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ABSTRACT  

Purpose 

Diffuse Intrinsic Pontine Glioma is a fatal tumor traditionally treated with radiotherapy (RT) and 

previously characterized as having a non-inflammatory tumor immune microenvironment (TIME). 

FLASH is a novel RT technique using an ultra-fast dose-rate which is associated with decreased 

toxicity, effective tumor control and potential immune-sparing properties. However, the effect of 

FLASH on the DIPG tumor immune microenvironment (TIME) has not yet been explored.  

Methods 

Here, we perform single-cell RNA sequencing on immune cells isolated from an orthotopic 

syngeneic murine model of DIPG following the use of FLASH (90Gy/sec) or conventional 

(2Gy/min) dose-rate RT (CONV-RT), and compare to unirradiated tumor and normal brainstem.  

Results 

Sequencing of immune cells reveals 17 unique populations, most abundant of which is microglia. 

In the most activated microglia subtypes, both CONV-RT and FLASH show upregulation of type 

1 interferon (IFN1) genes and pathway scores compared to unirradiated tumor. In macrophages 

(MACs) and dendritic cells (DCs), CONV-RT is significantly enriched for IFN1 while this 

response is less seen with FLASH. Further, FLASH shows an increase in CNS border-associated 

MACs and upregulation of a myeloid-derived suppressor cell (MDSC) signature in MONOs, less 

seen with CONV-RT. In the lymphocytes, FLASH yields a higher mature B cell proportion and 

upregulation of T-cell activation and trafficking markers compared to CONV-RT. Finally, we 

correlate our data with myeloid cells from cerebrospinal fluid of human DIPG patients and find 

overlap with our murine tumor- and treatment-associated markers.  

Conclusion 
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Our work is the first to map CONV-RT and FLASH immune alterations with single-cell resolution 

in the DIPG TIME. We find that CONV-RT and FLASH sculpt the microglial compartment 

similarly while recruiting distinct non-resident myeloid subsets and mature B-cell fractions, 

highlighting the potential to combine each modality with unique immunotherapy regimens in this 

fatal disease.  

INTRODUCTION 

Diffuse Intrinsic Pontine Glioma (DIPG), recently re-classified by the World Health Organization 

(WHO) in 2021 as Diffuse Midline Glioma, H3K27M-altered (DMG), is a universally fatal 

pediatric brain tumor with a median survival of 9 to 11 months.1 2 While radiotherapy (RT) is the 

standard-of-care treatment for DIPG, it is largely palliative, offering temporary relief of symptoms 

with only a 3 month improvement in survival.3 Clinical trials have explored a variety of targeted 

therapies in combination with RT, yet none have prolonged survival.4  

Immunotherapy is an evolving modality that has radically improved survival in many adult 

cancers. However, immunotherapies like immune checkpoint inhibitors (ICI) have had minimal 

success in childhood malignancies.5 DIPG in particular has been shown to have an 

immunologically “cold” or non-inflammatory tumor immune microenvironment (TIME), making 

the use of immunotherapy even more difficult.6 7 A likely explanation for the non-immunogenic 

TIME of DIPG is the need to protect the brainstem and its cardiopulmonary regulatory functions 

from overwhelming inflammation. However, due to this protective tumor location, evaluation of 

the TIME in DIPG after RT has not been studied leaving a critical gap in determining the potential 

for combination approaches to improve response to immunotherapy.  
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While RT has been shown to increase the antigenicity of tumor cells, increase interferon type 1 

(IFN1) response and attract tumor-infiltrating lymphocytes,8 9 it can also deplete immune 

populations and induce regulatory T-cell phenotypes in the TIME.10 11 FLASH, or ultra-high dose-

rate RT (>40Gy per second), is a novel technique that demonstrates unprecedented normal tissue 

sparing without compromising tumor control when compared to conventional RT (CONV-RT) 

dose rates (≤2Gy per minute).12 13 Prior pre-clinical studies have shown that FLASH, when 

compared to CONV-RT, yields higher CD8+ T-cells and myeloid subsets in the TIME of Lewis 

lung carcinoma models14 while in the brain, decreases microglial activation and 

neuroinflammation when delivered to tumor-free mice.15 16 However, no studies to date have 

investigated the immunomodulatory capacity of FLASH in the DIPG TIME.  

In this work, we use single cell RNA sequencing (scRNA-seq) to analyze the TIME in an 

immunocompetent syngeneic murine model of DIPG post CONV-RT or FLASH and compare to 

unirradiated tumor and normal brainstem. We also compare our murine myeloid clusters to 

myeloid cells isolated from the cerebrospinal fluid (CSF) of human DIPG patients treated in a 

phase I trial using GD2 chimeric antigen receptor (CAR) T-cell therapy.17 Our work is the first to 

map CONV-RT and FLASH immune alterations with single-cell resolution in the DIPG TIME 

and highlights the potential for combining RT and immunotherapy in this cancer. 

METHODS 

DIPG tumor induction  

We utilized a previously published syngeneic murine DIPG cell line (PDGFB+, H3.3K27M, p53-

/- cell line, 4423 DIPG, Supplemental Methods).18 All animal experiments were performed in 

accordance with national guidelines and approved by our Institutional Animal Care and Use 
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Committee (IACUC). Five-week-old immunocompetent male B6(Cg)-Tyrc-2J/J mice were 

purchased from Jackson Laboratories (Bar Harbor, ME). At 6 weeks of age, mice were 

anesthetized with isoflurane, immobilized in the stereotactic instrument (Stoelting, Wood Dale, 

IL, USA), and underwent orthotopic implantation with 4423 DIPG at 100,000 cells per microliter 

(uL) per mouse, prepared in suspension with DMEM (Dulbecco’s Modified Eagle’s Medium; 

Corning, 10027CV). Cells were injected at rate of 0.1uL/min using a Hamilton syringe (Hamilton, 

Darmstadt, Germany) at pontine coordinates of 1mm posterior and 1mm lateral (right) from 

lambda, and 5.5mm deep. Tumors were confirmed 10 days post injection (dpi), using the Bruker 

Biospec 9.4 Tesla Small Animal MR Imager (Bruker Medical, Boston, MA, USA) via the 

Oncology Precision Therapeutics and Imaging Core at our institution.  

Radiation 

At 17 dpi, tumor-bearing mice were randomly assigned to receive 15Gy of radiation either at  

conventional dose rate (CONV-RT, 2Gy/min) or at ultra-high dose rate (FLASH, 90Gy/sec) using 

the Ultra-High Dose-Rate FLASH irradiator at our experimental irradiator facility, based on a 

repurposed Varian Clinac 2100C.19 Mice were anesthetized using isoflurane and immobilized 

using a device incorporating 6.4mm thick adjustable lead shielding, which was aligned to external 

anatomy creating an open field around the mouse hindbrain. All irradiations were performed using 

9MeV electrons (R50=3.9cm). For CONV-RT, mice were individually placed at source to skin 

distance (SSD) of 171cm and irradiated alongside a National Institute of Standards and 

Technology (NIST) traceable Advanced Markus Ionization Chamber (AMIC). The CONV-RT 

dose rate was approximately 2Gy/min and irradiation was stopped when the AMIC reached 

15Gy.  For FLASH, mice were placed at SSD of 50cm and irradiated with 27-30 pulses of 9MeV 

electrons at a repetition rate of 180 Hz. Exact positioning of mice and required pulse count for 
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each irradiation was determined by irradiating the AMIC at the same location prior to mouse 

irradiation. The built-in ionization chamber was used to verify that there was no drift in beam 

intensity between calibration and mouse irradiations. 

Experimental design and clustering of CD45+ immune cells 

Mice were evaluated among four groups: CONV-RT (15Gy at 2Gy/min), FLASH (15Gy at 

90Gy/sec), no radiation (Tumor), or normal, healthy mice (Normal Brainstem). Four mice were 

studied per group for a total of 16 mice. Four days post-RT and 21 dpi, mice were euthanized and 

brainstems collected for hashtag single cell RNA sequencing (scRNA-seq, Figure 1a, 

Supplemental Methods) after CD45 isolation to focus on the immune population (Supplemental 

Methods). 

RESULTS 

scRNA-seq identifies unique clusters of immune phenotypes in DIPG TIME 

Clustering of 33,308 CD45+ cells reveals 17 unique cell subsets (Figure 1b, Supplementary Data 

1). We first analyze all clusters in total, agnostic to treatment. We identify four clusters of 

microglia denoted as MG1, MG2, MG3, and MG4, making up 73.79% of all cells. We find three 

clusters of non-resident myeloid cells including macrophages (MAC; Ms4a7+) at 4.31%, 

monocytes (MONO; Lyz2+) at 2.06% and dendritic cells (DC; Cd209a+) at 1.57%. Of the non-

myeloid clusters, the most abundant is a mature B cell subtype (BC2; Igkc+) at 4.10%. The 

remaining cells are distributed amongst a T cell cluster (TC; Cd3d+) 2.33%, a neutrophil cluster 

(NEUT; Ngp+) 2.00%, a pre-B cell cluster (BC1; Vpreb3+) 1.89%, and an natural killer cell cluster 

(NK; Klrk1+) 0.73%. We also report a mixed population of proliferative cells in a cluster defined 
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by Mki67 positivity (3.15%) and another mixed population cluster of S100b+ cells (1.57%), likely 

consisting of astrocytes that bypassed CD45 sorting. Lastly, a group of erythrocytes are present 

based on hemoglobin gene expression (RBC, 0.77%), as well as a cluster of low-quality cells (lq, 

1.63%). For individual treatment groups, we examine the proportion of cells coming from each 

cluster against their total cell number and find variation between groups (Figure 1c, Supplementary 

Data 1). We perform key marker gene identification for each cell type using differential gene 

expression analysis, comparing each cluster against all other clusters. From this, we see that each 

cell type is defined by unique gene signatures and validated by presence of canonical markers 

(Figure 1d, Supplementary Data 2).  

Annotation of microglia reveals four distinct microglial states 

Microglia are defined by expression of canonical genes such as P2ry12, Siglech and Tmem119,20 

21 and  resolve into four distinct subtypes (M1, M2, M3, and MG4) based on unique marker gene 

sets (Supplemental Figure 1a). Expression of P2ry12, associated with homeostasis, decreases from 

MG1 to MG4; while expression of Apoe, a marker of microglial activation, increases in microglia 

within or proximal to MG3 and MG4 (Supplemental Figure 1b).21 22 MG1 and MG2 share similar 

profiles, with MG2 showing higher expression of Apoe and Cdkn1a (Supplementary Data 2). MG3 

is enriched for multiple interferon genes such as Isg15 and Ifit3 (Supplemental Figure 1c). When 

we run the top 50 differentially expressed genes in MG3 through REACTOME for pathway 

analysis (Supplemental Methods), the top 3 pathways consist of interferon alpha/beta signaling, 

interferon signaling, and immune cytokine signaling (Supplemental Figure 1c). MG4 shows high 

expression of metabolism-associated genes such as Lpl (lipoprotein lipase) and Fabp5 (fatty-acid 

binding protein) (Supplemental Figure 1d). When running the top 50 genes from MG4 through 
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REACTOME, the 10 most significant pathways include neutrophil degranulation, interleukin-10 

signaling, glucose metabolism, and iron uptake (Supplemental Figure 1d).  

Treatment groups differentially induce microglia clusters 

In Normal Brainstem, MG1 and MG2 account for the majority of microglia (44.5% and 47.0% 

respectively), with less than 10% of cells present in MG3 and MG4 clusters (Figure 2a, b). In the 

presence of tumor, without irradiation (Tumor), there is an expansion of MG4 (30.8%) while MG3 

(4.85%) is maintained at a similar proportion as in Normal Brainstem (Figure 2b). Upon irradiation 

with either CONV-RT or FLASH, the MG3 cluster undergoes significant expansion (17.0% and 

16.2% respectively), while MG4 experiences moderate reduction (26.7% and 22.3% respectively) 

compared to Tumor (Figure 2b). 

We next perform two individual analyses to identify genomic alterations uniquely induced by 

FLASH and by CONV-RT relative to Tumor (FvT and CvT, respectively; Supplementary Data 3). 

We compare both the common and the different up- and down-regulated genes resulting from each 

analysis. For all MG clusters, both RT modalities upregulate DNA damage response genes  

associated with ionizing radiation  (i.e. Cdkn1a, Phlda3, Bax) to a similar extent (Figure 2c-d, 

Supplemental Figure 2a-b).23 24 In MG1 and MG2, FLASH and CONV-RT similarly downregulate 

innate immunity chemokines Ccl9 and Ccl6 compared to Tumor (Supplemental Figure 2a). In 

MG3, both RT interventions similarly downregulate Ccl9 along with Klf2 (Figure 2c), a myeloid 

repressor of neuroinflammation.25 In MG4, both RT groups similarly upregulate type 1 interferon 

(IFN1) genes such as Isg15, Ifitm3, and Ifit3, while decreasing expression of major 

histocompatibility complex (MHC) class II genes H2-Aa and H2-Ab1 compared to Tumor (Figure 

2c-d). We run the most significant, upregulated common genes between FvT and CvT for each 

MG cluster through REACTOME and find pathways associated with cell cycle checkpoints and 
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DNA damage response (Figure 2d, Supplemental Figure 2b). For MG4 specifically, we also find 

common pathways relating to interferon alpha/beta signaling and cytokine signaling (Figure 2d). 

Regarding differential upregulation of genes, FLASH shows unique enrichment for Apoe (MG1, 

MG3) and Ccl12 (MG1, MG2), while CONV-RT shows distinct increases in Cd52, Ifi27l2a, Ccl2, 

and Cst7 in MG4 (Supplementary Data 3).  

Characterization of non-resident myeloid clusters and FLASH effect in the monocyte 

population 

We next examine the non-resident myeloid clusters: MONO, MAC, and DC, and find clear 

segmentation of gene signatures, with varying degrees of overlap in classical myeloid markers 

such as Ccr2 and Vim26 27, and MHC class II genes H2-Ab1 and Cd74 (Figure 3a). We observe that 

MONOs share similar canonical markers with DCs, which are upregulated for antigen presentation 

(H2-Ab1, H2-Eb1, H2-Aa, Cd74); while MACs have a more variable signature. Studying the 

density and proportion of MACs, DCs and MONOs within the non-resident myeloid compartment 

of each treatment group, we find treatment-specific differences (Figure 3b-c). Specifically, we find 

that in CONV-RT, MACs represent the highest proportion of cells (70.3%) within the non-resident 

myeloid population specific to this treatment group. Extending this analysis to the other groups, 

we find that FLASH has 53.6%, Tumor has 52.1% and Normal Brainstem has 36.5% MACs within 

their respective non-resident myeloid totals. For DC proportions, FLASH has 26.5%, CONV-RT 

has 16.7%, Tumor has 18.4% and Normal Brainstem has 21.6%. For MONOs, FLASH has 19.8%, 

CONV-RT has 13.1%, Tumor has 29.5% and Normal Brainstem has 41.8% (Figure 3b-c).  

We then perform differential gene expression analysis within the non-resident myeloid clusters 

between individual RT groups and Tumor (FvT and CvT; Supplementary Data 3). In the MONO 
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population, we find that there is almost no differential gene expression between CONV-RT and 

Tumor, barring Spp1, which is enriched in the former group (Supplementary Data 3). However, 

FLASH has a strikingly different MONO profile than Tumor - including increased expression of 

Clec4a1 and Clec4a3, and decreased expression of complement family genes C1qa, C1qb, and 

C1qc (Figure 3d). To further define the MONO cluster, we calculate a monocyte-derived 

suppressor cell (MDSC) signature score using ssGSEA applied to MONOs from the different 

treatment groups, and find that FLASH is significantly enriched for this signature compared to 

CONV-RT and Tumor (both p<0.0001) (Figure 3e).  

CONV-RT and FLASH show differential interferon activation in macrophages and dendritic 

cells 

Next, we conduct FvT and CvT analyses in the MAC cluster and find similarly upregulated genes 

associated with RT response (e.g. Cdkn1a, Bax, and Phlda3)23 24 as well as similarly 

downregulated genes associated with antigen presentation (e.g. Cd74, H2-Eb1, H2-Aa, H2-Ab1) 

(Figure 4a). We then analyze the genes that are specifically upregulated in either FvT or CvT but 

not the other. For CONV-RT, the most upregulated genes versus Tumor include Isg15, Irf7, Ifit3, 

Ifit2, Tgfbi, and Tspo (Figure 4b). For FLASH, the most upregulated genes are Mrc1, Pf4, Lyve1 

and Cd163. Mapping the average expression of these genes onto non-resident myeloid clusters, 

we find a dichotomy between CONV-RT- (left 4 plots) and FLASH-associated (right 4 plots) 

MACs (Figure 4c). Evaluating interferon response, we find that CONV-RT MACs have a 

significantly higher interferon alpha/beta signaling (IFN1) score than FLASH and Tumor (both p 

< 0.0001) (Figure 4d). Analyzing FvT cells in the DC cluster, we find only a few genes that are 

differentially expressed in FLASH compared to Tumor (upregulated: Clec4b1, Pid1; 

downregulated: Mdh2, Il1b, Cdk2ap2) (Supplementary Data 3). Conversely, CvT has many 
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differentially expressed genes (Figure 4e), with a robust increase in interferon related genes such 

as Isg15, Irf7, Ifit3, and Ifit2, and significant enrichment of IFN1 compared to FLASH and Tumor 

(both p < 0.0001) (Figure 4f).  

Characterization of lymphocyte clusters  

NK, T- and B-cells are defined by canonical genes (Supplemental Figure 3a) and account for 

9.05% of the total immune population. The proportion of T-cells varied between groups, with 

Tumor having 3.08% of total immune cells, CONV-RT 1.89% and FLASH 2.00% (Supplementary 

Data 1). On FvT and CvT analyses, we find that FLASH upregulates Lck, Klf2, Sell, and Lef1 in 

T-cells relative to Tumor (Supplemental Figure 3b). These genes are not increased for CONV-RT 

compared to tumor. Analysis of B-cells demonstrates highest proportion of BC2 cells - enriched 

for maturation marker Ms4a1 and immunoglobulin genes (e.g., Ighd, Iglc2)28 - in FLASH (5.57%) 

versus <2% in both CONV-RT (1.95%) and Tumor (1.46%) (Supplementary Data 1). There were 

few genes differentially enriched for FvT and none for CvT among BC2 cells (Supplementary 

Data 3). NK cell and BC1 proportions were less than 1% across tumor groups and thus not suitable 

for differential expression analysis (Supplementary Data 1). 

Evaluation of myeloid cells from cerebrospinal fluid (CSF) of DIPG patients treated with 

GD2-CAR T cell therapy 

After pre-processing and batch correction of 2,257 CSF myeloid cells, clustering reveals 7 unique 

populations including MONOs, DCs, and 5 other myeloid subsets defined by key marker genes 

(Figure 5a, Supplementary Data 4). We use the top 50 genes characterizing each of our murine 

myeloid clusters (MG1-4 and non-resident myeloid cells) to generate enrichment scores for each 

of these within cells from the human myeloid dataset (Figure 5b-c, Supplemental Figure 4).  
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Next, we evaluate differential gene expression between murine Tumor and Normal Brainstem 

groups in order to generate murine Tumor-associated MG and non-resident myeloid signatures. 

We cross-reference these signatures with the top 50 markers from human DIPG myeloid clusters 

and visualize gene overlaps (Figure 5d), which include Apoe, Ccl4, Cd52, Ccl3, Fth1 and Ifitm3 

for murine Tumor-associated MG; and Ctsd, Cd9, Lgmn, Mafb, Il1b, and Trem2 for murine Tumor-

associated non-resident myeloid cells; with Spp1 similarly overlapped in both (Figure 5d, 

Supplementary Data 5). The same cross-referencing is done using top upregulated markers in 

murine non-resident myeloid cells as identified in the previous CvT and FvT analyses (Figure 5e).  

The overlap includes Isg15, Ifit3, Ifit2, and Ifit1 for murine CONV-RT-associated non-resident 

myeloid cells; and Mrc1, F13a1, and Clec10a for murine FLASH-associated non-resident myeloid 

cells; with Pla2g7 similarly overlapped in both (Supplementary Data 6). Conducting this analysis 

in murine MG cells, there are only a few genes that overlap, including Ifit3 and Isg15 for murine 

CONV-RT-associated MG, and Ccl2 for murine FLASH-associated MG; with Ifitm3 similarly 

overlapped in both (Supplementary Data 6).   

DISCUSSION 

This work is the first to evaluate the RT immune response in DIPG and compare RT dose rates in 

the TIME of an immunocompetent syngeneic murine model of DIPG. Previous work demonstrates 

a non-inflammatory TIME in human DIPG at diagnosis.6 However, these prior analyses are 

composed primarily of biopsy specimens - as human DIPGs are not resectable - and therefore 

unlikely to be representative of the overall TIME. Considering that biopsies are not typically 

obtained after RT in humans, our study offers a unique perspective into the RT immune response 

in the DIPG TIME.  
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Consistent with previous work, our scRNA-seq analysis finds that the immune landscape of DIPG 

is largely composed of microglial populations and a small subset of non-resident myeloid cells and 

lymphocytes.6 In tumor groups, with or without RT, we see a phenotypic continuum from 

homeostatic MG1 and MG2 to more activated microglial states in MG4, as depicted by the 

increasing expression gradients of Apoe, Spp1, Lpl, and Fabp5, and enrichment of interleukin-10 

signaling, glucose metabolism and iron uptake pathways along this MG trajectory. The literature 

ascribes this spectrum of genes and metabolic pathways culminating in MG4 to disease- and 

injury-associated microglial states.22 29 Moreover, we see that following irradiation with either 

FLASH or CONV-RT, an interferon-associated microglia subtype emerges – MG3 – showing 

characteristic expression of IFN1 genes and pathways.30 Interestingly, MG4 also manifests 

interferon gene and pathway expression, and suggests that disease-associated microglia retain 

some capacity for immune activation in the setting of RT. While previous work shows that FLASH 

activates microglia less than CONV-RT in tumor-free mice, our work demonstrates that these two 

dose rates activate microglia to a similar extent in DIPG.15 31  

Despite similarities in the predominant microglial population, we find marked differences between 

FLASH and CONV-RT in the MAC cluster, which dichotomizes into distinct subtypes based on 

RT modality. In the setting of CONV-RT, the most upregulated genes, Isg15, Ifit3, Cxcl10, 

indicate robust interferon and pro-inflammatory responses.32 Tgfbi is also upregulated in CONV-

RT and is consistent with prior reports in this dose-rate context showing high levels of TGF- 

induction, which has been previously linked to immunosuppression and progression of high-grade 

gliomas.33 34 In the setting of FLASH, MACs show an increase in Cd163, which is also associated 

with an immunosuppressive phenotype, as well as classical markers of CNS border-associated 

macrophages - Mrc1 (Cd206), Pf4, and Lyve1.21 32 35 This finding indicates that MACs likely arise 
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from proximal monocyte progenitor niches in CNS border tissues post-FLASH, which spares in-

field organs-at-risk better, while CONV-RT mostly recruits MACs via extracranial bone-marrow 

progentiors.36 Notably, though CONV-RT MACs express high levels of interferon and the 

monocytic progenitors in this group also express Spp1, which is associated with pro-tumoral 

phenotypes in high-grade gliomas.37 

Similar to MACs, we find that CONV-RT elicits a robust interferon program in DCs, which are 

critical mediators of anti-tumoral T-cell responses following radiation.8 9 FLASH, on the other 

hand, evokes a unique DC phenotype described by receptor Clec4b1, which has been previously 

linked to activation of IFN- effector T-cells.38 While the origin of these DC subsets remains to be 

specified, MONOs in FLASH, when compared to CONV-RT, show a bias away from DC 

differentiation and towards a MAC fate as reflected by the upregulation of Clec4a1 and Clec4a3.39 

40 This lineage bias may reflect early-state inflammation in which immature MONOs preferentially 

differentiate into MACs, particularly of the M2 phenotype when infiltrating the brain, and hints at 

a possible temporal and/or qualitative difference in the inflammatory cascade between CONV-RT 

and FLASH.41 42 The MDSC signature enrichment observed in FLASH may also be understood in 

the context of early-state inflammation, in which “emergency” myelopoiesis following an 

inflammatory cue leads to mobilization of immature MONOs to the TIME where they exert 

immune regulation (“suppression”) upon sustained accumulation.43 In this scenario, FLASH may 

differentially spare vascular integrity and myeloid precursors in the cranial bone marrow, leading 

to higher migration and steady-state accumulation of MONOs in the TIME. Recent work in a lung 

cancer model similarly demonstrates low and high monocytic infiltration in the TIME following 

CONV-RT and FLASH, respectively.44   
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Though previous FLASH studies have shown an increase in T-cells, we only see a marginally 

higher proportion of T-cells in FLASH versus CONV-RT.14 44  This may be due to the lympho-

depleted state of the DIPG TIME at baseline.6 It is also possible that our interrogation time point 

of 4 days post-RT may be too early to capture peak T-cell TIME infiltration, as previous studies 

have evaluated T-cell presence at day 14 after irradiation.45 Though the scarcity of T-cell 

populations does not allow for statistically tractable comparisons between CD4 and CD8 T-cells, 

we find that FLASH significantly upregulates genes involved in T-cell activation (Lck) and 

trafficking (Klf2), which occurs on the background of higher central-memory (Sell, Lef1, Klf2) and 

naïve (Sell, Lef1, Ccr7) T-cell states suggesting a possible differential recruitment of these cells 

from the periphery.46 47 When evaluating B cell clusters, we observe a higher mature B cell (BC2) 

fraction in FLASH compared to CONV-RT and Tumor groups, suggesting that ultra-high dose-

rate irradiation may potently elicit B-cell differentiation peri/intratumorally. Mature B cells have 

been recently observed in tertiary lymphoid structures surrounding brain metastases, where they 

differentiate into plasma cells, and have been previously linked to improved ICI responses in 

human patients.28 48 

To understand the clinical relevance of our findings, we evaluate myeloid cells isolated from CSF 

of human DIPG patients who received treatment with GD2-CAR T-cell therapy.17 In this analysis, 

we see 15 genes that overlap in CSF and murine DIPG tumor, including Trem2, which is a pro-

tumoral marker in tumor-associated MACs linked to inferior ICI responses.49 We also find 

overlapping interferon markers (Isg15, Ifit3, Ifit2, Ifit1) between non-resident myeloid cells from 

CONV-irradiated mice and human CSF post GD2-CAR T-cell therapy. These treatment-related 

markers do not overlap with non-resident myeloid cells from FLASH-irradiated mice, possibly 

because the human CSF cells were procured from patients who previously received CONV-RT.   
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In summary, we find that both resident and non-resident immune cells in the DIPG TIME can 

mount an IFN1 response post RT, which is a critical feature of tumors that typically respond to 

immunotherapy.9 This IFN1 response is equally seen between CONV-RT and FLASH in 

microglia, and more frequently following CONV-RT in non-resident myeloid cells, specifically 

DCs and MACs. The latter observation highlights the opportunity to combine CONV-RT with 

immunotherapies that leverage the non-resident myeloid compartment. Although less of an IFN1 

response is seen in the non-resident myeloid compartment with FLASH, excessive immune 

recruitment, especially in the brainstem, can be a double-edged sword as neuroinflammation can 

be fatal and is associated with neurocognitive dysfunction in children.50 As such, the use of FLASH 

may be beneficial in younger patients who wouldn’t typically receive RT or patients with an 

elevated state of inflammation, such as patients receiving GD2-CAR T-cell therapy, who are at 

risk for developing tumor inflammation-associated neurotoxicity requiring intensive care 

monitoring.17 Moreover, considering the relative lympho-stimulating effect of FLASH, this 

modality may also be better suited for immunotherapies targeting lymphocytes. An important 

limitation of this work is that the analysis is restricted to a single time point of 4 days after a single 

15Gy dose. Further studies that evaluate the impact of RT dose rate on the DIPG TIME and on 

control and survival endpoints using clinically relevant doses and schedules are needed to 

understand how and when to incorporate immunotherapies in future human clinical trials.   
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MAIN FIGURE LEGENDS 

Figure 1: Experimental design and clustering of CD45+ cells. (a) Day 0; H3.3K27M mutant 

cells are stereotactically injected into the brainstem of juvenile mice. Day 10; tumor presence is 

confirmed by MRI. Day 17; mice are randomly assigned to receive either conventional radiation 

(RT) (CONV-RT, 15Gy at 2Gy/min), FLASH (15Gy at 90Gy/sec), or no RT (Tumor). Day 21; all 

groups – including a Normal Brainstem cohort - are euthanized for cell isolation, hashtag 

oligonucleotide (HTO) staining, CD45+ sorting, and finally, single-cell RNA sequencing. (b) 

Clustering of 33,308 CD45+ cells reveals 17 unique cell subsets. (c) Cluster proportions making 

up each treatment group when evaluated against the total number of cells collected for that 

specific group. (d) Key marker genes for each cluster. 

 

Figure 2: Localization of treatment groups across microglia clusters. (a) Density of cells from 

each treatment group visualized across microglia (MG) clusters. (b) MG cluster proportions within 

each treatment group, determined as the fraction of MG subtype cells over the total number of 

microglia cells collected for that specific group. (c) Common up- and down-regulated genes 

between independent differential expression analyses of CONV-RT vs Tumor (white) and FLASH 

vs Tumor (green) in MG3 and MG4, plotted by average log2 fold change. (d) REACTOME 

pathway analysis of common upregulated genes between independent differential expression 

analyses of CONV-RT vs Tumor and FLASH vs Tumor in MG3 (pink) and MG4 (turquoise). 

Significance of the pathway analysis is reported using–log2 of the false discovery rate (FDR) and 

the percentage of entities found in the gene list inputted compared to the total number of genes in 

each pathway. 

Figure 3: Characterization of non-resident myeloid clusters and evaluation of treatment 

groups within monocyte population. (a) Heatmap of top marker genes representing monocytes 

(MONO), macrophages (MAC), and dendritic cells (DC). (b) Density of cells coming from each 

treatment group visualized across non-resident myeloid clusters. (c) Non-resident myeloid 

subtype proportions within each treatment group, determined as the fraction of subtype cells over 

the total number of non-resident myeloid cells collected for that specific group. (d) Volcano plot 

denoting differential gene expression between FLASH vs Tumor in the MONO cluster. Gray 

vertical lines indicate average log2 fold change of 0.8 and horizontal gray line indicates adjusted 

p-value <0.05. (e) Single sample gene set enrichment (ssGSEA) analysis of the cells from 

CONV-RT, FLASH and Tumor groups in the MONO cluster using a monocyte-derived 

suppressor-cell (MDSC) gene set (**** = p<0.0001, ns = not significant). 

 

Figure 4: Subanalysis of macrophage and dendritic cell populations. (a) Common up- and 

down-regulated genes between independent differential expression analyses of CONV-RT vs 

Tumor (white) and FLASH vs Tumor (green) in the MAC cluster, plotted by average log2 fold 

change. (b) Volcano plot of the upregulated genes in CONV-RT vs Tumor (left) and FLASH vs 

Tumor (right) in the MAC cluster. Gray vertical lines indicate average log2 fold change of 0.8 

and horizontal gray line indicates adjusted p-value <0.05. (c) Feature plots of the average 

expression of top upregulated genes in CONV-RT vs Tumor (left) and FLASH vs Tumor (right) 

across non-resident myeloid clusters. (d) ssGSEA analysis of MACs from CONV-RT, FLASH 

and Tumor groups using REACTOME interferon alpha/beta (IFN1) gene set (**** = p<0.0001, 

** = p< 0.01). (e) Dot plot of top 20 most upregulated genes in CONV-RT vs Tumor and the two 
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significantly upregulated genes in FLASH vs Tumor (Pid1, Clec4b1) in DCs. (f) ssGSEA 

analysis of DCs from CONV-RT, FLASH and Tumor groups using IFN1 gene set  

(**** = p<0.0001, ns = not significant). 

 

Figure 5: Evaluation of myeloid cells from CSF of human DIPG patients treated with GD2-

CAR T cell therapy. (a) Clustering of 2,257 myeloid cells reveals 7 unique clusters. (b) (Top) 

Feature plot of enrichment scores generated in the human myeloid cells using the top 50 genes 

from the murine MG4 cluster. (Bottom) Violin plot representing these same enrichment scores 

for murine MG4 within each human myeloid cluster. (c) (Top) Feature plot of enrichment scores 

generated in human myeloid cells using the top 50 genes from the murine MONO cluster. 

(Bottom) Violin plot representing these same enrichment scores for murine MONO in each 

human myeloid cluster. (d) (Top) Venn diagram of overlapping genes from murine Tumor-

associated MG signature (left, yellow), murine Tumor-associated non-resident myeloid signature 

(right, violet), and the top 50 genes from human myeloid clusters (center, light pink). (Bottom) 

Dot plot of the expression of these overlapping genes in Tumor and Normal Brainstem in murine 

MG (left, yellow) and murine non-resident myeloid cells (right, violet). (e) (Top) Venn diagram 

of overlapping genes from murine CONV-RT-associated non-resident myeloid signature (left, 

blue), murine FLASH-associated non-resident myeloid signature (right, green), and the top 50 

genes from human myeloid clusters (center, light pink). (Bottom) Dot plot of the expression of 

these overlapping genes in CONV-RT and FLASH groups in murine non-resident myeloid cells. 
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