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Abstract 
 

Glioblastoma Multiforme (GBM) is an aggressive primary brain tumor with a dismal 5-

year survival rate of 5-6%. The GBM tumor immune microenvironment (TIME) is 

composed primarily of tumor associated macrophages and has lower levels of 

lymphocytes (T-cells, B-cells, NK-cells) and other myeloid populations (dendritic cells, 

myeloid-derived suppressor cells). Recent clinical trials of immunotherapeutics in GBM 

have been unsuccessful. Greater strides in understanding the TIME are critical to poise 

current and future immunotherapies for success in GBM. Here, we discovered two 

factors that shape the tumor immune microenvironment in GBM: tumor cell lineage and 

NF1 loss.  

 

To study the role of tumor cell of origin in shaping the immune microenvironment, we 

used two lineage-based models of GBM: a neural stem cell (NSC) driven model Nst-

CreERT2; Nf1fl/+; Trp53fl/fl; Ptenfl/+ and an oligodendrocytic progenitor cell lineage (OPC) 

driven model NG2-CreERT2; Nf1fl/+; Trp53fl/fl; Ptenfl/+. We characterized the tumor immune 

microenvironments of these models and found that OPC-driven GBMs recruited greater 

numbers of tumor-associated macrophages (TAMs) and specifically monocyte-derived 

macrophages (MDMs) in both spontaneous and orthotopic allograft mouse models. 

Given the difference in predominant TAM ontogeny in NSC and OPC driven GBMs, we 

depleted TAMs with a combination of genetic and pharmacologic approaches to 

determine the role of TAMs in tumor progression in these two tumor types. We found 

that TAM depletion did not extend survival in either NPC or OPC driven mouse models 

of GBM. Further, we examined the changes in gene expression between TAM depleted 

and control tumors and found that TAM depleted tumors did not up regulate any 

compensatory pathways to overcome TAM depletion. This suggests that GBMs do not 

depend on the support of TAMs for survival. Overall, we uncover tumor cell-lineage as a 
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driver of MDM recruitment in GBM and show that GBMs progress independent of TAMs 

in both lineage-based models.   

 

NF1 is a common driver mutation of GBM and is mutated in approximately 17% of 

cases. Large scale transcriptomic studies of patient GBM samples have correlated NF1 

loss with increased tumor immune infiltration. Here, we aimed to uncover mechanisms 

by which NF1 loss promotes inflammation in GBM using genetically engineered mouse 

models of NF1 mutant and NF1 WT GBM. We demonstrate that NF1 loss causes 

enhanced immune infiltration in GBM, specifically of lymphocytes and monocytic 

populations. Next, we used CITEseq to dissect the activation states and communication 

networks in the GBM TIME. This revealed that NF1 mutant GBMs have significantly 

increased ligand-receptor mediated crosstalk between the TIME cells compared to NF1 

WT GBMs. Increased cellular crosstalk in NF1 mutant GBMs occurred primarily through 

greater cytokine production and receptor expression by immune cell populations. We 

profile cytokines using targeted proteomics in mouse and human GBMs and show that 

NF1 mutant GBMs have higher levels of NFKB pathway target cytokines. When 

comparing DEGs between NF1 mutant and WT GBM immune cell populations, 

enhanced TNFa signaling through NFKB was is enriched in NF1 mutant GBM, and this 

corresponds with increased nuclear localization of NFKB1 and CEBPB transcription 

factors in NF1 mutant GBM immune cells. In sum, NF1 mutant GBMs recruit greater 

amounts of immune infiltrates through increased secretion of pro-inflammatory 

cytokines mediated by NFKB1 and CEBPB transcription factor activity.  
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Chapter 1 Introduction 

 
Glioblastoma  

Glioblastoma (GBM) is the most commonly occurring malignancy of the central 

nervous system (CNS). GBM is a Grade IV, highly invasive brain tumor that has 

a dismal 5-year survival rate of 5%1, 2. Standard of care includes surgery followed 

by radiotherapy and chemotherapy, with tumor treating fields3. Of over 400 

clinical trials since 2005, encompassing over 32,000 patients, testing many 

therapies, only one Phase III and no Phase III trials have demonstrated success 

for newly diagnosed and recurrent GBM respectively4. Thus, targeted therapies 

so far remain ineffective in GBM5. Overall, the prognosis for GBM patients 

remains bleak, and new therapies are urgently needed.  

 

Cell of Origin 

Several cell populations in the adult human brain serve as candidates for the cell 

of origin for GBM. Subventricular zone (SVZ) neural stem cells (NSCs) and 

oligodendrocyte progenitor lineage cells (OPCs) are both populations present in 

the adult brain that can proliferate throughout life6, 7.  As such, our group and 

others have demonstrated that mouse GBM can arise from SVZ NSCs and 

OPCs8, 9, 10, and that GBMs are far less likely to arise from more differentiated 

cell types11. Additionally, the SVZ region in GBM patients has been shown to 

harbor low level GBM driver mutations that are represented at high levels in the 
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patient tumor, suggesting that human GBMs can also be derived from SVZ 

NSCs12.   

 

Stratification Methods 

Patient disease stratification methods can improve the outcome of clinical trials. 

There have been several strategies proposed to subclassify GBM. In one 

strategy by the TCGA, hundreds of patient GBM samples were bulk RNA- 

sequenced and four transcriptional subtypes, Classical, Mesenchymal, 

Proneural, and Neural were derived by hierarchal clustering13, 14. Later, the 

Neural classification was dropped due to contamination of normal brain tissue in 

these samples15. The three remaining subtypes were correlated with certain 

GBM driver mutations; the Classical, Mesenchymal, and Proneural subtypes 

were correlated with EGFR, NF1, and PDGFRA alterations respectively13, 15. 

Additionally, Mesenchymal tumors were correlated with increased GBM immune 

infiltration15. NF1 loss has previously been shown to play an important role in 

shaping the tumor immune microenvironment in Neurofibromatosis Type 1- 

associated tumors as well16, highlighting the potential role of NF1 in several 

tumor types in promoting tumor immune infiltration and activation. Despite the 

strong correlation between NF1 alterations and enhanced GBM immune 

infiltration, it remains unknown how NF1 loss contributes to enhanced immune 

infiltration.  Although the TCGA classifications have been studied extensively 

preclinically, the clinical relevance remains in question5. 
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Aside from subtyping GBMs based on transcriptomic classifications and driver 

mutations, evidence has demonstrated a role for GBM tumor cell-lineage in 

shaping the molecular and histological features of GBM9, 10. SVZ NSC-derived 

and OPC-derived GBMs have been demonstrated to have distinct therapeutic 

vulnerabilities10, thus providing strong rational to potentially stratify future clinical 

trials by GBM cell lineage.   

 

Tumor Immune Microenvironment  

The GBM tumor immune microenvironment (TIME) is primarily cold: 

characterized by extensive tumor-associated macrophage (TAM) infiltration, and 

to a lesser extent other myeloid populations, T-cells, B-cells, and NK-cells17. The 

function of the TIME in GBM is context dependent; roles for the myeloid and 

lymphoid populations have varied across experimental model systems and 

remain an area of active investigation18.   

 

TAMs can account for up to 40% of the GBM tumor mass and thus have been 

widely studied to further understand their function and potential to be 

therapeutically targeted in GBM19. TAMs have primarily been shown to support 

tumor growth through secretion of cytokines, chemokines and growth factors that 

enhance tumor cell proliferation, invasion, angiogenesis, and suppression of anti-

tumor immune responses20, 21, 22, 23, 24, 25. As such, CSF1R inhibition, which 

targets an important growth/survival pathway in TAMs, has been studied both 

preclinically and clinically in GBM26, 27, 28. In several preclinical studies in PDGFB-
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driven GBM models, CSF1R inhibitor dramatically extended mouse survival26. 

However, population-wide responses were not seen in Phase II studies of 

CSF1R inhibitor in human patients28. More recently, studies have shown that 

treatment with CSF1R inhibitor can hinder survival or have no impact on survival 

in HRas-driven and PDGFRA-driven mouse models of GBM, respectively29. 

These studies highlight the context-dependent roles for TAMs in GBM and 

prompt the need for more studies determining how TAM function varies across 

GBMs.  

 

Recent single cell sequencing studies have highlighted the complexity of TAM 

populations in the tumor immune microenvironment30, 31, 32. One study comparing 

TAM populations using scRNAseq between a mouse model of GBM, and newly 

diagnosed and recurrent human GBM highlighted the heterogeneity of TAM 

populations; they found an interferon-gamma response cluster, a phagocytic/lipid 

metabolism cluster, and a hypoxic cluster, among others30. To dissect the 

function of these TAM populations, they will either need to be depleted to 

examine effects on the microenvironment and tumor progression or sorted from 

the tumor to assess functionality in vitro. Moreover, a recent study identified a 

population of CD169+ macrophages that supported anti-tumor immunity33. 

Further, they showed that depleting this CD169+ TAM population caused 

decreased survival in mice, decreased tumor immune infiltration, and decreased 

pro-inflammatory cytokine secretion33. Overall, the role of TAMs in GBM is 
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complex, and should be studied further in several contexts and model systems to 

enhance the knowledge of the field.  

 

Other myeloid populations have also been shown to be present in the GBM TIME 

including myeloid-derived suppressor cells (MDSCs) and dendritic cells. MDSCs 

have been shown to have a sex-dependent role in GBMs, with depletion of 

granulocytic-derived MDSCs extending survival in female but not male GBM-

bearing mice, again highlighting the context-dependent function of the tumor 

immune microenvironment34. MDSCs are not present in all single cell studies of 

the GBM TIME30, 31, 32, making assessing their functionality challenging. This 

could be due partly to the lack of markers characterizing the population. 

Several dendritic cell populations have been identified in the GBM TIME, 

including conventional dendritic cells, migratory dendritic cells, plasmacytoid 

dendritic cells, and pre-dendritic cells30. They appear to share some 

transcriptional similarity to TAMs in GBM, but their function in the 

microenvironment is still under investigation18. Early studies have shown that 

either increasing conventional dendritic cell recruitment or activation can 

augment immune checkpoint therapies in GBM35. More studies are necessary to 

fully understand the functionality of dendritic cells in the GBM TIME. 

 

CD8 cytotoxic T-cells, CD4 T-helper cells, and regulatory CD4+, FOXP3+ T-cells 

are all present in the GBM tumor immune microenvironment. For the most part, 

CD8 and CD4 T-cells are exhausted and non-functional in the GBM TIME, and 
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regulatory T-cells (T-regs) are immunosuppressive25. Effector T-cells can be 

exhausted by TAMs, tumor cells, and T-regs, and often express markers of 

exhaustion such as PD1, CTLA4, TIM-3 and/or LAG-336. Myeloid cells and tumor 

cells in GBM and in other cancers often express high levels of PDL1, which 

contributes to the exhaustion of T-cells in the TIME36. Additionally, T-cells can 

also be exhausted by tumor and other TIME cells through immune suppressive 

cytokine secretion. Recently, one report demonstrated that myeloid cells in the 

GBM TIME can exhaust T-cells through release of IL-1037. Like many cancers, 

there is a lack of an anti-tumor immune response from T-cells in GBM.  

T-regs primarily function to suppress anti-tumor immunity in GBM. However, 

there is no clear correlation between T-reg abundance and GBM patient survival, 

suggesting that there may be some populations of T-regs that are less 

immunosuppressive than others18, 38. Another possibility is that GBMs do not rely 

on the immunosuppressive ability of T-regs for tumor progression. GBMs that 

have greater proportions of T-regs in their TIME will likely be better candidates 

for T-reg targeting immunotherapies18. Further study of T-reg functionality in the 

GBM TIME is necessary for optimization of T-reg targeting therapies for use in 

GBM.  

 

Mouse Models of GBM 

In the Parada Lab, we use spontaneous and allograft genetically engineered 

mouse models (GEMMs) of GBM with clinically relevant driver mutations and 

differing cells of origin9, 10. In the spontaneous model, tumor suppressor loss is 
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induced in the adult SVZ by tamoxifen induction of Nst-CreERT2; Nf1fl/+; Trp53fl/fl; 

Ptenfl/+ mice to form Type 1 GBM8, 9. Alternatively, tumor suppressor 

recombination is induced in stem cells of the oligodendrocytic lineage by 

tamoxifen induction of NG2-CreERTM; Nf1fl/+; Trp53fl/fl; Ptenfl/+ mice to form Type 2 

GBM9. NF1, TP53, and PTEN represent commonly altered tumor suppressor 

genes in human GBM, and are altered in 18%, 35%, and 38% of tumors 

respectively39. Primary cultures from Type 1 and Type 2 spontaneous tumors can 

be grown in defined serum free medium and orthotopically injected into 

immunocompetent mice, forming tumors that resemble the molecular and 

histological features of spontaneous Type 1 and Type 2 GBM respectively9, 10. 

Primary cells are kept at low passage to reduce the gain of mutations through 

extensive serial passaging. Because spontaneous GBM mice are maintained on 

a mixed background (129/S and C57BL/6), the injection of cultured primary Type 

1 and Type 2 spontaneous GBM cultured cells is an allograft model rather than a 

syngeneic model, and this is a shortcoming of this system9, 10. However, a similar 

allograft system, using spontaneous cultured GBM tumor cells orthotopically 

injected into immunocompetent mice40, was reported to resemble human GBM 

and thereby serve as a relevant model system to study the TIME of GBM41. 

Ultimately, the allograft models presented here have been extensively 

characterized and offer a physiologically relevant system to study the TIME in 

GBM.  
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Several syngeneic models are used to study the tumor immune 

microenvironment of GBM as well. The most used models include the GL261 

model42, the C2TA model43, and the RCAS system44. The GL261 model was 

generated in 1970 by the injection of the chemical carcinogen 

methylcholanthrene into the brains of C57BL/6 mice and was reported to 

histologically resemble ependymoblastomas (rare embryonic brain tumors)42. 

The GL261 model is highly immunogenic due to the artificially high number of 

mutations, with a tumor mutational burden of 4978 mutations compared to 2.7 

mutations in human GBM45. GL261 tumors carry point mutations in K-ras and 

Trp53, and although TP53 is commonly mutated in human GBM, only 1.5% of 

human GBMs have alterations in K-ras (C-Bio portal)39, 46. Consistent with the 

high mutational burden, GL261 tumors have been shown to have greater 

infiltration of CD8+ T-cells than is found in human GBMs47. Not surprisingly, 

given the artificially high mutational burden and large CD8 T-cell infiltration, 

several studies using the GL261 model have shown responses to checkpoint 

blockade therapy45, 48, 49, which did not translate into the clinic50. The GL261 

model has been the single most used model system to study the TIME of GBM, 

and it is unknown whether these findings will translate to the clinic51. Overall, the 

GL261 brain tumor model has several shortcomings, including not histologically 

resembling GBM, derivation by chemical carcinogenesis, high tumor mutational 

burden, the less physiologically relevant point mutation of K-ras, and the 

artificially high infiltration of CD8+ T-cells. Given these shortcomings, the GL261 
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model should not be relied upon for clinically translatable findings regarding the 

GBM TIME.  

 

Similar to the GL261 model, the C2TA model was chemically derived via injection 

of methylcholanthrene into C7BL/6 mice43. C2TA tumors resemble anaplastic 

astrocytomas, and share several high-grade histological features with GBMs, 

such as high cell density, pseudopalisading necrosis, and microvascular 

proliferation51, 52.  Although the data is not readily available, C2TA tumors likely 

have a high mutational burden, similar to GL261 tumors, due to their derivation 

through chemical carcinogenesis and continueous serial passaging51. C2TA 

tumors are deficient in Pten, like many human GBMs. Studies have classified 

C2TA tumors as more immunologically inert than GL261 tumors47. Shortcomings 

of the C2TA model include derivation by chemical carcinogenesis, likely high 

mutational burden, and lack of characterization. Overall, C2TA tumors may 

present a less immunogenic alternative to the GL261 model, however, further 

characterization is required to better understand this model system and its 

physiologic relevance. 

 

The RCAS/tv-a system is another widely used model to study the TIME of 

GBM44. RCAS/tv-a is a somatic gene transfer system: gene transfer is mediated 

by delivering cells expressing RCAS-gene to cells expressing the RCAS 

receptor, tv-a, thus allowing cell-type specific gene transfer44. To model GBM, 

Tv-a expression is driven by the Nestin transgene (Ntv-a), and thereby likely 
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expressed in the SVZ NSCs, but this has not been fully characterized44. Then, 

DF-1 chicken fibroblast cells are engineered to secrete RCAS-PDGFB, and 

injected into the brains of mice44. This model system is used on Cdkn2a germline 

deficient mice (Cdkn2a-/-) to accelerate tumor formation44. The impact of germline 

deletion of Cdkn2a on tumor infiltrating immune cells has not been described. 

This model system was used in several important studies examining the role of 

TAMs in GBM tumor progression and survival26, 27. More recent studies have 

incorporated RCAS-shRNAs to add GBM relevant deletions of tumor 

suppressors such as Nf1 and Trp53 to the tumors, which has allowed the 

modeling of various TCGA GBM subtypes53. The prominent shortcomings of this 

system include the potential inflammatory effects of delivering chicken fibroblasts 

to the brain and unknown impact of germline deletion of Cdkn2a on TIME cells. 

Overall, our spontaneous and allograft GBM models have the fewest 

shortcomings and represent the most physiologically relevant system to study the 

tumor immune microenvironment of GBM.  

 

Immunotherapy in GBM 

In the last decade, immunotherapy has become a main stay in cancer treatment, 

and has been incredibly successful in certain tumor types18. One of the most 

successful therapies thus far is checkpoint blockade therapy. These therapies 

work by interfering with the T-cell immune checkpoints: PD1 and CTLA454. 

Therapies targeting other immune checkpoints are also under development. 

Antibodies bind either PD1 (Nivolumab and Pembrolizumab), PDL1 
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(Atezolizumab and Avelumab), or CTLA4 (Ipilimumab and Tremelimumab) to 

prevent CD8 T-cells from being exhausted via immune checkpoint binding by 

tumor cells and immune-suppressive myeloid cells among others54. 

Unfortunately, Checkpoint blockade therapy using PD1 inhibitor Nivolumab failed 

to produce population-wide responses in both newly diagnosed50 and recurrent 

GBM55.  No relevant patient segmentation was used in either of these trials, 

aside from MGMT methylation status, which to my knowledge, has not been 

shown preclinically to influence GBM response to immunotherapy.  

 

Aside from checkpoint blockade therapy, CSF1R inhibition has been tested in 

Phase II clinical trials for GBM28, due to promising preclinical studies26, 27. 

Unfortunately, this also did not produce population-wide responses28. Again, no 

relevant patient segmentation strategy was employed.    

 

Despite many failures of immunotherapies in GBM, there has been recent 

success with oncolytic viral therapy56, and dendritic cell vaccines57. In a clinical 

trial of oncolytic herpes virus G47æ, the median overall survival (OS) and 

progression free survival (PFS) was 20.2 months and 4.7 months, compared to 

historic controls of standard of care of 5.0 months and 1.8 months56. Some 

shortcomings of this study include a small N (19 patients), and lack of a control 

study arm and patient segmentation56. In the Phase III study of autologous tumor 

lysate-loaded dendritic cell vaccines, newly diagnosed GBM patients treated with 

vaccines had an OS of 19.3 months since randomization, and externally matched 
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controls had an OS of 16.4 months since randomization57. For recurrent GBM, 

vaccine treated patients and externally matched controls has an OS of 13.2 

months and 7.8 months since relapse respectively57. A limitation of this study 

includes use of externally matched controls without patient level data for optimal 

comparison57. Despite the limitations, both studies are exciting for the future of 

immunotherapy in GBM.  

 

As discussed above, the TIME of GBM is cold, making it less likely for GBMs to 

respond to certain immunotherapies that work better in ñhotò tumors containing T-

cell infiltration and elevated immune activity. Several studies have investigated 

potential strategies to make GBM tumors hot. For example, a recent report 

proposes that the cold nature of GBM tumors may have to do with the lack of 

draining of tumor antigens to the cervical draining lymph nodes58. They showed 

that treatment with VEGF-C endows greater priming and infiltration of CD8 T-

cells, and enhanced survival of mice bearing GBMs alone or in combination with 

checkpoint inhibitor therapy58. Another strategy that has been effective 

preclinically is engineering oncolytic viral therapies to express and secrete a 

cetuximab-CCL5 fusion protein for the targeted delivery of pro-inflammatory 

CCL5 cytokine59. This treatment enhanced the infiltration and activation of 

several immune populations, inhibited EGFR signaling, and offered a survival 

improvement compared to oncolytic viral therapy alone59. In another study, 

administration of antibody conjugated TNFa was safe and increased CD4 and 

CD8 T-cell infiltration in GBM patients in a Phase 1 study60. Recent clinical trial 
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successes of oncolytic viral therapy and dendritic cell vaccines, along with 

improved strategies to make GBMs hot, offer exciting possibilities for the future of 

immunotherapies in GBM.  

 

Expanding Patient Stratification Strategies 

Thus far, the use of patient segmentation strategies in Glioblastoma 

immunotherapy clinical trials has been lacking. To maximize the potential of 

immunotherapies in GBM, it is important to examine biomarkers that could 

predict patient response to treatments. Here, we examined the impact of 

glioblastoma cell lineage and NF1 loss on shaping the tumor immune 

microenvironment. We have shown previously that glioblastoma cell lineage can 

impact the molecular and histological features of the tumor, and response to 

targeted therapies10. Therefore, it is logical to investigate if cell lineage can also 

influence the composition of the TIME and response to microenvironment 

targeting therapies. Several studies have reported the correlation between NF1 

loss and increased immune infiltration in GBM15, 61. Thus, we seek to understand 

potential mechanisms by which NF1 loss shapes the tumor immune 

microenvironment. Overall, we aim to gain a better basic understanding of the 

GBM TIME and to propose potential patient segmentation strategies for GBM 

clinical trials. 
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Chapter 2 Tumor progression is independent of tumor-
associated macrophages in cell-lineage based mouse 

models of glioblastoma 
 

Abstract 

Macrophage targeting therapies have had limited clinical success in glioblastoma 

(GBM). Further understanding the GBM immune microenvironment is critical for 

refining immunotherapeutic approaches. Here, we use genetically engineered 

mouse models and orthotopic transplantation-based GBM models with identical 

driver mutations and unique cells of origin to examine the role of tumor cell 

lineage in shaping the immune microenvironment and response to tumor-

associated macrophage (TAM) depletion therapy. We show that oligodendrocyte 

progenitor cell lineage-associated GBMs (Type 2) recruit more immune infiltrates 

and specifically monocyte-derived macrophages than subventricular zone neural 

stem cell-associated GBMs (Type 1). We then devise a TAM depletion system 

that offers a uniquely robust and sustained TAM depletion. We find that extensive 

TAM depletion in these cell lineage-based GBM models affords no survival 

benefit. Despite the lack of survival benefit of TAM depletion, we show that Type 

1 and Type 2 GBMs have unique molecular responses to TAM depletion. In sum, 

we demonstrate that GBM cell lineage influences TAM ontogeny and abundance, 

and molecular response to TAM depletion.  

 

Introduction 

Glioblastoma Multiforme (GBM) is an aggressive primary brain tumor with a 

dismal five-year survival rate of five percent1. Standard of care therapy is surgery 
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followed by radiation and chemotherapy with tumor treating fields3. Given that 

TAMs can constitute up to forty percent of live cells in GBM, itôs logical to 

examine their functions in tumor development and progression to assess their 

value as possible therapeutic targets17.  

 

In GBM, TAMs are composed of both tissue resident microglia and monocyte-

derived macrophages (MDMs) infiltrating from the periphery19. TAMs have been 

reported to exhibit pro-tumorigenic functions, including promoting angiogenesis, 

secreting tumor supportive growth factors, and suppressing anti-tumor 

immunity20, 21, 22, 23. However, recent single-cell RNA sequencing studies have 

highlighted the heterogeneity of TAM populations in GBM30, 31, 32, and certain 

subpopulations have been reported to support anti-tumor immunity33. Overall, the 

role of TAMs in GBM is complex62 and incompletely understood.   

 

Because TAMs rely on CSF1-CSF1R signaling for proliferation and survival, several 

studies have tested the effect of CSF1R inhibition on GBM survival. Targeting TAMs 

with CSF1R inhibitor was reported as highly effective in RCAS PDGFB-driven models 

of GBM26, 27. However, despite promising preclinical studies, CSF1R inhibitor therapy 

did not show population-wide success in GBM clinical trials28. In this clinical trial28, 

two patients showed an extended progression free survival, suggesting that subsets 

of GBM may indeed respond to CSF1R therapy. More recently, CSF1R inhibitor 

therapy was tested in several mouse models of GBM with differing driver mutations; 

success was again seen in PDGFRB-driven GBM, but not in H-Ras or PDGFA-driven 
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models29. These studies highlight the diversity of models, and that a more basic 

understanding of the GBM tumor immune microenvironment as well as more 

cohesive preclinical data are needed. 

 

Here, we explore GBM cell lineage association as a potential patient 

segmentation strategy for TAM targeted therapy using mouse models harboring 

identical and physiologically relevant driver mutations (Nf1, Trp53, and Pten) with 

unique cells of origin10. We show that while both tumor types exhibit immune 

infiltration, oligodendrocyte progenitor cell (OPC) lineage-derived GBMs recruit 

significantly greater numbers of MDMs compared to subventricular zone (SVZ) 

neural stem cell (NSC) derived GBMs. To examine the role of TAMs in tumor 

development and progression, we combine a genetic and pharmacologic 

approach to achieve effective and sustained TAM depletion beyond the effects of 

CSF1R inhibitor therapy alone. Acute and chronic TAM depletion in our lineage-

based models of GBM show no significant modulation of tumor initiation, 

progression, or survival extension. 

 

Results 

Cell of origin impacts immune microenvironment. 

To investigate the impact of cell of origin on the tumor immune microenvironment 

in GBM, we used two experimental systems: spontaneous genetic models and  

allograft models. In the spontaneous model, tumor suppressor loss is induced in 

the adult SVZ by tamoxifen induction of Nst-CreERT2; Nf1fl/+; Trp53fl/fl; Ptenfl/+ 
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mice to form Type 1 GBM9.  Alternatively, tumor suppressor recombination is 

induced in progenitor cells of the oligodendrocytic lineage by tamoxifen induction 

of NG2-CreERTM; Nf1fl/+; Trp53fl/fl; Ptenfl/+ mice to form Type 2 GBM9 (Figure 2-

1A). Primary cultures from the Type 1 and Type 2 tumors can be grown in 

defined serum free medium and orthotopically injected into immunocompetent 

mice9 (Figure 2-2A). These models have been extensively characterized10 and 

offer a physiologically relevant and immunocompetent system to study the tumor 

immune microenvironment.  

 

TAM morphology and quantity was assessed in the spontaneous tumor cores 

using immunohistochemical staining with IBA1 antibody. Type 1 (SVZ) tumors 

exhibited fewer TAMs albeit with a greater number of processes than Type 2 

(oligodendrocyte lineage) GBM TAMs (Figure 2-1B, C). MDMs are known to 

have fewer processes compared to resident microglia63, thus suggesting that 

Type 2 GBMs have greater MDM infiltration. We also examined the TAM 

composition in orthotopically transplanted tumors and found similar results as the 

spontaneous tumors with greater number of TAMs in the oligodendrocyte lineage 

associated (Type 2) tumors (Figure 2-2B). To assess the ontogeny and spatial 

distribution of TAMs in spontaneous Type 1 and Type 2 GBMs, CD44, a marker 

of MDMs30, was used in conjunction with IBA1. We observed a significant 

increase in IBA1+, CD44+ cells in the tumor core and IBA1, CD44- cells in the 

parenchyma of Type 2 GBMs, consistent with our observations on the 

morphology difference of Type 1 and Type 2 GBM TAMs (Figure 2-2C). Overall, 
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the majority of MDMs are in the tumor cores of Type 1 and Type 2 GBMs, while 

microglia are present in the tumor core, border, and brain parenchyma, likely 

reflecting preferential tumor entry zones with MDMs entering via neoangiogenic 

vessels (Figure 2-2C). To assess TAM ontogeny and spatial distribution in Type 

1 and Type 2 transplanted GBMs, lineage tracing was employed using Cx3cr1-

CreER-Ires-Yfp; Lsl-Tdt mice. Microglia retain Tdt positivity over time and were 

quantified as Tdt+, IBA1+ cells, while MDMs loose Tdt positivity over time, and 

were thus quantified as Tdt-, IBA1+ cells. Again, Type 2 GBMs had significantly 

greater amounts of IBA1+, Tdt- MDMs in the tumor core (Figure 2-2D). The 

spatial distribution of TAMs mirrored that seen in spontaneous GBMs, as the 

majority of MDMs are localized to the tumor core, while microglia are distributed 

throughout the tumor core, border, and brain parenchyma (Figure 2-2D).   

 

To further characterize the microenvironments of spontaneous Type 1 and Type 2 

GBM, multi-color flow cytometry was used to quantify myeloid and lymphoid 

populations (Figure 2-3A). Type 2 GBM showed significantly higher levels of CD45+ 

immune infiltrates, characterized by increased levels of MDMs, microglia, monocytes, 

and neutrophils (Figure 2-1D). Increased levels of MDMs were verified using an 

independent MDM marker, CD49D64 (Figure 2-1D).  In contrast, relative lymphoid cell 

levels were not significantly different between Type 1 and Type 2 tumors (Figure 2-

3B).  We next examined transplanted tumors and found similar immune 

microenvironment composition with Type 2 tumors exhibiting higher levels of MDMs 

and neutrophils and trending higher levels of monocytes and microglia (Figure 2-2E). 
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Again, increased levels of MDMs were verified with the independent MDM marker, 

CD49D64 (Figure 2-2E). We note that although the TAM trends in spontaneous 

tumors are mirrored in transplanted tumors, we do see a higher recruitment of MDMs 

and almost all peripherally derived immune cell types in transplanted tumors. This is 

likely due to the higher growth rate of transplanted tumors (~6-8 weeks for 

transplanted tumors compared to ~6-12 months for spontaneous tumors) and was 

also seen in another report comparing the immune infiltration of transplanted vs. 

spontaneous GBM mouse tumors41. In aggregate, these data indicate that in the 

context of identical driver mutations, cell of origin and lineage influence the 

microenvironment composition wherein Type 2 GBMs recruit more TAMs, and 

particularly MDMs, than Type 1 tumors.   

 

Having previously identified cohorts of Type 1 and Type 2 GBM in the TCGA 

GBM data repository, we probed these datasets for expression of TAM-

associated genes10, 13, 14. We found, consistent with the mouse modeling data, 

that expression of the pan-TAM marker gene AIF1, pan-immune infiltrate marker 

PTPRC, and MDM marker genes, ITGA4 and ITGAL64, were significantly higher 

in human Type II tumor data (Figure 2-1E). This suggests that human Type II 

GBMs have more total immune infiltration and specifically derived from MDMs 

than human Type I GBMs.  Additionally, SALL1, a microglial marker gene65, was 

significantly higher in Type I human tumors (Figure 2-1E). Overall, these 

analyses demonstrate that oligodendrocyte lineage-associated GBMs contain 
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substantially greater MDM numbers in both mouse human Type II GBM. 

  

 
 
 

Figure 2-1 Cell of origin influences TAM ontogeny in spontaneous GEMMs of 
GBM. 

(A) Schematic illustrating the spontaneous GEMMs used to examine the impact of GBM 
cell of origin on the tumor immune microenvironment. (B) IF images and quantification of 
the total TAMs in Type 1 and Type 2 spontaneous GBMs (N= 6 Type 1, 4 Type 2 
tumors, data represented as mean with SEM, p= 0.0379, unpaired t-test, each dot 
represents one FOV) and the average number of processes per TAM cell per tumor 
(N=3 Type 1, 5 Type 2, data represented as mean with SEM, p= 0.0007, unpaired t-test, 
each dot represents one mouse). (C) Multi-color flow cytometry measuring the levels of 
all immune infiltrates (p=0.0006), MDMs (p=0.0017 CD45hi, CD11B+, p=0.0082 CD45+, 
CD11B+, CD49D+), Microglia (p=0.0086), Neutrophils, and Monocytes (p=0.0489), data 
represented as mean with SEM, unpaired T-test, each dot represents one mouse. (D) 
mRNA expression levels of pan-TAM (AIF1), MDM-associated (ITGA4, ITGAL), pan-
immune (PTPRC), and microglia-associated (SALL1) genes in Type 1 and Type 2 
subtyped human TCGA GBM samples. 
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Figure 2-2 Cell of origin influences TAM ontogeny in transplantation-based mouse 
models of GBM 

A) Schematic illustrating the orthotopic, transplanted mouse model used to examine the 
impact of GBM cell of origin on the tumor immune microenvironment. (B) IF staining 
quantification of the total TAMs in Type 1 and Type 2 transplanted GBMs, N= 4 Type 1, 
5 Type 2, data represented as mean with SEM, 5 FOV per sample, p=0.0013, unpaired 
t-test. (C) Multi-color flow cytometry measuring the levels of total immune infiltrates 
(p=0.038), MDMs (p=0.043 CD45hi, CD11B+, p=0.023 CD45+, CD11B+, CD49D+), 
Microglia, Monocytes, Neutrophils (p=0.0022) and lymphoid cell populations in Type 1 
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vs. Type 2 transplanted GBMs, data represented as mean with SEM, unpaired t-test, 
each dot represents one mouse. 
 
 
 
 
 

 

Figure 2-3 Gating strategy and lymphoid populations in spontaneous GBM 

(A) Gating strategy used for all flow cytometry. (B) Levels of lymphoid populations in 
spontaneous Type 1 and Type 2 GBMs, data represented as mean with SEM, unpaired 
T-test, each dot represents one mouse. 

 

Transcriptional TAM cohesion in transplanted and spontaneous GBM. 

To determine the transcriptional states of TAMs in spontaneous and transplanted 

GBM, we performed bulk RNA-sequencing on sorted MDMs (Ly6C-, Ly6G-, 

CD45hi, CD11B+) and microglia (Ly6C-, Ly6G-, CD45lo, CD11B+). Tumors were 
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dissociated on ice prior to sorting to avoid acute transcriptome modifications 

(Figure 2-4A)66. Samples underwent principal component analysis and the data 

revealed that the most significant driver of TAM transcriptional grouping was 

ontogeny (MDM vs. Microglia) and not whether the tumors arose spontaneously 

or were subjected to allograft transplantation17, 64 (Figure 2-4B). Consequently, 

levels of genes known to mark MDMs (Itga4, Cd44, Itgal)30, 64 and microglia 

(Tmem119, Sall1, Cx3cr1, P2ry12)65, 67 were elevated in their respective samples 

(Figure 2-4C). We noted 4,199 differentially expressed genes between all MDM 

vs. all microglia samples (Padj < 0.05, LFC >1.5 or LFC < -1.5), with 1,728 

enriched in microglia and 2,471 enriched in MDMs (Figure 2-4D, Supplementary 

Dataset 1). Genes enriched in microglia were associated with gene ontology 

terms for neurological processes and angiogenesis, while genes enriched in 

MDMs were associated with cell adhesion, antigen presentation, and lymphocyte 

activation, consistent with previous reports17, 68. We also examined the influence 

of cell of origin on TAM transcriptome and found no appreciable differences (data 

not shown). Thus, because TAMs in spontaneous and orthotopically transplanted 

GBMs are transcriptionally similar, we moved forward with the orthotopic 

transplantation model to examine the role of TAMs in tumor progression.   
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Figure 2-4 TAMs from spontaneous and transplanted GBMs are transcriptionally 
similar. 

(A) Schematic demonstrating the dissociation and sorting method for bulk RNAseq of 
MDMs and Microglia from normal brains, Type 1 spontaneous tumors, Type 1 
transplanted tumors, Type 2 spontaneous tumors, and Type 2 transplanted tumors. (B) 



 25 

PCA plot showing all TAM samples, as well as their ontogeny and associated model. (C) 
Gene expression of common microglia markers (P2RY12, TMEM119, SALL1, CX3CR1) 
and MDM markers (ITGA4, CD44, ITGAL) in all MDM and microglia TAM samples. (D) 
Volcano plot showing DEGs when comparing all microglia TAM samples vs. all MDM 
TAM samples (padj<0.05, LFC>1.5 or <-1.5). Plots showing GO biological processes 
enriched in MDMs (E) and Microglia (F).  

 
 

A robust TAM depletion system. 

To investigate the potential role of TAMs in GBM development, we evaluated 

different strategies for effective TAM depletion. We first employed a TAM-specific 

promoter Cx3cr1-CreERT2; Ires-Eyfp transgene to drive homologous 

recombination69 of a Cre dependent diphtheria toxin receptor (R26-Lsl-iDTR) and 

Td-Tomato reporter (R26-Lsl-Tdt) cassettes thus permitting TAM visualization 

and rendering them diphtheria toxin (DT) sensitive. Tamoxifen dosing was 

optimized for high iDTR recombination efficiency and approximately 90-95% 

recombination was achieved with two doses given 24 hours apart (Figure 2-6A, 

B). We next treated non-tumor bearing mice with three initial DT doses, 24 hours 

apart, and continued dosing every three days thereafter for two weeks to 

maintain TAM depletion. TAM depletion was effective for up to 72 hours after the 

initial DT doses; however, the maintenance regimen was unsuccessful as we 

observed rapid repopulation by DTR non-expressing TAMs (Figure 2-6C). This 

effect of rapid TAM repopulation was likely due to Cre recombination inefficiency 

that allowed a few remaining iDTR- microglia to mediate reconstitution. To 

improve maintenance of TAM depletion, the mice were placed on CSF1R 

inhibitor (PLX5622; CSF1Ri) containing chow following the initial three doses of 

DT (Figure 2-6D). This combined TAM targeting approach resulted in robust 

microglia depletion in normal brains (87% cortex depletion after 1 week of 
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treatment, 86% after two weeks of treatment) and worked better than CSF1R 

inhibition alone, particularly in the first week of treatment (66% cortex depletion 

after 1 week, 81% cortex depletion after 2 weeks) (Figure 2-5A, B). The 

combined depletion strategy in Type 1 and Type 2 GBMs also achieved 

significant depletion of total TAMs (~84% in Type 1, ~97% in Type 2) and 

depletion of monocytes, with no evident changes neutrophil levels, or significant 

impact on the lymphoid compartment (Figure 2-5C, Figure 2-6E). In sum, our 

TAM depletion system has greater efficacy and sustainability than previously 

reported strategies26, 29, 30, 70. 

 

Figure 2-5 Combination of a genetic and pharmacologic system robustly depletes 
TAMs. 

(A) Representative IF images of TAM depleted vs. Control brains. (B) Box and whisker 
plot comparing TAM depletion strategies (N=2 mice per group, 3 images quantified per 
mouse per brain region, middle line displays median value, whiskers display min and 
max values). Comparing the median values for the Cortex region gives the following 
TAM depletion percentages by treatment; 66% (CSF1R only 1 week), 81% (CSF1R only 

2 weeks), 87% (DT+CSF1R 1 week), 86% (DT+CSF1R 2 weeks). All p-values with 4 
stars indicate p<0.0001. Other p-values for comparisons are Cortex 1 week 
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DT+PLX5622 vs. PLX5622 only (p=0.041), Cortex 2 weeks DT+PLX5622 vs. 
PLX5622 only (p=0.016), Thalamus 1 week DT+PLX5622 vs. PLX5622 only 
(p=0.023), Thalamus 2 weeks DT+PLX5622 vs. PLX5622 only (p=0.019), 
Cerebellum 1 week DT+PLX5622 vs. PLX5622 only (p=0.05), Cerebellum 2 
weeks DT+PLX5622 vs. PLX5622 only (p=0.0015), Cortex 1 week control vs. 
PLX5622 only (p=0.0037), Medulla 1 week control vs. PLX5622 only (p=0.0014), 
and Cerebellum 1 week control vs. DT+PLX5622 (p=0.0002). (C) Multi-color flow 
cytometry levels of Total TAMs (Type 1 p=0.0056, Type 2 p=0.02), Monocytes, and 
Neutrophils in control vs TAM depleted Type 1 and Type 2 GBMs, data represented as 
mean with SEM, unpaired t-test, each dot represents one mouse. TAM depletion 
percentage was estimated by comparing the percentages of total TAMs between TAM 
depleted and control samples (84% for Type 1, 97% for Type 2). 
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Figure 2-6 Generating a TAM depletion system. 

(A) Images showing Tdt and iDTR IF staining 48 hours after 2x doses of tamoxifen (B) 
Quantification of iDTR recombination efficiency from one vs. two doses of tamoxifen, 
data represented as mean with SEM, N= 2 mice per group, 6 FOVs per mouse, p=0.012, 
unpaired t-test. Each dot represents one FOV. (C) IF staining images and quantification 
showing TdT and iDTR 24 hours after the last initial DT dose, 72 hours after the last DT 
initial dose, and 24 hours after the last DT maintenance dose (N= 4 mice in control 
group, 2 mice per treatment group, 3 images per mouse, p=0.0015, p<0.0001, 
p<0.0001, unpaired t-test). Each dot represents one FOV. (D) Schematic of TAM 
depletion strategy for transplanted Type 1 and Type 2 GBMs. (E) Multi-color flow 
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cytometry measuring levels of lymphoid populations in TAM depleted Type 1 and Type 2 
GBMs vs. controls, data represented as mean with SEM, unpaired t-test, each dot 
represents one mouse. 

 
 

TAM depletion does not extend survival. 

Following TAM depletion in Type 1 and Type 2 GBM we examined tumor 

progression (Figure 2-6D). In a first set of experiments, TAM depletion was 

initiated approximately 3-4 weeks after tumor implantation allowing for GBM 

establishment. We observed no effects, either acceleration or delay, in survival of 

either Type 1 or Type 2 GBM models (Figure 2-7A, B). Additionally, TAM 

depletion did not impact tumor cell proliferation, as measured by phospho-

histone H3 (PH3) and Ki67 staining (Figure 2-7C; Figure2-8A); or tumor histology 

(Figure2-8B, C). To examine the impact of TAM depletion on early stages of 

tumor initiation, TAM depletion was implemented in Type 2 tumors 1 week after 

tumor implantation. This protocol also failed to modify tumor bearing mouse 

survival (Figure 2-7D). These results are consistent with recent reports that Ras-

driven GBMs do not respond to TAM depletion therapy29.  

 

We also employed our TAM depletion strategy on a Ras-independent GBM 

model using a primary tumor line generated from a spontaneous GBM mouse 

with the genetic configuration: Nst-CreERT2; Qkfl/fl; Trp53fl/fl; Ptenfl/fl 40, 41. TAM 

depletion was also unsuccessful in extending mouse survival in NF1 sufficient 

GBM (Figure 2-7E).  Taken together, our data indicate that in a setting where we 

maximally deplete TAMs, either early in tumor initiation or during progression, 

tumor development remains unimpeded. 
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Figure 2-7 TAM depletion does not extend survival in Type 1 and Type 2 GBM. 

Kaplan-Meier survival curves of TAM depleted vs. control (treatments initiated 3-4 weeks 
after tumor implantation) Type 1 (DT+PLX5622 N=11, Control N=14) (A) and Type 2 
(DT+PLX5622 N=10, Control N=14) (B) GBM mice, significance calculated with Mantel-
Cox test. (C) Phospho-histone H3 IF staining images and quantification of TAM depleted 
and control GBMs, data represented as mean with SEM, N= 5 control mice, 5 TAM 
depleted mice, unpaired t-test, symbols represent %PH3+ events per dapi+ event for 
each FOV (5 FOV per mouse). (D) Kaplan-Meier survival curve of TAM depleted vs. 
control (treatments initiated 1 week after tumor implantation) Type 2 (DT+PLX5622 N=8, 
Control N=8) GBM mice, significance calculated with Mantel-Cox test. (E) Kaplan-Meier 
survival curve of TAM depleted vs. control (initiated 3-4 weeks after tumor implantation) 
NF1 sufficient (DT+PLX5622 N=6, Control N=6) GBM mice, significance calculated with 
Mantel-Cox test. 
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Figure 2-8 Histology of Type 1 and Type 2 control and TAM-depleted tumors. 

(A) Quantification and images of Ki67 IF staining (N= 3 control, 3 TAM depleted tumors, 
3 FOV per mouse). Whole brain and 4x images of H&E stains of Type 1 (B) and Type 2 
(B) control and TAM depleted tumors.  

 

 

Type 1 and Type 2 GBMs have distinct molecular responses to TAM 

depletion 

To understand how TAM depletion impacted the GBM transcriptome, we 

performed bulk RNA sequencing of Type 1 and Type 2 TAM depleted vs. control 

GBM bulk tumor tissue. All samples were analyzed by principal component 

analysis and as illustrated by PCA plot, Type 1 and Type 2 GBMs still group 

separately on the plot, regardless of TAM depletion status (Figure 2-10A). We 

found 1,185 differentially expressed genes between all TAM depleted vs. control 

GBMs (Padj < 0.05, LFC >1.5 or LFC < -1.5). 272 genes were enriched in TAM 

depleted GBM transcriptomes while the remaining 913 DEGs were decreased 
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(Figure 2-10B, Supplementary Dataset 2). The transcriptionally decreased genes 

were primarily immune related, consistent with depletion of TAMs, and pathways 

such as Hallmark Interferon Alpha Response and Hallmark Interferon Gamma 

Response were significantly reduced (Figure 2-10C-E, Supplementary Dataset 

2). Examining the transcriptionally increased genes revealed the enrichment of 

pathways related to tumor growth, such as Hallmark Hedgehog signaling and 

Hallmark Mitotic Spindle, consistent with previous reports29 (Figure 2-10D, F).  

 

Next, we analyzed the Type 1 and Type 2 samples separately for their 

transcriptional response to TAM depletion. When analyzed independently, TAM 

depleted samples separated from control samples in both Type 1 and Type 2 

GBMs (Figure 2-9A, B). 192 genes were enriched and 3756 genes decreased in 

Type 1 TAM depleted GBMs, and 843 genes were enriched and 311 genes 

decreased in Type 2 TAM depleted GBMs (Padj < 0.05, LFC >1.5 or LFC < -1.5) 

(Figure 2-9C, D, Supplementary Dataset 2). We performed GSEA and found that 

Type 1 GBMs up regulated more pro-growth-related pathways than Type 2 

GBMs, while Type 2 GBMs only significantly up-regulated Hallmark Oxidative 

Phosphorylation (Figure 2-9E, F). Type 2 GBMs had more immune related 

hallmark pathways significantly decreased compared to Type 1 GBMs, consistent 

with Type 2 GBMs having a greater immune component than Type 1 GBMs 

(Figure 2-9E, F). Overall, this analysis suggests that while there was no survival 

benefit afforded to either Type 1 or Type 2 TAM depleted GBMs, Type 1 and 

Type 2 GBMs responded differently to TAM depletion. 
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Figure 2-9 Type 1 and Type 2 GBMs have distinct molecular responses to TAM 
depletion therapy 

(A) PCA plot showing Type 1 TAM depleted vs. control samples. (B) PCA plot showing 
Type 2 TAM depleted vs. control samples. (C) Volcano plot showing the DEGs when 
comparing Type 1 TAM depleted vs. all control tumors (padj<0.05, LFC>1.5 or <-1.5). 
(D) Volcano plot showing the DEGs when comparing Type 2 TAM depleted vs. all 
control tumors (padj<0.05, LFC>1.5 or <-1.5). (E) Hallmark pathway GSEA of Type 1 
TAM depleted vs. control tumors. Select enrichment plots for Mitotic Spindle and 
Inflammatory Response shown. (F) Hallmark pathway GSEA of Type 2 TAM depleted 
vs. control tumors. Select enrichment plots for Oxidative Phosphorylation and Interferon 
Gamma Response shown. 
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Figure 2-10 RNAseq analysis between all TAM depleted and control tumors 

(A) PCA plot showing all Type 1 and Type 2 TAM depleted vs. control samples with 
colors and symbols showing the treatment condition and tumor type respectively. (B) 
Volcano plot showing the DEGs when comparing all TAM depleted vs. all control tumors 
(padj<0.05, LFC>1.5 or <-1.5.) (C) GO Plot showing the top 15 significantly enriched 
biological process GO terms in the genes decreased in TAM depleted tumors. (D) GSEA 
of hallmark pathways in TAM depleted vs. control tumors. (E) GSEA enrichment plots of 
Interferon Alpha Response and Interferon Gamma Response hallmark pathways in TAM 
depleted vs. Control GBMs. (F) GSEA enrichment plots of Mitotic Spindle and Hedgehog 
Signaling hallmark pathways in TAM depleted vs. Control GBMs.  
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Discussion 

The tumor microenvironment has diverse influences on tumor development and 

progression in many cancers71. In particular, promising therapeutic advances 

have been achieved by the successful harnessing of the anti-tumor capabilities of 

the immune system. In GBM, immunotherapy clinical trials have not been 

successful28, 50, 55. It is noteworthy that such trials are all encompassing and did 

not attempt patient stratification based on mutational status, burden, or the 

composition of the tumor microenvironment. Thus, in some instances treatment 

failure may be partially explained by a cold tumor immune microenvironment. Our 

results suggest that a better understanding of the tumor immune 

microenvironment and attention to patient stratification based on the immune 

infiltration state may poise current and future immunotherapies for success in 

GBM. 

 

Here, we investigated GBM cell of origin (or transcriptional lineage association) as a 

potential stratification. GEMMs that developed spontaneous GBM by initiation in SVZ 

stem cells or oligodendrocytic progenitor cells gave rise to GBM with distinguishable 

molecular and histological features10. We found that these distinguishing features 

extend beyond tumor cells to the tumor immune microenvironment.  We identified 

marked differences in TAM ontogeny, with oligodendrocytic-derived Type 2 GBM 

exhibiting substantially greater recruitment of peripherally derived MDMs, while Type 

1 GBM primarily recruited resident microglia. We further extended these findings from 

spontaneous GEMMs to orthotopic transplantation models and finally in human 
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patients using the Type I and Type II subtyped samples in the TCGA dataset10. 

These results could have implications for immunotherapy approaches which may 

have more favorable outcomes if confined to the more MDM-rich Type II tumors.  

 

A central question addressed in this study was to evaluation of the extent of TAM 

contribution to tumor development and progression as previous GBM mouse model 

studies have reported contrasting results and employed models of varying 

relatedness to stereotypic mutations found in GBM26, 29, 30, 70. Using the GBM relevant 

mutations at the Nf1, Trp53 and Pten loci to generate GBM in two separate cells of 

origin, for each tumor type we compared TAM transcriptomes isolated from 

spontaneous versus allografted tumors. The results demonstrated that TAM 

transcriptional differences were driven primarily by ontogeny and not by model type.  

Thus, the orthotopic transplantation models can be considered physiologically 

relevant models for TAM studies.  

 

We initiated studies for in vivo TAM depletion using two previously described 

methods: diphtheria toxin mediated ablation69, 72 and CSF1R receptor inhibition26. We 

found that either method alone had limitations. Diphtheria toxin receptor expression, 

activated by Cre mediated recombination of the silenced floxed allele in TAMs results 

in rapid depletion to >85% levels by 24 hours. However, within 72 hours, we 

observed robust TAM repopulation by microglia that were not expressing the 

CX3CR1 driven Cre recombinase iDTR transgene. The result was complete 

repopulation of a DT resistant microglial population within one week and thus only 
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provided transitory TAM depletion. The alternative approach of CSF1R inhibition 

provided different outcomes. Constant exposure to the CSF1R inhibitor in the mouse 

chow afforded more effective chronic TAM reduction but took one week to reach 

maximal depletion levels of ~80%. We therefore adapted a combined protocol in 

which mice were fed CSF1R inhibitor chow after exposure to DT.  This combined 

approach allowed us to achieve immediate and sustained TAM depletion to around 

85-95% over the course of our experiments.   

 

Our data indicate Type 1 and Type 2 GBM does not depend on the tumor supportive 

functions of TAMs for growth and survival. We did not observe significant tumor 

specific gene expression changes in TAM depleted Type 1 and Type 2 tumors that 

would suggest compensatory gene activation or repression as an explanation for 

mechanism to overcome the absence of TAMs. Additionally, there is no initial 

response to TAM depletion treatment that suggests the requirement of tumor 

adaptation for continued progression. Thus, to the extent that TAMs may have many 

tumor-supportive functions, they are not essential and GBM can easily adapt to their 

absence.  

 

As our tumor models have an Nf1 deletion, this adds to previous observations made 

in an H-Ras driven model of GBM that are inherently nonresponsive to TAM 

depletion29. Here, we also performed DT plus CSF1R inhibitor mediated TAM 

depletion in a GBM model system that lacks an Nf1 mutation (Nst-CreERT2; Qkfl/fl; 

Trp53fl/fl; Ptenfl/fl)40, and tumors progressed equivalently in the absence of TAMs. 
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Taken together, these results suggests that possibly only a specific subset of GBM 

models, such as PDGFB-driven GBMs26, require TAMs for optimal tumor 

progression. However, there were no statistically significant correlations found 

between tumor genetics and responses to CSF1R therapy in the Phase I/II clinical 

trial mentioned here28. One patient that had an extended PFS had an NF1 alteration, 

but the N of the trial is not large enough to conclude if this is a statistically significant 

result. A larger trial will be needed to determine if there are any statistically significant 

correlations with GBM genetic alterations. Alternatively, there may exist intrinsic 

biological features of different model systems that add complexity to the tumor 

immune microenvironment and continued vigilance to adhere to physiologically 

relevant model systems will be an ever-increasing priority. Taken together, these 

studies highlight that the immune microenvironment may have distinct functions 

depending on tumor cell lineage transcriptional associations and also on tumor driver 

mutations. 

 

Our results put into question the relevance of therapies aimed at ablating TAMs in the 

GBM tumor immune microenvironment and indicate a possible explanation for the 

failure of TAM depletion therapy in clinical trials.  However, potentially impactful 

insights come from the observation that Type 2 tumors have a particularly high level 

of MDM infiltration. This suggests the possibility that therapeutics harnessing MDMs 

may have a unique and selective therapeutic efficacy on patients harboring Type II 

GBM. 
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Methods 
 

Mice. 

All mouse experiments were approved and performed according to the guidelines 

of the Institutional Animal Care and Use Committee of Memorial Sloan Kettering 

Cancer Center. Tumor suppressor mice with Nestin-CreERT2 8, 73, 74 or NG2-

CreERTM 9, 75 transgenes were crossed with conditional Trp53 allele. Nestin-

CreERT2; Nf1fl/+; Trp53fl/fl; Ptenfl/+ mice or NG2-CreERTM; Nf1fl/+; Trp53fl/fl; Ptenfl/+ 

mice were generated by breeding Nestin-CreERT2;Trp53fl/fl or NG2-

CreERTM;Trp53fl/fl mice with Nf1fl/fl; Trp53fl/fl; Ptenfl/fl mice. All mice were 

maintained under formal MSKCC IACUC protocols.  

 

Cx3cr1-CreERT2-Ires-Eyfp mice69 (JAX Stock #: 021160) were bred to Rosa26-

Lsl-Tdt mice (JAX Stock#: 007908). These mice were then bred to Rosa26-Lsl-

iDTR mice76 (JAX Stock#: 007900) to get Cx3cr1-CreERT2-Ires-Eyfp; Rosa26-

Lsl-Tdt/iDTR mice. 

 

Mouse primary cell culture. 

Mice with tumor suppressor alleles were induced with tamoxifen at 4-6 weeks of 

age and aged until they developed symptoms of GBM as described previously10. 

Symptomatic mice were anesthetized and transcardially perfused with ice cold 

HBSS and tissues were harvested. Tissues were chopped and incubated with 

Accutase in 37C water bath for 20 minutes, dissociated, and cultured in serum 

free medium supplemented with B27 and N2 (serum-free media), plus EGF, FGF 
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and PDGF-AA (10 ng/ml each) for Type 1 GBMs (both NF1-/- and NF1 WT), and 

EGF, FGF and Neuregulin (10 ng/ml each) for Type 2 GBM. Cells were kept in 

5% oxygen, 37C incubator. Primary cultures were established as tumor spheres 

at P0, later passages were as spheres in non-coated plates, or as monolayer in 

laminin pre-coated plates (10 ng/mL Laminin diluted in DPBS with Ca2+/Mg2+).  

 

Mouse stereotactic GBM cell injection.  

The Type 1 and Type 2 GBM cell lines were derived from spontaneous GBM 

mice and cultured as described above. For intracranial injection, mice were 

anesthetized (Isoflurane) and placed on a stereotactic frame. A midline incision 

was made on the skin to expose the skull, and a microdrill was used to perform 

craniotomy. For intracranial injection, 1 x 104 cells were injected in the striatum 

(coordinates: 1.0 AP, -1.8 ML, 4.5 DV with respect to the bregma). Minimum cells 

were injected to avoid inducing inflammation and to model physiologic conditions 

as closely as possible. Mice were monitored and euthanized for tissue collection 

when neurologic symptoms were evident.  

 

Tumor dissociation.  

Mice were anesthetized and transcardially perfused with ice cold HBSS. Tumors 

were dissected, chopped up on ice, and dissociated using the Miltenyi Brain 

Tumor Dissociation Kit. Following dissociation, the myelin was removed with the 

Miltenyi myelin removal beads and magnetic separator. Next, red blood cells 

were removed with red blood cell lysis buffer (Sigma). Tumor cell suspensions 
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were frozen with BamBanker cell freezing media and placed at -80 for < 1 month 

prior to flow cytometry studies.  

 

Histology and immunohistochemistry. 

Mice were perfused with PBS and brains were fixed in 4% paraformaldehyde, 

processed, and embedded into paraffin blocks. Blocks were sectioned into 10µM 

sections and stored at 4 degrees until staining. DAPI was used to stain the 

nucleus (ThermoScientific, 1ug/ml). All immunofluorescent antibodies used are 

Iba1 (Wako, #019-19741), DTR (Sigma Aldrich, #PC319L), Phospho-histone H3 

(Cell Signaling Technology, #9706). The sections were then imaged with a Zeiss 

LSM 510 confocal microscopy using Argon 488, He543, and He 633. Images 

were quantified using Fiji. 

 

Multicolor Flow Cytometry. 

Tumor cell suspensions were dethawed and stained with a fixable viability dye. 

Cells were then washed, blocked with CD16/32 Fc block for 5-10 minutes, and 

stained with extracellular antibodies for 20 minutes on ice. Cells were then 

washed and either resuspended in FACS buffer or FluoroFix buffer (BioLegend) 

for analysis (myeloid panel) or moved on for staining with intracellular antibody 

FoxP3 (lymphoid panel). For intracellular staining, cells were fixed and 

permeabilized with the FoxP3/transcription factor staining kit (eBioscience). 

Then, cells were stained with FoxP3 for 30 minutes on ice, washed, and 

resuspended in FACS buffer for analysis. Flow cytometry data was acquired 
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using BD Biosciences LSRFortessa analyzers and BD FACSDiva software. Data 

was analyzed using FlowJo. Flow cytometry antibodies used for the myeloid 

panel include CD45(Alexafluor 700, BD Biosciences, #56010), CD11B (BV785, 

Biolegend, #101243), Ly6C (APC Cy7, BD Biosciences, #560596), Ly6G (PE 

Cy7, Tonbo Biosciences, #60-1276-U100), MHCII (BV711, Biolegend, #107643), 

CD49D (BV650, BD Biosciences, #740458), and PDL1 (APC, R&D Systems, 

#FAB1019A-025). Flow cytometry antibodies used for the lymphoid panel include 

CD45(Alexafluor 700, BD Biosciences, #56010), CD11B (Alexa 647, Biolegend, 

#101218), CD3 (PE Cy7, BD Biosciences, 560591), CD4 (APC Cy7, BD 

Biosciences, #561830), CD8 (BV711, BD Biosciences, #563046), CD19 (BV786, 

BD Biosciences, #563333), NK1.1 (BB700, BD Biosciences, #566503), FoxP3 

(PE Cy5, Thermo Fisher Scientific, #15-5773-80). 

 

TAM depletion. 

Cx3cr1-CreERT2-Ires-Eyfp; Rosa26-Lsl-Tdt/iDTR mice were induced with 

tamoxifen (10mg/20g body weight) with oral gavage at 4-6 weeks of age twice, 

24 hours apart. 1-2 weeks following tamoxifen induction, mice were 

stereotactically injected with 1x104 Type 1 or Type 2 GBM cells. Mice were 

monitored by bioluminescence imaging or MRI for tumor formation. 

Approximately 3-4 weeks following stereotactic injection, mice were treated with 

DT (50ng/20g body weight) or DPBS for the control group, 3 times, 24 hours 

apart. Following the last dose of diphtheria toxin, mice were placed on PLX5622 

CSF1R inhibitor chow (Plexxicon) or control chow for the remainder of their 
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life. PLX5622 was incorporated into AIN-76A Rodent Diet at a 1,200 mg/kg 

concentration by Research Diets. Mice were monitored until neurologic 

symptoms emerged, and then were euthanized for tissue collection. Survival 

curves were made using prism and the log-rank Mantel-Cox test was used to test 

for significance. Data is representative of several independent experiments. TAM 

depletion in normal brains was estimated by comparing the median values for the 

cortex region. For tumor-bearing brains, TAM depletion percentage was 

estimated by comparing the percentages of total TAMs between TAM depleted 

and control Type 1 and Type 2 tumors.  

 

Analysis of TCGA GBM data. 

Gene expression data from TCGA samples previously subtyped as core Type 1 

or Type 210 GBMs was used to look at the relative levels of immune marker 

genes. Significance was calculated using a Wilcox test with the R package 

ggsignif.  

 

Bulk RNA-sequencing. 

RNA extraction  

Sorted TAM RNAseq (related to Supplementary Figure 3) 

Following tumor dissection, tumors were stained with CD45, Ly6C, Ly6G, and 

CD11B (Supplementary Table 2) and sorted for Microglia (Ly6C-, Ly6G-, CD45lo, 

CD11B+) and MDMs (Ly6C-, Ly6G-, CD45hi, CD11B+) directly into Trizol LS and 

flash frozen at -80. RNA was then extracted by the standard Trizol LS protocol.  
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Bulk tumor tissue RNAseq (related to Figure 4) 

At tumor dissection, a small tumor piece was flash frozen and stored at -80. 

Later, tumor pieces were lysed in Trizol and RNA was extracted using the Zymo 

Direct-zol RNA Mini Prep Kit (R2050). Samples were eluted in 20 µL RNase -free 

water and submitted for RNAseq. 

 

Transcriptome sequencing  

 

Sorted TAM RNAseq (related to Supplementary Figure 3) 

After RiboGreen quantification and quality control by Agilent BioAnalyzer, 1.1-2.0 

ng total RNA with RNA integrity numbers ranging from 7.2 to 10 underwent 

amplification using the SMART-Seq v4 Ultra Low Input RNA Kit (Clonetech 

catalog # 63488), with 12 cycles of amplification. Next, 1-4 ng of amplified cDNA 

was used to prepare libraries with the KAPA Hyper Prep Kit (Kapa Biosystems 

KK8504) using 8 cycles of PCR. Samples were barcoded and run on a NovaSeq 

6000 in a PE50 run, using the NovaSeq 6000 S1 Reagent Kit (100 Cycles) 

(Illumina).  An average of 59 million paired reads were generated per sample and 

the percent of mRNA bases per sample ranged from 77% to 88%. 

 

Bulk tumor tissue RNAseq (related to Figure 4) 

Preparation of RNA sample library and RNA-seq were performed by the 

Genomics Core Laboratory at Weill Cornell Medicine. Messenger RNA was 
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prepared using TruSeq Stranded mRNA Sample Library Preparation kit (Illumina, 

San Diego, CA), according to the manufacturerôs instructions. The normalized 

cDNA libraries were pooled and sequenced on Illumina NovaSeq 6000 

sequencer with pair-end 50 cycles. The raw sequencing reads in BCL format 

were processed through bcl2fastq 2.19 (Illumina) for FASTQ conversion and 

demultiplexing. 

 

Downstream analysis of bulk RNAseq data. 

Alignment 

Samples were aligned using STAR to the mouse GRCm39 or GRCm38 

reference genome for the sorted TAM RNAseq and the TAM depletion tumor 

RNAseq respectively.   

 

DEG analysis 

DESeq277 was used for differential gene expression analysis for all bulk RNAseq 

studies. DEGs were reported that had a padj< 0.05, and LFC > 1.5 or <-1.5. 

Volcano plots were made using the EnhancedVolcano package. 

 

GO analysis 

GO was performed using the lists of significantly increased or decreased DEGs 

with the ClusterProfiler, TopGO, and DOSE packages.  

 

GSEA analysis 
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GSEA analysis was performed using the gene level statistic values found in the 

DESeq2 differential expression results file as a ranking metric. The R package 

fgsea was used for this analysis.  

 

Statistical analysis. 

Statistical analysis between groups was performed using two-tailed unpaired 

Student's t-test unless otherwise indicated. Kaplan-Meier survival curves were 

analyzed using log-rank (Mantel-Cox) test. Data were analyzed using GraphPad 

Prism v.9 and Fiji. P-values less than 0.05 were considered significant unless 

otherwise indicated.  

 

Data availability. 

Data is available on the GEO at . This will be added once the manuscript is 

accepted for publication.  
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Chapter 3 Nf1 loss shapes the glioblastoma tumor immune 
microenvironment 

 

Abstract 

Immunotherapy has thus far been unsuccessful in glioblastoma (GBM). A greater 

understanding of the tumor immune microenvironment (TIME) and factors 

influencing its composition and activation states is critical to refine 

immunotherapeutic strategies in glioblastoma. Nf1 expression has been inversely 

correlated with increased inflammation in human glioblastoma. However, no 

functional studies have investigated causality, nor explored the mechanism by 

which Nf1 loss may shape the TIME. Here, we use several mouse models of 

glioblastoma to investigate whether Nf1 loss influences the tumor immune 

microenvironment. We find that compared to NF1 wildtype GBM mice, Nf1 

mutant GBM have greater influx of lymphocytes and monocytes and exhibit 

elevated expression of several cytokines and chemokines. Additionally, Nf1 

mutant tumors indicate enhanced pro-inflammatory crosstalk between 

intratumoral immune populations. We identify TNF signaling via NF-kB and 

CEBPB as one mechanism mediating the pro-inflammatory gene transcription in 

NF1 mutant TIME cells. Ultimately, we demonstrate that Nf1 loss endows the 

GBM tumor immune microenvironment with greater monocyte and lymphocyte 

infiltration and enhanced pro-inflammatory signaling potentially mediated by NF-

kB and CEBPB transcription factor activity. 

 

Introduction 
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Glioblastoma multiforme (GBM) is the most common and aggressive adult brain 

tumor. The prognosis for patients is poor, with a five-year survival rate of five 

percent1. The current standard of care for GBM is surgery followed by radiation 

and chemotherapy, with the addition of tumor treating fields3. Given the poor 

prognosis, new therapeutics are urgently needed. 

 

Immunotherapy has become a main stay in cancer treatment and has been 

highly effective in several tumor types18. Thus far, immunotherapy has not been 

successful in GBM28, 50, 55. This is in part due to the cold and predominantly 

immunosuppressive nature of the tumor immune microenvironment (TIME) of 

GBM18. Additionally, clinical trial end points have examined population-wide 

responses, and despite the existence of a proportion of responders28, 78, there is 

a lack of biomarkers and stratification methods to identify this population. A 

greater understanding of the GBM TIME is fundamental to improve outcomes of 

immunotherapies in GBM.  

 

NF1, a negative regulator of the Ras/MAPK pathway, is one of the most common 

driver mutations in GBM and is mutated in approximately 17% of cases (MSK 

cBio portal)39. Several studies have demonstrated a correlation between NF1 

mutations and enhanced immune infiltration in GBM15, 61. Additionally, NF1 loss 

has been shown to promote vital tumor-microenvironment interactions in other 

cancers, namely in neurofibromatosis type 1-related tumors16. However, the 
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mechanisms by which NF1 loss of function mutations shape the tumor immune 

microenvironment in GBM remains unknown18.  

 

Studying the impact of a single driver mutation in human GBM patients is 

challenging due to the heterogeneity of tumor mutational profiles. Here, we use 

multiple NF1 mutant and NF1 WT orthotopic and immunocompetent 

transplantation-based mouse models of GBM to ask how NF1 loss shapes the 

GBM TIME. We demonstrate that NF1 loss preferentially elicits enhanced 

infiltration of lymphocytes and monocytic populations. We further identify 

enhanced pro-inflammatory cytokine ligand-receptor interactions among the NF1 

mutant GBM TIME cells, suggesting greater overall immune activity. In sum, our 

data suggest that NF-kB and CEBPB induced pro-inflammatory cytokine 

crosstalk contribute to increased tumor infiltration of lymphocytes and monocytic 

cells. 

 

Results 
 

NF1 mutant GBMs have elevated immune infiltration. 
 

To further understand the impact of NF1 mutations on the GBM tumor immune 

microenvironment, we leveraged our NF1 mutant GEMMs in which GBMs are 

driven by deletion of tumor suppressors in subventricular zone neural stem cells 

upon tamoxifen induction in Nst-CreERT2; Nf1fl/+; Trp53fl/fl; Ptenfl/+ mice (NPP)9. In 

parallel, we used an NF1 WT GBM model, in which GBMs are driven by deletion 

of tumor suppressors in subventricular zone neural stem cells upon tamoxifen 
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induction in Nst-CreERT2; Qkfl/fl; Trp53fl/fl; Ptenfl/fl40 mice (QPP).  Thus, both 

GEMMs share loss of Trp53 and Pten but differ in the status of the NF1 gene.  

Following tamoxifen induction in both models, spontaneous GBM arises that can 

then be propagated in culture9. Cultured GBM cells can then be orthotopically 

injected into mice from the same colony, creating a transplantation-based GBM 

mouse model (Figure 3-1A)9. Prior to orthotopic injection, bi-allelic loss of tumor 

suppressor genes in tumor cell cultures is confirmed by genotyping. Here, two 

independent QPP and NPP tumor lines were used for orthotopic injection (Figure 

3-1A).  

 

We used multicolor flow cytometry to profile both myeloid and lymphoid 

populations in all NF1 WT and NF1 mutant GBM models (Figure 3-2A). In 

comparing QPP vs. NPP tumors, significant increases in monocytes, total T-cells, 

CD4 T-cells, regulatory T-cells (T-regs), CD8 T-cells and B-cells were observed 

(Figure 3-1B, Figure 3-2B). Profiling tumors from an independent set of QPP and 

NPP tumor lines, we similarly observed significant increases in monocytes, total 

T-cells, CD4 T-cells, regulatory T-cells (T-regs), and NK cells (Figure 3-2D). 

Additionally, we observed increased levels of TAMs (monocyte-derived 

macrophages and microglia) in NF1 WT tumors (Figure 3-2D). QPP and NPP 

tumor lines with similar overall CD45 levels were compared to reduce bias in 

results (Figure 3-1B, Figure 3-2D).  
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To further validate our findings in the models presented here, we made an 

additional QPP tumor line with CRISPR-mediated NF1 knockout (QPP sgNF1) to 

produce QPP tumors with NF1 loss (Figure 3-1C). QPP sgNF1 tumors were 

compared to QPP tumors transduced with non-targeting sgRNA (QPP sgNT 

tumors). NF1 knockout was confirmed with western blot (Figure 3-1C).  

 

Next, we compared the TIMEs of QPP sgNT tumors vs. QPP sgNF1 tumors. Like 

the QPP vs. NPP comparison, we found significant increases in monocytes, total 

T-cells, CD4 T-cells, regulatory T-cells (T-regs), NK-cells and B-cells (Figure 3-

1D, Figure 3-2C). Additionally, we found significantly increased levels of total 

CD45+ immune infiltrates and higher levels of total TAMs (monocyte-derived 

macrophages and microglia) and CD8 T-cells in QPP sgNF1 tumors (Figure 3-

1D, Figure 3-2C). In sum, we demonstrate that NF1 loss causes enhanced 

lymphocyte and monocytic infiltration in the GBM TIME. 



 52 

 

Figure 3-1 Nf1 mutant GBMs have enhanced immune infiltration. 

A, Schematic outlining NF1 WT vs. Mutant mouse models. B, Multi-color flow cytometry 

measuring levels of total CD45+ immune infiltrates, Monocytes (p=0.011), Total TAMs, 
T-cells (p<0.0001), CD4 T-cells (p<0.0001), T-regs(p<0.0001), CD8 T-cells (p=0.0010) 
B-cells (p=0.0079), and NK-cells between QPP1 and NPP1. Data represented as mean 
with SEM, unpaired T-test, each dot is one mouse. C, Schematic outlining QPP sgNT vs. 
QPP sgNF1 mouse models and accompanying western blot to confirm NF1 KO. D, 
Multicolor flow cytometry measuring levels of total CD45+ immune infiltrates (p=0.0012), 
Monocytes (p=0.0012), Total TAMs, T-cells (p=0.014), CD4 T-cells (p=0.049), T-
regs(p=0.045), CD8 T-cells, B-cells (p=0.043), and NK-cells (0.0060) between QPP 
sgNT and QPP sgNF1 #1. Data represented as mean with SEM, unpaired T-test, each 
dot is one mouse. E, mRNA expression of various immune marker genes in 28 NF1 
mutant vs. 260 WT GBMs from the TCGA cohort.  
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Figure 3-2 Gating scheme and flow cytometry of an independent set of NF1 mutant 
vs. WT GBMs.  

A, Gating strategy for all flow cytometry performed in this manuscript. B, Muli-color flow 
cytometry measuring levels of Microglia and MDMs in NPP1 vs. QPP1. Data 
represented as mean with SEM, unpaired T-test, each dot is one mouse. C, Multi-color 
flow cytometry measuring levels of Microglia and MDMs in QPP sgNT vs. QPP sgNF1 
#1. Data represented as mean with SEM, unpaired T-test, each dot is one mouse. 
D, Multi-color flow cytometry measuring levels of total CD45+ immune infiltrates, Total 
TAMs (p=0.0065), Monocytes (p=0.047), Microglia (p=0.034), MDMs, T-cells (p=0.0063), 
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CD8 T-cells, CD4 T-cells (p=0.041), T-regs(p=0.0008), B-cells, and NK-cells (p=0.0094) 
between QPP2 and NPP2. Data represented as mean with SEM, unpaired T-test, each 
dot is one mouse. 

 

NF1 mutant mouse and human GBMs have similar immune 
microenvironment compositions. 

 
To compare the proportions of immune populations seen in the mouse models 

used here with human GBM, we analyzed TCGA data repositories to examine 

the status of immune cell gene expression between human NF1 mutant and WT 

GBM samples13. Comparing microarray data from 28 confirmed NF1 mutant 

samples vs. 260 confirmed NF1 WT samples revealed a significant transcript 

elevation of genes associated with tumor associated macrophages (AIF1, 

ITGAM) and T-cell populations (CD3E, CD4) in NF1 mutant GBMs (Figure 3-1E). 

Levels of CD8A, FOXP3, CD19 and KLRB1 transcripts were unchanged in NF1 

mutant vs. WT GBMs. Due to the significantly greater levels of lymphocytes and 

monocytes observed in mouse NF1 mutant GBM, we conclude that the models 

presented here represent an accurate model of human NF1 mutant GBM.  

 

NF1 mutant GBMs have enhanced pro-inflammatory cytokine-mediated 

crosstalk. 

To further understand the basis of increased immune cell infiltration in NF1 

mutant GBM, we performed CITEseq analysis on tumors generated from two 

NF1 mutant tumor lines (NPP) and two NF1 WT tumor lines (QPP) (Figure 3-4A). 

A custom CITEseq panel was designed to measure protein levels of select 

immune cell markers (Supplementary Table 1).  Both tumor and immune cell 

populations were sequenced, and samples were integrated based on NF1 
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mutational status (Figure 3-3A, Figure3-4B). Unsupervised clustering and 

uniform manifold approximation and projection (UMAP) dimensional reduction 

was performed, resulting in several clusters of immune cells and tumor cells 

identified by known cell type markers 30, 79 (Figure 3-3A, Figure 3-4C). Similar to 

the proportions of immune cells seen by flow cytometry, NF1 mutant GBMs had 

greater proportions of T lymphocytes, while NF1 WT GBMs had greater 

proportions of TAMs (Figure 3-3B).  

 

Ligand-receptor interactions, specifically between cytokines and chemokines and 

their cognate receptors, play an important role in modulating the immune 

response. To further investigate the ligand-receptor interactions in NF1 mutant 

vs. WT GBMs, the CellChat algorithm, which predicts the probability of ligand-

receptor interactions between cell types based on the gene expression of ligands 

and receptors in clusters in scRNAseq datasets, was used80. This analysis 

revealed that NF1 mutant GBMs have an increased number and strength of 

overall ligand-receptor interactions (Figure 3-3C). Upon further examination, 

pathways enriched in NF1 mutant tumors were pro-inflammatory 

cytokine/chemokine (hereafter referred to as just ñcytokineò) signaling (TNF, 

CXCL, IL1), T-cell co-stimulatory interactions (CD86, ICOS), T-cell suppression 

(PD1, CTLA4), and angiogenesis promoting pathways (VEGF, ANGPTL) (Figure 

3-3D, Supplementary Table 2). Together, this data demonstrates that NF1 loss 

induces greater pro-inflammatory microenvironment crosstalk.  
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Figure 3-3 NF1 mutant GBMs have enhanced pro-inflammatory cytokine-mediated 
crosstalk. 

A, UMAPs showing the identified cell clusters in NF1 mutant vs. WT GBMs. B, Stacked 
bar plot showing immune populations from NF1 mutant and WT immune cell scRNAseq 
dataset as percent of total immune cells. C, Graphs depicting the number and strength of 
ligand-receptor interactions in NF1 mutant vs. WT GBM. D, Graphs showing several 
ligand-receptor mediated signaling pathways and their relative information flow, defined 
by the sum of communication probability among all pairs of cell clusters in the inferred 
network, in NF1 mutant vs. WT GBMs.  
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Figure 3-4 CITEseq of NF1 WT and mutant GBMs. 

A, Schematic of CITEseq experiment setup to sequence NF1 mutant (NPP1, NPP2) and 
NF1 WT (QPP1, QPP2) GBMs (N=3-6 mouse tumors for each tumor line). B, UMAPs 
showing the contributions of each tumor type to the integrated NF1 mutant GBM dataset 
and the integrated NF1 WT GBM dataset. C, Heatmaps showing expression of various 
immune cell marker genes in NF1 mutant and WT GBM. 














































































