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Abstract

Glioblastoma is the most common and aggressive malignant primary brain tumor in
adults, characterized by poor prognosis and limited response to current therapeutic
strategies. Corticosteroids, particularly dexamethasone, are widely used in clinical
practice to control symptomatic peritumoral edema, yet they exert profound
immunosuppressive effects whose impact on tumor-infiltrating NK cells remains poorly
defined.

To address this issue, we analyzed a publicly available single-cell RNA sequencing dataset
of CD45* cells isolated from five IDH-wildtype glioblastomas, including two patients
undergoing perioperative dexamethasone treatment and three untreated patients,
alongside two non-tumor brain samples.

Our results suggested that perioperative dexamethasone exposure was associated with
a reshaped intratumoral NK cell landscape, characterized by a relative enrichment of
CD56¢bright subsets. Perioperative corticosteroid treatment was also associated with
transcriptional features consistent with impaired NK effector programs, as evidenced by
reduced cytotoxicity and inflammation scores, down-regulation of granzymes, perforin,
pro-inflammatory cytokines, and activating receptors, and concomitant upregulation of
inhibitory molecules. Gene set enrichment analysis further demonstrated strong
downregulation of NK-mediated cytotoxicity and cell-killing pathways.

Together with previous evidence of corticosteroid-associated impairment of glioma-
infiltrating dendritic cells, these findings suggest that perioperative steroid therapy may
affect both cytotoxic and antigen-presenting innate compartments. If confirmed in larger
patient cohorts, these observations may support the importance of minimizing steroid

exposure to optimize immunotherapeutic efficacy.
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Introduction

Gliomas are the most common malignant primary brain tumors in adults, accounting for
nearly 75% of cases, and remain among the most challenging cancers to treat (1). The
2021 WHO classification, which integrates both histological and molecular genetic
features, has reshaped how these tumors are defined. Within this framework, adult-type
diffuse gliomas are categorized as isocitrate dehydrogenase (IDH)-mutant astrocytomas,
IDH-mutant and 1p/19g-codeleted oligodendrogliomas, and IDH-wildtype (WT)
glioblastoma, which represents the subgroup with the poorest clinical outcome (2).
Despite complete tumor resection followed by chemoradiation, most patients with IDH-
wildtype glioblastoma do not survive beyond 12-15 months (3).

The lack of effective therapeutic options has driven a strong interest in
immunotherapeutic approaches. Nevertheless, strategies such as immune checkpoint
blockade and peptide vaccination have so far failed to prolong survival in glioblastoma
patients, mainly because of the low immunogenicity of these tumors and the highly
suppressive tumor microenvironment (TME) (4). In this scenario, a deep characterization
of immune cell subsets within the glioblastoma TME has become essential to improve our
comprehension of the mechanisms that hamper effective antitumor immunity in these
patients.

Natural killer (NK) cells are key cytotoxic effectors of the innate immune system,
endowed with the ability of eliminating malignant and virus-infected cells without prior
antigen sensitization (5). Their role in glioblastoma, however, remains incompletely
defined. Whereas preclinical studies have shown that NK cells can efficiently kill glioma
cells, evidence from human tumors indicates that NK cells are numerically scarce and
functionally impaired in the glioblastoma TME. Several mechanisms, including altered
expression of NK-activating ligands on glioma cells, increased levels of inhibitory
molecules, and the presence of immunosuppressive cytokines, have been demonstrated
to contribute to this NK cell dysfunction (6-8).

A further layer of complexity is introduced by the widespread use of corticosteroids
in glioblastoma patients. Steroids are routinely administered to control symptomatic
peritumoral edema, though they are known to exert potent immunosuppressive effects
by acting on multiple lymphoid and myeloid cell types (9). Despite their extensive clinical
use, the impact of corticosteroid therapy on glioma-infiltrating NK cells remains poorly
defined.
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In this study, we leveraged a public single-cell RNA sequencing dataset obtained
on IDH-WT glioblastoma tissues from treatment-naive patients and patients receiving
perioperative corticosteroids. We investigated the abundance, transcriptional state and
programs of tumor-infiltrating NK cells in relation to steroid exposure. This comparative
analysis provides new insights into the plausible impact of a standard supportive therapy
on glioblastoma-associated innate immune responses, with potential implications for the
design and efficacy of therapeutic interventions.
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Methods

SCRNA-seq data processing

Single cell original data have been downloaded from the Zenodo Repository
(RRID:SCR_004129) under the accession number of 10.5281/zen0d0.6046299. The study
protocol was approved by the Institutional Review Boards of Humanitas Research Hospital
(ONC-0SS-04-2017; 29/19), and written informed consents were provided by all

participants before inclusion in the study in compliance with the Declaration of Helsinki.

The gene expression count matrices of 2 wild-type DEX-treated, 3 wild-type
untreated patients and from 2 healthy brain tissues were extracted from the original
dataset, imported in Python (v3.9.7, RRID:SCR 008394), and analyzed with Scanpy
(v1.9.3, RRID:SCR 018139) (10). None of the patients received radiotherapy or
chemotherapy before surgery. DEX-treated patients were receiving dexamethasone 6
mg/day and 4 mg/day, respectively, until the day of surgery. Raw data matrices of all
samples (n = 7) were merged in one single AnnData object (v0.10.4, RRID:SCR_018209)
(11), and cells containing > 200 genes and <= 10% mitochondrial genes were kept for
downstream analysis. Gene expression matrices were then log-normalized with a scale
factor of 10000. Highly variable genes (HVGs, n = 4000) were identified across each
sample (batch_key = ‘sample_ID’) using the Seurat_v3 dispersion-based methods on raw
counts. Principal component analysis (PCA) was performed using HVGs via ARPACK
implementation of singuiar value decomposition. To limit the risk of biases, multiple
sample-data integration was performed using the harmonypy package (v0.0.10,
RRID:SCR_022798) (12), setting ‘sample_ID’ as key covariate in the formula. Neighbors
(n = 15) were identified using the top 30 components of the Harmony-corrected PCA
space, and clustering was performed using the Leiden algorithm (13), and clusters were
then embedded in two dimensions UMAP (14), using the Harmony-corrected PCA space,
as previously described (15). For the re-clustering of cells of interest, we extracted cells
from the total dataset, re-computed the HVGs on raw counts, and re-integrated the

samples with the same settings reported above.

Differential abundance analysis

To assess whether DEX treatment was associated with changes in NK cell subset
composition, differential abundance analysis of NK cells was performed using the Milopy
(v0.1.1, RRID:SCR 025630) (16) algorhitm. A k-nearest neighbor (kNN) graph was first
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computed on the Harmony-corrected PCA embedding, using 21 neighbors per cell, to
ensure that each neighborhood contained approximately 3 cells from each sample. Cell
neighborhoods were then defined with Milopy using a 10% sampling proportion to
generate representative and non-redundant local neighborhoods across the
transcriptional manifold. Each neighborhood was then annotated according to its
predominant NK cell cluster identity, based on the clustering annotation. For each
neighborhood, cell counts per sample were aggregated and tested for differential
abundance between DEX-treated and untreated conditions using a generalized linear
model with the design ~Treatment and the contrast DEX-treated vs untreated. The
resulting log fold changes (logFCs) and FDR-adjusted p-values were used to identify
neighborhoods significantly enriched or depleted upon treatment. Results were
represented in boxplots that summarize the distribution of logFC values across Milopy
neighborhoods assigned to each cluster.

Differentially expressed genes analysis

Differentially expressed genes (DEGs) were identified using the Wilcoxon rank-sum test
with  the  Benjamini-Hochberg  correction = method implemented in the
scanpy.tl.rank genes _groups() function to identify cluster specific genes and to compare
CD56¢right gand CD569m NK cells between DEX-treated and untreated patients. Genes were
considered significantly differantially expressed if they met the criteria of adjusted p-
value < 0.05 and |Log2-FoldChange| > 0.25. Results were visualized as volcano plots
using the EnhancedVoicano Bioconductor package (v1.22.0, RRID:SCR 018931).

Functional enrichment analysis

Pathway enrichment analysis was performed using Gene Ontology (GO,
RRID:SCR _002811) and KEGG (RRID:SCR 027172) (17) databases, focusing specifically
on sub-cluster 2. Analyses were performed separately for up-regulated and down-
regulated DEGs, selecting genes with adjusted p-value < 0.05 and |Log2-FoldChange| >
0.25. Pathways were considered significantly enriched when g-value < 0.01, and if
composed at least by 3 genes. Results were visualized in R using ggplot2 (v4.0.0,
RRID:SCR 014601) as dot plots in which the dot position along the x-axis and the color
intensity reflect the -logl0(adjusted p-value) (from blue for less significant to red for more

significant), while the dot size indicates the number of DEGs in each pathway.
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Cytotoxicity and inflammatory gene set analysis

To evaluate the functional phenotype of both CD56P19ht and CD569m NK cells, we
computed two module scores relying on publicly available gene signatures (18), which
consider multiple genes simultaneously to provide a comprehensive overview of the
functional state of the cells of interest. Specifically, we analyzed two gene sets: a
cytotoxicity signature (GZMA, GZMB, GZMH, GZMM, GZMK, GNLY, PRF1, CTSW) and an
inflammatory signature (CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10, IL1B, IL6, IL7, IL15,
IL18). Gene set scores were calculated with the scanpy.tl.score_genes() function, as
previously described (19).

Statistical analysis

Statistical analyses were performed using GraphPad PRISM software (v10.1.1,
RRID:SCR_002798). The significance of data between DEX-treated and untreated patients
was evaluated using the Mann-Whitney test. P-values were considered statistically
significant when p < 0.05 and were represented by the following symbols: *p < 0.05, **p
< 0.01, ¥»*p < 0.001, ***p < 0.0001.
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Results

1. Perioperative corticosteroid treatment was associated with variations in
the intratumoral distribution of NK cell subsets in gliomas

To characterize the transcriptional profile of glioma-infiltrating NK cells, we analyzed a
publicly available single-cell RNA sequencing dataset obtained from FACS-sorted viable
CD45+ cells isolated from five IDH-WT diffuse glioma lesions and two non-tumor brain
tissue specimens (Material and Methods). Among the five IDH-WT glioblastoma
patients, two received dexamethasone (DEX) before surgery, whereas the remaining
three were naive to corticosteroid treatment.

Feature-barcode matrices from each sample were converted into Python AnnData
objects and integrated with the Harmony algorithm, resulting in a dataset of 27462 cells,
subdivided into 20 clusters (Supplementary Figure 1A). Among the CD3"9 cells, NK
cells were identified in cluster 12 based on the expression of well-known NK cell markers
such as KLRB1, KLRF1, CD247, CD7 and FCGR3A (Supplementary Figures 1A-B). This
annotation was further validated by applying a gene signature score confirming the
identity of NK cells according to a combination of established marker expression profiles
(20) (Supplementary Figure 1C).

To refine the characterization of NK cells and better dissect their cellular
heterogeneity, we performed a cell reclustering of cluster 12, and we identified six distinct
sub-clusters (Figure 1A). Sub-cluster 4 was identified as T cells, likely yd T cells, based
on the high expression of CD3D, CD3E, CD3G and of the T cell receptor y chain genes
TRGC1 and TRGC2 and was therefore excluded from further analyses (Figure 1B). This
contamination is consistent with previous reports describing the strong transcriptomic
similarity between NK cells and yb T cells in scRNA-seq datasets (21, 22). Sub-clusters 2
and 3 were annotated as CD5619ht NK cells expressing high levels of NCAM1, XCL1, IL2RB,
KLRC1 genes together with other genes described to be associated with CD5619ht NK cells
(20) (Figure 1B and Supplementary Figure 2). Similarly, sub-clusters 0, 1, and 5 were
annotated as CD564™m NK cells based on the high expression of FCGR3A, PRF1 and
granzymes genes (Figure 1B and Supplementary Figure 2). To further support our
supervised annotation, we applied a recently published gene signature scoring approach
that discriminates between NK1 (CD569M) and NK2 (CD56Pri9ht) subsets (20). This analysis
confirmed the supervised identity of CD56%™m and CD56P19ht NK cells in our dataset
(Figure 1C).
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The analysis of relative NK cell distribution revealed that, in healthy brain tissue
samples, NK cells were markedly underrepresented compared with glioma lesions, as
expected (23, 24). They were restricted to the CD569™ NK cell clusters, whereas CD56bright
NK cell subsets were completely absent (Figure 1D). In glioma patients, we observed a
different distribution of NK cell subsets according to perioperative corticosteroid
treatment. In particular, DEX-treated patients showed a significant shift toward CD56brignt
NK cells compared with untreated patients, evidenced by a marked enrichment of sub-
cluster 2 (Figures 1D-E).

2. CD56"right syb-cluster 2 showed the strongest transcriptional changes
associated with corticosteroid exposure

To investigate the association between corticosteroid treatment and glioma-infiltrating
NK cell transcriptional programs, we performed a differentially expressed gene (DEG)
analysis comparing cells from DEX-treated and untreated patients within each NK cell
sub-cluster. Sub-cluster 2 showed the highest number of significant DEGs (n = 180),
whereas sub-clusters 0, 1, 3, and 5 showed only few or no DEGs (3, 0, 12, and 0
respectively) (Supplementary Table 1). Therefore, downstream analyses were focused
on sub-cluster 2. In this sub-cluster, NK cells from DEX-treated patients showed a
significant down-regulation of key mediators of NK cell activity, including the chemokine
CCL3, the cytotoxic effector NKG7, multiple granzymes (GZMA, GZMK), and the activating
receptor NCR3 (Figure 2A). Conversely, FKBP5 was among the most up-regulated genes
in DEX-treated patients, consistent with its role as a glucocorticoid-inducible regulator of
steroid receptor signaling (Figure 2A) (25, 26). Other up-regulated DEGs included CD96,
MIF, CD52, and KLRCZ2, encoding for an immune checkpoint receptor, an
immunoregulatory cytokine, a lymphocyte surface glycoprotein, and the activating
receptor NKG2C, respectively. To deeply investigate the biological functions associated
with sub-cluster 2, all DEGs were subjected to enrichment functional analysis (gene
ontology, Log2FC-weighted), which highlighted a significant down-regulation of immune-
related pathways in DEX-treated compared with untreated patients. Pathways associated
with NK cell effector functions showed the strongest enrichment among down-regulated
pathways. The most affected pathways included NK cell-mediated cytotoxicity, cytolysis,
cell killing, and cytolytic granule activity. Consistently, additional immune-related
categories such as immune response to tumor cells and regulation of NK-mediated

cytotoxicity were also enriched among down-regulated pathways (Figure 2B).
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3. Corticosteroid-associated transcriptional changes were detectable in all
sub-clusters of glioma-infiltrating NK cells

In order to support and strengthen the relevance of the results obtained by DEG analysis,
we further analyzed single-cell RNA data by applying previously described gene
signatures to compute cytotoxicity and inflammation scores in each NK cell subset
(Material and Methods). By capturing the coordinated expression of multiple effector
molecules rather than relying on individual genes, this approach has the advantage to
provide a more comprehensive, statistically powerful, and interpretable view of complex
traits by integrating information from many genes. This approach allowed us to explore
functional alterations across all subsets. Scores were then compared between DEX-
treated and untreated patients to assess whether corticosteroid exposure differentially
affected the cytotoxic and inflammatory programs of intratumoral NK cells. Indeed, we
observed that within each NK cell cluster, cells from DEX-treated patients displayed
significantly lower functional scores compared with those from untreated patients. In
particular, sub-clusters belonging to both CD56br%" {(sub-clusters 2 and 3) and CD56%m NK
cell subsets (sub-clusters 0 and 1) from DEX-treated patients showed a marked reduction
in cytotoxicity scores (Figure 3A). Similarly, sub-clusters belonging to both NK cell
subsets (namely, sub-clusters 2, 1, and 5) also showed significantly reduced inflammation
scores in DEX-treated patients compared with untreated patients (Figure 3B).

To further assess whether the transcriptional changes associated with
dexamethasone expcsure were detectable across all sub-clusters of glioblastoma-
infiltrating NK cells, we analyzed individual genes underpinning the cytotoxicity and
inflammation scores and observed, indeed, that the expression of relevant cytotoxic
molecules and inflammatory cytokines was significantly reduced in DEX-treated patients
across all sub-clusters (Supplementary Figures 3A-B).

The same results were even more evident when the same individual genes were
analyzed grouping sub-clusters 2 and 3 as CD56P19"t NK cells, and sub-clusters 0, 1 and 5
as CD569m NK cells, thus highlighting consistent association between dexamethasone
exposure and transcriptional changes of the two main NK cell subsets (Figures 3C-D).
Indeed, CD56bright NK cells from DEX-treated patients showed lower expression of genes
encoding for the inflammatory cytokines XCL1, CCL3, CCL4, TNF, and IL32, the cytotoxic
effector molecules GZMA, GZMB, GZMH, GZMK, PRF1, and NKG7, and the activating
receptors KLRF1, NCR3, and CD160 compared with CD56Priaht NK cells from untreated

10
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patients (Figure 3C). This reduction was more pronounced in sub-cluster 2
(Supplementary Figure 3A). A similar pattern was observed in CD56d4m NK cells.
Indeed, CD569m NK cells from DEX-treated patients exhibited significantly lower
expression of genes encoding for cytotoxic effector molecules GZMA, GZMB, GZMH,
GZMM, PRF1, GNLY, and NKG7 and activating receptors KLRF1, NCR3, and CX3CR1,
together with higher expression of genes encoding for inhibitory molecules such as CD96,
KIR2DL1, and CXCR4, compared with CD569™ NK cells from untreated patients (Figure
3D). This reduction was more pronounced in sub-cluster 0 (Supplementary Figure 3B).

11
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Discussion

In this study, we provide single-cell transcriptomic evidence suggesting that perioperative
corticosteroid treatment profoundly affects glioblastoma-infiltrating NK cells. By analyzing
scRNA-seq data from IDH-WT glioblastoma patients treated or not with dexamethasone,
we observed a perturbation in NK cell subset composition, a broad suppression of
cytotoxic and inflammatory programs, and the upregulation of inhibitory pathways, with
CD56¢right NK cells exhibiting the most pronounced dysfunction.

Our results suggest that corticosteroid exposure is associated with a reshaped
intratumoral NK cell landscape, leading to a significant enrichment of CD56°"9"t subsets,
typically associated with cytokine production and immunoregulatory functions rather than
direct cytotoxicity (27). Therefore, the relative enrichment of CD56bright NK cells in DEX-
treated patients may suggest that perioperative corticosteroid treatment may affect the
intratumoral composition fostering the enrichment of subsets with limited anti-tumor
potential. Consistently, CD56P1aht NK cells were also the most affected subset by
corticosteroids. Notably, one cluster of CD56Priaht NK cells showed the highest
responsiveness to DEX treatment, as assessed by the higher number of differentially
expressed genes. Accordingly, this cluster also up-requlated FKBP5, a glucocorticoid-
inducible gene involved in the negative feedback regulation of steroid receptor signaling
(25, 26), further supporting a strong association between corticosteroid treatment and NK
cell transcriptional changes observed in DEX-treated patients.

Although CD56%9" NK cells represented the most affected subset, corticosteroid
treatment was associated with a broader impairment of NK effector programs. Indeed,
multiple gene scores demonstrated a significant reduction of both cytotoxicity and
inflammation features across CD56bri9ht and CD569™ NK cell clusters in DEX-treated
patients. This effect was supported by a lower expression of genes encoding for key
cytotoxic molecules, including GZMs, PRF1 and GNLY, as well as cytokines such as XCLI,
CCL3, CCL4 and TNF. Importantly, gene expression of activating receptors critical for NK
cell-mediated target recognition, such as KLRF1, NCR3 and CD160 (28, 29), was also
down-regulated. Notably, tumor-infiltrating NK cells from DEX-treated patients also
showed increased expression of genes encoding for inhibitory immune checkpoints,
including HAVCRZ2, CD96, ENTPD1, KIR2DL1 and CXCR4. Although CXCR4 is a chemokine
receptor known for its crucial role in cell migration, it has recently been reported also to
serve as a novel immune checkpoint receptor on NK cells, capable of restraining NK cell
activity and cytotoxic potential (30). Therefore, the results of our study are consistent

12
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with the possibility that corticosteroid exposure simultaneously weakens cytotoxicity,
dampens pro-inflammatory potential, and enhances inhibitory signaling, thereby
promoting a state of profound NK cell dysfunction.

These results align with and extend previous evidence on the detrimental effects
of perioperative corticosteroids on the glioblastoma immune microenvironment. In a
previous study, we demonstrated that dexamethasone-treated glioma patients undergo
a marked reduction in circulating and tumor-infiltrating dendritic cells (DCs). These cells
also showed a transcriptional profile indicative of severe functional impairment, including
reduced antigen presentation and costimulatory capacity (31). Combined with the results
presented in this study on NK cells, the emerging scenario may suggest that perioperative
corticosteroids may simultaneously weaken both the innate cytotoxic compartment and
the professional antigen-presenting arm of anti-tumor immunity, thereby undermining
both direct effector functions and the activation of adaptive immune responses.

This study has some limitations, including the small number of patients analyzed,
the observational nature of the dataset, the lack of direct functional validation of NK cell
activity and its target limited to IDH-WT glioblastoma only. Nevertheless, it provides novel
insights into the mechanisms by which corticosteroid treatment may compromise innate
immune surveillance. Indeed, NK cells are well recognized key effectors of anti-tumor
immunity, directly killing tumor cei!s and shaping adaptive responses through crosstalk
with DCs and T cells (32, 23). By impairing NK cytotoxicity and cytokine-related
transcriptional programs, certicosteroids may therefore not only blunt direct tumor killing
but also hinder the broader NK cells-mediated orchestration of anti-tumor immunity.

Moreover, whereas CD569™ NK cells are typically considered the main cytotoxic NK
cell subset, CD56P1aht NK cells play critical roles in producing chemokines such as XCL1,
which are essential for DCs recruitment into tumors (34, 35). It may be therefore
hypothesized that the transcriptional changes observed CD56Pright NK cells from DEX-
treated patients may affect the cellular crosstalk needed to initiate and activate effective
adaptive immune responses. These observations may suggest that corticosteroid therapy
may contribute to glioblastoma immune evasion not only by acting directly on T cells, as
previously demonstrated (36, 37), but also by indirectly weakening the innate-adaptive
immune interface via NK cell impairment.

Corticosteroids have been reported to reduce the overall survival and progression-
free survival in patients with IDH-WT and IDH-mutated glioma (38). We suggest that, if

confirmed on largest cohorts of patients, the results of this study may provide mechanistic

13
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insights into the detrimental effects of corticosteroids in these patients. Accordingly,
recent studies have proposed alternative therapeutic strategies for the management of
symptomatic peritumoral cerebral edema (39, 40), highlighting the need for safer
approaches that control edema while preserving anti-tumor immunity.

14



375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

ARTICLE S. Balin & P. Marzano, et al

References

1. Lapointe S, Perry A, Butowski NA. Primary brain tumours in adults. Lancet.
2018;392(10145):432-46.

2. Louis DN, Perry A, Wesseling P, Brat D), Cree IA, Figarella-Branger D, et al. The 2021
WHO Classification of Tumors of the Central Nervous System: a summary. Neuro Oncol.
2021;23(8):1231-51.

3. Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H, et al. Rindopepimut with
temozolomide for patients with newly diagnosed, EGFRvIIl-expressing glioblastoma (ACT
IV): a randomised, double-blind, international phase 3 trial. Lancet Oncol.
2017;18(10):1373-85.

4, Lin H, Liu C, Hu A, Zhang D, Yang H, Mao Y. Understanding the immunosuppressive
microenvironment of glioma: mechanistic insights and clinical perspectives. ] Hematol
Oncol. 2024;17(1):31.

5. Wolf NK, Kissiov DU, Raulet DH. Roles of natural killer cells in immunity to cancer,
and applications to immunotherapy. Nat Rev Immunol. 2023;23(2):90-105.

6. Sedgwick AJ, Ghazanfari N, Constantinescu P, Mantamadiotis T, Barrow AD. The
Role of NK Cells and Innate Lymphoid Cells in Brain Cancer. Front Immunol. 2020;11:1549.
7. da Silva LHR, Catharino LCC, da Silva V), Evangelista GCM, Barbuto JAM. The War
Is on: The Immune System against Glioblastoma-How Can NK Cells Drive This Battle?
Biomedicines. 2022;10(2).

8. Hosseinalizadeh H, Habibi Roudkenar M, Mohamimadi Roushandeh A, Kuwahara Y,
Tomita K, Sato T. Natural killer cell immunotherapy in glioblastoma. Discov Oncol.
2022;13(1):113.

9. Coutinho AE, Chapman KE. The anti-inflammatory and immunosuppressive effects
of glucocorticoids, recent developments and mechanistic insights. Mol Cell Endocrinol.
2011;335(1):2-13.

10.  Wolf FA, Angerer P, Theis F). SCANPY: large-scale single-cell gene expression data
analysis. Genome Biol. 2018;19(1):15.

11. Virshup |, Rybakov S, Theis FJ, Angerer P, Wolf FA. anndata: Access and store
annotated data matrices. journal of Open Source Software. 2024;9(101).

12.  Korsunsky I, Miliard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast, sensitive
and accurate integration of single-cell data with Harmony. Nat Methods.
2019;16(12):1289-96.

13. Traag VA, Waltman L, van Eck NJ. From Louvain to Leiden: guaranteeing well-
connected communities. Sci Rep. 2019;9(1):5233.

14, Becht E, Mclnnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, et al. Dimensionality
reduction for visualizing single-cell data using UMAP. Nat Biotechnol. 2018.

15. Marzano P, Balin S, Terzoli S, Della Bella S, Cazzetta V, Piazza R, et al.
Transcriptomic profile of TNF(high) MAIT cells is linked to B cell response following SARS-
CoV-2 vaccination. Front Immunol. 2023;14:1208662.

16. Dann E, Henderson NC, Teichmann SA, Morgan MD, Marioni JC. Differential
abundance testing on single-cell data using k-nearest neighbor graphs. Nat Biotechnol.
2022;40(2):245-53.

17. Kanehisa M, Furumichi M, Sato Y, Matsuura Y, Ishiguro-Watanabe M. KEGG:
biological systems database as a model of the real world. Nucleic Acids Res.
2025;53(D1):D672-D7.

18. Tang F, LiJ, Qi L, LiuD, BoY, Qin S, et al. A pan-cancer single-cell panorama of
human natural killer cells. Cell. 2023;186(19):4235-51 e20.

15



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

ARTICLE S. Balin & P. Marzano, et al

19. Marzano P, Soldani C, Cazzetta V, Franceschini B, Terzoli S, Carletti A, et al. Tissue-
specific immunosuppressive and proliferating macrophages fuel early metastatic
progression of human colorectal cancer to liver. Cancer Immunol Res. 2025.

20. Rebuffet L, Melsen JE, Escaliere B, Basurto-Lozada D, Bhandoola A, Bjorkstrom NK,
et al. High-dimensional single-cell analysis of human natural killer cell heterogeneity. Nat
Immunol. 2024;25(8):1474-88.

21. Pizzolato G, Kaminski H, Tosolini M, Franchini DM, Pont F, Martins F, et al. Single-
cell RNA sequencing unveils the shared and the distinct cytotoxic hallmarks of human
TCRVdeltal and TCRVdelta2 gammadelta T lymphocytes. Proc Natl Acad Sci U S A.
2019;116(24):11906-15.

22. Pont F, Familiades ], Dejean S, Fruchon S, Cendron D, Poupot M, et al. The gene
expression profile of phosphoantigen-specific human gammadelta T lymphocytes is a
blend of alphabeta T-cell and NK-cell signatures. Eur ] Immunol. 2012;42(1):228-40.

23. Ning Z, Liu Y, Guo D, Lin WJ, Tang Y. Natural killer cells in the central nervous
system. Cell Commun Signal. 2023;21(1):341.

24. Ren F, Zhao Q, Huang L, Zheng Y, Li L, He Q, et al. The R132H mutation in IDH1
promotes the recruitment of NK cells through CX3CL1/CX3CR1 chemotaxis and is
correlated with a better prognosis in gliomas. Immunol Cell Biol. 2019;97(5):457-69.

25. Nold V, Richter N, Hengerer B, Kolassa IT, Allers KA. FKBP5 polymorphisms induce
differential glucocorticoid responsiveness in primary CNS cells - First insights from novel
humanized mice. Eur ] Neurosci. 2021;53(2):402-15.

26. Zhu R, Xu Y, Li H, He C, Leung FP, Wang L, et al. FKBP5 mediates glucocorticoid
signaling in estrogen deficiency-associated endotnelia! dysfunction. Eur ] Pharmacol.
2025;996:177598.

27. Chen S, Zhu H, Jounaidi Y. Comprehensive snapshots of natural killer cells
functions, signaling, molecular mechanisms and clinical utilization. Signal Transduction
and Targeted Therapy. 2024;9(1).

28. Tang F, LiJ, Qi L, LiuD, BoY, Qin S, et al. A pan-cancer single-cell panorama of
human natural killer cells. Ceil. 2023;186(19):4235-51.e20.

29. Akatsuka A, Ito M, Yamauchi C, Ochiai A, Yamamoto K, Matsumoto N. Tumor cells
of non-hematopoietic arnd hematopoietic origins express activation-induced C-type lectin,
the ligand for killer cel! iectin-like receptor F1. International Immunology. 2010;22(9):783-
90.

30. Mikulak J, Supino D, Marzano P, Terzoli S, Carriero R, Cazzetta V, et al. Tissue-
specific anti-tumor NK cell subsets identified in colorectal cancer liver metastases express
candidate therapeutic targets. J Clin Invest. 2025.

31. Carenza C, Franzese S, Castagna A, Terzoli S, Simonelli M, Persico P, et al.
Perioperative corticosteroid treatment impairs tumor-infiltrating dendritic cells in patients
with newly diagnosed adult-type diffuse gliomas. Front Immunol. 2022;13:1074762.

32. Huntington ND, Cursons J, Rautela J. The cancer-natural killer cell immunity cycle.
Nat Rev Cancer. 2020;20(8):437-54.

33. Marcenaro E, Ferranti B, Moretta A. NK-DC interaction: on the usefulness of auto-
aggression. Autoimmun Rev. 2005;4(8):520-5.

34. Bottcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sammicheli
S, et al. NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment
Promoting Cancer Immune Control. Cell. 2018;172(5):1022-37 el4.

35. CazzettaV, Franzese S, Carenza C, Della Bella S, Mikulak ], Mavilio D. Natural Killer-
Dendritic Cell Interactions in Liver Cancer: Implications for Immunotherapy. Cancers
(Basel). 2021;13(9).

36. Watowich MB, Gilbert MR, Larion M. T cell exhaustion in malignant gliomas. Trends
Cancer. 2023;9(4):270-92.

16



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488

489
490
491
492

493

ARTICLE S. Balin & P. Marzano, et al

37. lorgulescu JB, Gokhale PC, Speranza MC, Eschle BK, Poitras M), Wilkens MK, et al.
Concurrent Dexamethasone Limits the Clinical Benefit of Immune Checkpoint Blockade in
Glioblastoma. Clin Cancer Res. 2021;27(1):276-87.

38.  Petrelli F, De Stefani A, Ghidini A, Bruschieri L, Riboldi V, Dottorini L, et al. Steroids
use and survival in patients with glioblastoma multiforme: a pooled analysis. | Neurol.
2021;268(2):440-7.

39. LiuS,SongY, Zhang lY, Zhang L, Gao H, Su Y, et al. RAGE Inhibitors as Alternatives
to Dexamethasone for Managing Cerebral Edema Following Brain Tumor Surgery.
Neurotherapeutics. 2022;19(2):635-48.

40. Ohmura K, Tomita H, Hara A. Peritumoral Edema in Gliomas: A Review of
Mechanisms and Management. Biomedicines. 2023;11(10).

41.  Crinier A, Milpied P, Escaliere B, Piperoglou C, Galluso J, Balsamo A, et al. High-
Dimensional Single-Cell Analysis Identifies Organ-Specific Signatures and Conserved NK
Cell Subsets in Humans and Mice. Immunity. 2018;49(5):971-86 e5.

17



494

495
496
497
498

499
500

501

502

503

504
505

506
507

508
509
510
511

512
513

514

515
516

ARTICLE S. Balin & P. Marzano, et al

Acknowledgments

We thank all the patients who participated in this study. SB, PM, and AL are recipients of
a competitive fellowship awarded from the PhD program of Experimental Medicine of the
University of Milan. The publication fee for this work was covered by the Italian Ministry

of Health's “Ricerca Corrente” funding to IRCCS Humanitas Research Hospital.

Funding declaration

The research received no dedicated financial support.

Data availability statement

ScRNA data were downloaded from the Zenodo Repository (RRID:SCR_004129) where raw
data are available upon request.

Ethic statement

The study protocol was approved by the Institutional Review Boards of Humanitas
Research Hospital (ONC-OSS-04-2017; 29/19), and written informed consents were
provided by all particinants before inclusion in the study in compliance with the
Declaration of Helsinki.

Competing interests statement

The authors declare no conflicts of interest.

18



517

518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

555

ARTICLE S. Balin & P. Marzano, et al

Figure legends

Figure 1 | Perioperative corticosteroid treatment is associated with variations
in intratumoral distribution of NK cell subsets.

(A) UMAP clustering projection of the integrated glioma-associated NK cells from
all subjects. (B) Dot plot showing the expression of canonical gene markers for the
annotation of NK cell subsets. (C) Kernel density of NK1 and NK2 gene set scores
embedded on UMAP projection. (D) Bar plot showing the proportion of cells in each sub-
cluster deriving from healthy tissue, DEX-treated tumors or untreated tumors. (E) Top
panel: density plots showing the distribution of NK cells from DEX-treated and untreated
patients on UMAP projections. Bottom panel: boxplots showing the distribution of
differential abundance values calculated by Milopy across neighborhoods assigned to
each NK cell sub-cluster. Positive and negative log fold change (logFC) values indicate
neighborhoods relatively enriched and depleted in DEX-treated patients compared with
untreated patients, respectively. The dashed vertical line marks logFC = 0, corresponding
to no change between conditions. Statistical significance was assessed at the
neighborhood level using Milopy spatial FDR correction.

Figure 2 | CD56bright NK cells exhibit the strongest transcriptional changes
associated with corticosteroid exposure.

(A) Volcano plot showing DEGs between DEX-treated and untreated patients in sub-cluster
2. DEGs were defined as genes with |log2 FC| = 0.25 and adjusted p-value < 0.05. (B) Dot
plot showing the negatively and positively enrictied GG and KEGG (17) pathways in sub-
cluster 2 of DEX-treated versus untreated patients. The x-axis and the color of each dot
represent the -logl0(adjusted p-value), whiie their size indicates the number of DEGs in
each pathway.

Figure 3 | Corticosteroid treatment is associated with reduced cytotoxic and
inflammatory transcriptional programs in glioblastoma-infiltrating NK cells.

(A) Bar plot showing the cytotoxicity score values across sub-clusters, in DEX-treated and
untreated patients. (B) Bar plot showing the inflammation score values across sub-
clusters, in DEX-treated and untreated patients. (C) Circular bar plots showing the mean
normalized expression level of selected genes in CD56bright NK cells from DEX-treated
and from untreated patients. (D) Circular bar plots showing the mean normalized
expression level of selected genes in CD56dim NK cells from DEX-treated and from
untreated patients. Statistical significance was computed with Mann-Whitney test (*p <
0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).
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Supplementary Information

Supplementary Table 1 | List of DEGs identified in sub-cluster 0, 2 and 3 between DEX-
treated versus untreated patients. DEGs were defined as genes with |log; FC| = 0.25 and
adjusted p-value < 0.05.

Supplementary Figure 1 | Annotation of IDH-WT glioma-associated CD45* cells.

Supplementary Figure 2 | Heatmap showing the top 15 DEGs of each NK cell sub-
cluster.

Supplementary Figure 3 | Corticosteroid treatment reduces cytotoxic and

inflammatory transcriptional programs in glioma-infiltrating NK sub-clusters.
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