization. In contrast, VEGF displayed an opposing interaction profile, 313 

being predominantly associated with negative correlations within the network. 314 

When comparing patients who achieved remission (RG) and those who died during 315 

induction therapy (DG), no major differences in overall network connectivity were observed 316 

(Supplementary Figure 5), and heatmap analysis similarly showed no clear group-specific 317 

separation (Supplementary Figure 6). Correlation analysis between immune mediators and 318 

leukemic blast counts at D0 identified only one strong and significant association, involving 319 

PDGF (Supplementary Figure 7). 320 

Together, these findings indicate a sustained disruption and reorganization of immune 321 

mediator interactions in pediatric B-ALL, with distinct compartment-specific patterns, a 322 

central role for IL-10 in network connectivity, and a divergent interaction profile associated 323 

with VEGF. 324 

Baseline immune mediator profiles differ according to clinical outcome in pediatric B-325 

ALL 326 

To identify mediators associated with adverse clinical outcomes, we compared 327 

soluble immune mediator profiles at D0 between RG and DG (Figure 5). 328 

Overall, DG displayed higher levels of multiple soluble immune mediators than those 329 

in the RG, with increases spanning several functional classes, including chemokines, pro-330 

inflammatory cytokines, regulatory cytokines, and growth factors. Representative increases 331 

included CCL4, CCL5, CCL11, CXCL8, IFN-γ, IL-4, IL-9, HGF, PDGF, and IL-2Rα. 332 

Conversely, several mediators were reduced in DG, most notably VEGF in both PB 333 

and BM, along with IL-7 in PB and selected chemokines and cytokines in BM. Notably, 334 



VEGF showed a consistent reduction across compartments, contrasting with the broadly 335 

elevated mediator profile observed in DG. 336 

While these differences highlight distinct immune mediator profiles between outcome 337 

groups, latent variable analysis further revealed a clearer discrimination between RG and 338 

DG, particularly in BM, suggesting that combinatorial mediator patterns may better capture 339 

the immune heterogeneity associated with clinical outcome than individual mediators 340 

(Supplementary Figure 8). 341 

Immunological signatures reveal dysregulated mediator patterns associated with clinical 342 

outcome in pediatric B-ALL 343 

To further characterize the immune profile of DG patients and identify candidate 344 

immune signatures associated with clinical outcome, immunological signatures were 345 

constructed at D0 and integrated with delta analysis (Figure 6). 346 

In PB, DG exhibited a higher proportion of individuals with elevated mediator levels 347 

across all functional classes. In BM, a more heterogeneous pattern was observed, with 348 

increased chemokine production accompanied by reduced representation of regulatory 349 

cytokines (Figure 6A). 350 

Delta analysis further identified a broad set of mediators differentially regulated in 351 

DG compared to RG, spanning multiple functional classes (Figure 6B). Representative 352 

mediators included chemokines (e.g., CCL3, CCL4, CCL5, CXCL9), pro-inflammatory 353 

cytokines (e.g., IL-6, TNF-α, TNF-β, IFN-γ), regulatory cytokines (e.g., IL-9, IL-10), and 354 

growth factors (e.g., HGF, PDGF, G-CSF, IL-2Rα), with both increased and decreased 355 

patterns observed across compartments. 356 



The Venn diagram highlighted both shared and compartment-specific mediators, 357 

identifying a subset of overlapping candidates between PB and BM that may represent 358 

promising candidate biomarkers requiring further validation (Figure 6C). Notably, these 359 

shared mediators reflect consistent alterations across compartments, supporting their further 360 

evaluation as candidate biomarkers associated with adverse clinical outcomes. Additionally, 361 

class-based signature analysis reinforced these findings, demonstrating a globally 362 

exacerbated and imbalanced immune mediator profile in DG patients (Figure 6D). 363 

Together, these findings identify candidate immune signatures associated with 364 

adverse clinical outcomes and provide a rationale for further investigation of soluble immune 365 

mediators as biomarkers for risk stratification in pediatric B-ALL. 366 

Decision tree models identify candidate immune mediator panels associated with clinical 367 

outcome in pediatric B-ALL at diagnosis 368 

To identify candidate combinations of soluble immune mediators associated with 369 

clinical outcome, decision tree models were constructed using candidate predictors identified 370 

from prior analyses at D0. Analysis of PB and BM samples identified distinct panels of 371 

soluble immune mediators that discriminated between RG and DG (Figure 7). 372 

Following 50 bootstrap iterations using a Random Forest-based variable selection 373 

approach, the ten most important variables in PB were selected to construct the decision tree. 374 

Among these, CCL5, IL-6, CXCL9, and IL-2Rα emerged as key contributors, resulting in a 375 

model with 95.8% sensitivity, 100.0% specificity, a balanced accuracy of 97.9%, and an area 376 

under the curve (AUC) of 0.996 (95% CI: 0.987�1.000) (Figure 7A). 377 



A similar approach applied to BM samples identified CXCL12 and CCL4 as the key 378 

variables. This model achieved 100% sensitivity, 77.8% specificity, a balanced accuracy of 379 

88.9%, and an AUC of 0.910 (95% CI: 0.790�1.000) (Figure 7B). 380 

Together, these findings identify candidate immune mediator panels with excellent 381 

discriminative performance within this cohort, supporting their further evaluation as 382 

candidate biomarkers for early risk stratification in pediatric B-ALL. 383 

 384 

DISCUSSION 385 

Understanding the immunological landscape of pediatric B-ALL and its relationship 386 

with clinical outcomes remains a critical challenge, as it may provide key insights into disease 387 

progression, therapeutic response, and risk stratification. In this context, our data at D0 388 

corroborate previous findings showing that pediatric B-ALL patients exhibit an 389 

immunological imbalance at both systemic and local levels (11,12). Our findings revealed a 390 

coordinated elevation of chemokines, pro-inflammatory cytokines, regulatory cytokines, and 391 

growth factors, reflecting a broadly dysregulated immune profile. This mixed pattern likely 392 

represents a host response to leukemic expansion, coupled with immune-evasion and 393 

microenvironmental mechanisms inherent to the malignancy (17,18). 394 

Notably, VEGF emerged as the only mediator reduced at D0 relative to controls, 395 

contrasting with reports of elevated VEGF levels in leukemia, often linked to angiogenic 396 

activation within the BM niche (19,20). This discrepancy may reflect context-dependent 397 

regulation of the VEGF axis in pediatric B-ALL, potentially involving local consumption or 398 

sequestration within the BM niche, thereby reducing its detectable levels in PB. Regional and 399 

population-specific immunogenetic backgrounds may contribute to context-dependent 400 



differences in soluble immune mediator landscapes across pediatric B-ALL cohorts (21). In 401 

this context, the reduced systemic levels of VEGF may not reflect diminished biological 402 

activity, but rather a redistribution within the leukemic microenvironment. This interpretation 403 

is consistent with our network analysis, in which VEGF exhibited a distinct interaction 404 

profile, suggesting an altered role within the immunological architecture and reinforcing the 405 

presence of compartmentalized regulatory dynamics. 406 

Throughout remission chemotherapy, a dynamic remodeling of the immune 407 

landscape was observed, with distinct compartment-specific patterns. PB profiles tended to 408 

converge toward a more homogeneous and attenuated state at later time points, whereas BM 409 

retained greater heterogeneity, indicating sustained immune activity within the leukemic 410 

niche. This divergence suggests that systemic immune normalization does not necessarily 411 

reflect processes occurring within the primary disease site. Importantly, this apparent 412 

normalization in PB did not correspond to restoration of coordinated immune regulation, as 413 

biological networks remained markedly reduced throughout treatment. Together, these 414 

findings indicate that immune remodeling during therapy is partial and compartmentalized, 415 

with incomplete restoration of immune homeostasis. 416 

These observations are consistent with studies demonstrating persistent 417 

inflammatory activity following induction therapy, including sustained elevations of TNF-α 418 

and IFN-γ even in hematological remission (22). Long-term follow-up further shows that 419 

clinically cured pediatric ALL survivors exhibit persistent alterations in circulating immune 420 

mediators, consistent with chronic low-grade inflammation and features of premature 421 

immunological aging (23). In addition, depletion of T and B lymphocytes contributes to 422 

prolonged immunosuppression, impaired immune competence, and reduced vaccine 423 

responsiveness (24). Together, these findings indicate that immune dysregulation persists 424 



beyond treatment, reinforcing that clinical remission does not equate to full immunological 425 

recovery and supporting continued immunological monitoring and tailored vaccination 426 

strategies in pediatric ALL survivors. 427 

This persistent immune dysregulation aligns with previous studies showing 428 

extensive remodeling of the B-ALL microenvironment, in which leukemic blasts manipulate 429 

immune checkpoints and soluble signaling pathways to promote survival and immune 430 

evasion (17,25,26). In line with this, our findings show that BM mediator dynamics are more 431 

heterogeneous than in PB, indicating that peripheral profiles only partially reflect processes 432 

within the bone marrow niche. In parallel, network analysis revealed a sustained reduction in 433 

immune interactions in B-ALL patients. Within this context, IL-10 emerged as a highly 434 

connected node, suggesting the involvement of a regulatory axis during disease progression 435 

and therapy, consistent with its established role in leukemia biology (27). As correlation-436 

based networks do not imply causality, these findings reflect altered immune interaction 437 

structures. 438 

Patients with fatal outcomes during induction therapy exhibited a more exacerbated 439 

and dysregulated immune profile at D0, characterized by increased levels across multiple 440 

mediator classes, including chemokines, pro-inflammatory cytokines, regulatory cytokines, 441 

and growth factors, compared with RG. This broad activation pattern suggests that adverse 442 

clinical outcomes may be associated with coordinated multi-axis immune dysregulation 443 

rather than alterations in isolated mediators, reflecting marked immune dysregulation at 444 

disease onset. Notably, these immunological differences occurred alongside distinct clinical 445 

and hematological features at D0, including a higher leukemic burden in the peripheral 446 

circulation and a greater proportion of high-risk patients, consistent with a more advanced 447 

and systemically disseminated disease phenotype associated with immune dysregulation. 448 



In this context, an important objective of this study was to investigate whether 449 

baseline immune profiles contain candidate immune signatures associated with mortality in 450 

pediatric B-ALL. Decision tree analysis identified small panels of soluble mediators in PB 451 

(CCL5, IL-6, CXCL9, and IL-2Rα) and BM (CXCL12 and CCL4) that effectively 452 

discriminated between RG and DG at D0, with strong internally resampled performance. 453 

Notably, the PB panel required a broader combination of mediators yet achieved higher 454 

discriminative performance, whereas the BM panel relied on fewer mediators with slightly 455 

lower performance, suggesting a more distributed signal in PB and a more concentrated, 456 

niche-driven signature in BM. Complementary latent variable modeling supported the 457 

presence of outcome-associated multivariate structure, with a modest tendency toward 458 

greater separation in BM than in PB, highlighting the role of the leukemic niche in shaping 459 

clinically relevant immune patterns. 460 

Importantly, these findings highlight the advantage of combinatorial immune 461 

mediator signatures over single mediators, reflecting the complex and multi-axis nature of 462 

immune dysregulation in B-ALL. While BM findings emphasize the biological relevance of 463 

the leukemic niche, PB-based panels suggest the feasibility of a minimally invasive approach 464 

for future immune-based risk assessment. Moreover, such signatures may provide 465 

complementary immune-related information beyond conventional clinical or molecular 466 

parameters. This is particularly relevant in pediatric B-ALL, where early identification of 467 

high-risk patients remains challenging. Together, these results support the further evaluation 468 

of immune profiling at D0 as a candidate approach for early risk stratification and provide a 469 

rationale for future validation studies exploring its potential clinical utility. 470 

Despite the strengths of the study, several limitations should be acknowledged. The 471 

relatively small sample size, particularly in the DG, may limit statistical power and 472 



generalizability, warranting validation in larger, multicenter cohorts. The lack of healthy BM 473 

controls precluded the definition of a true physiological baseline, although this may be 474 

addressed using public datasets or alternative comparator groups. In addition, our analyses 475 

were restricted to soluble mediators without cellular phenotyping, limiting mechanistic 476 

insight. Furthermore, the lack of comprehensive cytogenetic and molecular profiling limited 477 

further exploration of the relationship between immune signatures and established genetic 478 

risk features. Finally, although decision tree models offer clinical interpretability, their 479 

performance requires validation in independent cohorts, comparison with other machine 480 

learning approaches, and assessment of their added value beyond established clinical and 481 

molecular risk parameters. 482 

In summary, our study shows that pediatric B-ALL is characterized by a dynamic, 483 

persistently dysregulated immunological landscape throughout remission chemotherapy, 484 

with distinct compartment-specific remodeling patterns in PB and BM. While PB profiles 485 

converge toward a more attenuated state, BM retains greater heterogeneity, reflecting 486 

sustained immune activity within the leukemic niche. Importantly, this apparent 487 

normalization does not correspond to restoration of coordinated immune regulation. 488 

Moreover, DG exhibited a more exacerbated immune profile at D0, reflected in distinct 489 

immune signatures and candidate immune mediator panels associated with adverse clinical 490 

outcomes. Together, these findings provide a comprehensive characterization of immune 491 

remodeling in pediatric B-ALL and support the further evaluation of immune signatures as 492 

candidate biomarkers for early risk stratification and future precision medicine approaches. 493 
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FIGURE LEGENDS 716 

Figure 1.  Soluble immune mediator profiles in peripheral blood of pediatric B-ALL at 717 

diagnosis.  The concentrations of chemokines, pro-inflammatory cytokines, regulatory 718 

cytokines, and growth factors were measured in B-ALL patients ( ) at diagnosis and in the 719 

control group (CG: ).  The immune mediator patterns of B-ALL patients in relation to the 720 

CG are indicated by background color: decreased levels ( ), unaltered levels ( ), and 721 

increased levels ( ).  Soluble immune mediators were quantified using a multiplex assay, as 722 

detailed in the Methods section.  Data are presented as median bars with individual points 723 

displayed in scatter dot plots, expressed in picograms per milliliter (pg/mL).  Statistical 724 

significance was determined using the Mann-Whitney U test, with significant differences 725 

denoted by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. 726 

 727 

Figure 2. Heatmap of soluble immune mediators in pediatric B-ALL at diagnosis. The 728 

relative abundance of 48 soluble immune mediators was assessed in B-ALL patients at 729 

diagnosis (D0) and in the control group (CG). Each column represents an individual sample 730 

and each row a mediator, grouped according to functional classes (chemokines, pro-731 

inflammatory cytokines, regulatory cytokines, and growth factors; left annotation bar). 732 

Samples were organized using unsupervised hierarchical clustering (top dendrogram), 733 

highlighting patterns across groups. Data are presented as Z-scores calculated per mediator, 734 

where red indicates higher and blue lower concentrations relative to the overall distribution 735 

(scale −3 to +3). Heatmaps were generated using the “ComplexHeatmap” package, with color 736 

scaling implemented using the �circlize� package in R. Soluble immune mediators were 737 

quantified using a multiplex assay, as described in the Methods section. 738 



 739 

Figure 3. Heatmap of soluble immune mediators in pediatric B-ALL patients during 740 

remission chemotherapy. The relative abundance of 48 soluble immune mediators was 741 

assessed in (A) peripheral blood (PB) and (B) bone marrow (BM) at diagnosis (D0) and at 742 

three on-treatment time points (D15, D35, and D84). Each column represents an individual 743 

sample and each row a mediator, grouped according to functional classes (chemokines, pro-744 

inflammatory cytokines, regulatory cytokines, and growth factors; left annotation bar). 745 

Samples were organized by time point and, within each time point, ordered using 746 

unsupervised hierarchical clustering (top dendrograms). Data are presented as Z-scores 747 

calculated per mediator within each compartment, where red indicates higher and blue lower 748 

concentrations relative to the overall distribution (scale −3 to +3). Heatmaps were generated 749 

using the �ComplexHeatmap� package, with color scaling implemented using the �circlize� 750 

package in R. Soluble immune mediators were quantified using a multiplex assay, as 751 

described in the Methods section. 752 

 753 

Figure 4.  Longitudinal biological networks of soluble immune mediators in pediatric 754 

B-ALL.  Biological networks were assembled to identify the complex interactions among 755 

soluble immune mediators in the peripheral blood and bone marrow of pediatric B-ALL 756 

patients. The analysis was conducted at four consecutive time points of treatment: diagnosis 757 

baseline (D0), day 15 of induction therapy (D15), end of induction therapy (D35), and day 758 

84 of consolidation therapy (D84). Correlation analysis was employed to construct biological 759 

networks according to significant �r� scores (p < 0.05) using Spearman correlation tests. 760 

Significant and strong correlations (r > 0.68) were used to construct the networks. A node 761 

color key was applied to identify the different classes of mediators: chemokines ( ), pro-762 



inflammatory cytokines ( ), regulatory cytokines ( ), and growth factors ( ) in B-ALL 763 

patients and the control group (CG). Node size is proportional to the number of correlations.  764 

Connecting edges illustrate positive (gray continuous lines) and negative (red dashed lines) 765 

correlations between pairs of attributes. The circular background area is proportional to the 766 

number of correlations of each cluster within the respective network. The number of 767 

correlations observed for each network is provided in the figure and used for comparison 768 

between the time points of remission chemotherapy and the evaluated compartments.  769 

 770 

Figure 5.  Baseline immune mediator profiles according to clinical outcome in pediatric 771 

B-ALL.  The concentrations of chemokines, pro-inflammatory cytokines, regulatory 772 

cytokines, and growth factors were measured in the peripheral blood (PB: ) and bone 773 

marrow (BM: ) of B-ALL patients who completed remission chemotherapy (Remission 774 

Group - RG), and in the PB ( ) and BM ( ) of B-ALL patients who died during induction 775 

therapy (Deceased Group - DG).  The immune mediator patterns of the B-ALL DG patients 776 

in relation to the B-ALL RG are indicated by the background color: decreased levels ( ); 777 

unaltered levels ( ); and increased levels ( ).  Soluble immune mediators were quantified 778 

using a multiplex assay, as detailed in the Methods section.  Data are presented as median 779 

bars with individual points displayed in scatter dot plots, expressed in picograms per milliliter 780 

(pg/mL).  Statistical significance was determined using the Mann-Whitney U test, with 781 

significant differences denoted by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. 782 

 783 

Figure 6.  Baseline soluble immune mediator signatures according to clinical outcome 784 

in pediatric B-ALL.  (A) The signature of soluble immune mediators, including 785 

chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors, was 786 



constructed from the peripheral blood (PB: ) and bone marrow (BM: ) of B-ALL patients 787 

who completed remission chemotherapy (Remission Group - RG), and in the PB ( ) and BM 788 

( ) of B-ALL patients who died during induction therapy (Deceased Group - DG).  Soluble 789 

immune mediators were quantified using a multiplex assay, as detailed in the Methods 790 

section.  Data, originally expressed in picograms per milliliter (pg/mL), were converted into 791 

categorical data using the global median as a cut-off point.  Signatures are presented as line 792 

graphs, with the 50th percentile (red central line: ---) used as a threshold to highlight mediators 793 

with increased levels (pink background: ).  (B) Delta analysis shows the difference in the 794 

signature of soluble immune mediators between B-ALL DG and the B-ALL RG for both the 795 

PB and BM compartments.  Delta values for mediators with a significant difference (Fisher's 796 

exact test, p < 0.05) are displayed on lollipop charts, with the length of the lollipops 797 

representing the magnitude of the difference.  (C) A Venn diagram highlights the potential 798 

biomarkers predicting mortality in pediatric B-ALL patients from PB and BM samples.  (D) 799 

A signature based on mediator classes provides a panoramic view of the profile of 800 

chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors in B-ALL 801 

DG and B-ALL RG.  Statistical significance of the proportion of mediator classes was 802 

determined using Fisher's exact test, with significant differences denoted by asterisks: ****p 803 

< 0.0001. 804 

 805 

Figure 7.  Decision trees and ROC curves of candidate immune mediator panels in 806 

pediatric B-ALL at diagnosis.  An interpretable decision tree model was constructed to 807 

investigate the association between soluble immune mediators and clinical outcomes in 808 

pediatric B-ALL patients.  The model, based on potential biomarkers predictive of mortality, 809 

was developed using the Random Forest algorithm with 500 trees and 20-fold cross-810 



validation.  The SMOTE method was employed to correct the class imbalance between the 811 

Remission group (RG) and the Deceased group (DG).  The ten most relevant variables, based 812 

on the Mean Decrease in Gini index, were selected to construct the clinical decision tree 813 

using the �rpart� package in R.  The tree shows a series of sequential decisions based on the 814 

levels of these mediators in peripheral blood and bone marrow samples collected at diagnosis, 815 

with each branch leading to a predicted outcome (survival or mortality).  Model performance 816 

was evaluated using ROC curves, confusion matrices, and metrics such as sensitivity, 817 

specificity, balanced accuracy, and F1-score. 818 
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43 - IL-2Ra

44 - IL-2

45 - IL-7

46 - IL-16

47 - MIF

48 - LIF

Longitudinal biological networks of soluble immune mediators in pediatric B-ALL
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Decision trees and ROC curves of candidate immune mediator panels in pediatric B-ALL at diagnosis.

(A) Clinical Decision Tree and ROC Curve based on potential peripheral blood biomarkers
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(B) Clinical Decision Tree and ROC Curve based on potential bone marrow biomarkers

Clinical outcome groups:

RG = Remission group (completed remission chemotherapy)

DG = Deceased group (died during induction therapy)



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

FigureGraphicalAbstract.pptx

renamedafa8f.docx

https://assets-eu.researchsquare.com/files/rs-10540398/v1/df3d1198e148c124acef3459.pptx
https://assets-eu.researchsquare.com/files/rs-10540398/v1/19f5e833ddcbc4405ef70d0a.docx

	652D.pdf
	DECLARATIONS

	A950.pdf
	Slide1

	C161.pdf
	Slide1

	D366.pdf
	Slide1

	E6B2.pdf
	Slide1

	8598.pdf
	Slide1

	9AAB.pdf
	Slide1

	B210.pdf
	Slide1


