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Abstract

Glioblastoma (GBM) is notorious for its immunosuppressive tumor
microenvironment (TME). GBM is universally lethal and remains highly refractory to
immunotherapy, including immune checkpoint blockade (ICB). Resistance to ICB is a
central issue in GBM and is thought to be primarily driven by tumor-imposed immune
dysfunction. Here, however, we identify calmodulin-dependent kinase kinase 2 (CaMKK2)
as a novel driver of ICB resistance. CaMKK2 is highly expressed in myeloid cells and
neurons and is associated with worsened survival in patients with GBM. Using CaMKK2-
deficient preclinical murine models, we determine that host CaMKK2 expression reduces
survival and promotes ICB resistance in a T cell-dependent manner. Single-cell RNA-
sequencing, flow cytometric profiling, and immunofluorescence staining of immune cells
in the tumor reveal that CaMKK2 expression is associated with several pro-tumor, ICB
resistance-associated immune phenotypes. For instance, CaMKK2 promotes terminal
exhaustion in CD8* T cells and reduces the expansion of effector CD4* T cells, additionally
limiting their tumor penetrance and interactions with myeloid cells. CaMKK2 also
maintains myeloid cells in an Apolipoprotein E*, disease-associated microglia-like
phenotype, which is associated with ICB resistance. Conversely, CaMKK2 deficiency
permits the programming of tumor-associated macrophages (TAMs) to a dendritic cell
(DC)-like phenotype that is associated with ICB response. Finally, we determine that it is
neuronal CaMKK2 expression, specifically, that is required for maintaining the ICB
resistance-associated MHC-1I% TAM phenotype. Our findings reveal CaMKK2 as a novel

contributor to ICB resistance, primarily via non-hematopoietic cells, in GBM and



additionally newly identify neurons as a critical driver of pro-tumor immune phenotypes

within the GBM TME.
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1. Introduction

Portions of this section were taken from the following publication:
21 UEDOw3UOOUwW, bEUOI OYDUOOOI
( OOUBOUIT (WUTermaszewski, SanchezPerez, Gajewski, & Sampson, 2019)
For the above mentioned manuscript L.S.P. contibuted through writing and

reviewing, T.F.G. contributed by providing feedback, and J.H.S. contributed by

providing feedback.

1.1 Brain Tumors and the Tumor Microenvironment

Glioblastoma (GBM) is the most lethal and common pri mary brain tumor in
adults. Despite an aggressive standard of care treatment regimen of surgical resection,
radiochemotherapy, adjuvant chemotherapy, and tumor -treating fields , prognosis
remains poor with a 2-year survival rate of only 43% (Stupp, Taillibert, Kanner, & et al.,
2017) While the implementation of immunotherapy has proven extremely successful in
more immunogenic cancers, no survival benefit has been observed in GBM patients thus
far. (Sampson, Maus, & June, 2017)The GBM tumor microenvironment (TME) shares
components with these more treatable cancers but is also made unique by the brain
tissue-resident cell types. In addition to these unique cellular components, it is also
insulated by the blood brain barrier (BBB), which contributes to the brain bei ng widely

considered an immune privileged organ . Immune privileged organs have tightly
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regulated immune responses, which leads to a naturally more immunosuppressive

environment.

In addition to tumor cell extrinsic components of the TME that lead to poor
treatment response, there are several tumorintrinsic properties that lead to poor
immunogenicity and immunosuppression. GBM has recently been characterized into
several subtypes based on the dominant aberrant transcriptional program. These are
termed proneural (PN), mesenchymal (MES), and classical (CL)(Cancer Genome Atlas
Research, 2008)There is a great degree of heterogeneity in these subtypes between
patients, as well as within an individual tumor (Sottoriva et al., 2013) In addition to the
molecular subtypes based on global transcriptional programs, gliomas, including GBM,
have also been stratified according to specific genomic aberrations: mutations in the
Telomerase Reverse Transcriptase (TERT) promoter, alterations in the Isocitrate
Dehydrogenase-1 (IDH) gene, and co-deletion of chromosome arms 1p and 19q(Eckel-
Passow et al., 2015) Regardless of GBM stratification method, mutations found in GBM
are rarely homogenous and few of these mutations result in a surface protein
modification that is unique to the brain tumor (Li et al., 2016) As such, implementation
of antigen-specific therapies is proving difficult and often results in immune escape

(Brown et al., 2016)



In this introduction we discuss the components of the brain TME and how they
may contribute to treatment response. We will also briefly review therapies that aim to
directly target the TME to lower the barrier of immunosu ppression in the hopes of

making antigen specific therapies more effective.

1.2 Cellular Components of the Brain Tumor Microenvironment

The TME of GBM is unique in its cellular composition and accessibility to
immune cells. The factors that make the TME unique are also what contribute to its
I DT T 0awbOOUOOUUXx*xUI UUPYI WEOEW?EOOE> w3, $wxli i 6060
mutating tumor cells, the stroma of the TME is a genetically stable therapeutic target.
Reducing the immunosuppression caused by these stromal cells has the potential to
promote functional effector T cell infiltration and create new opportunities for

treatment. Here we discuss how these nornrimmune (Fig. 1) and immune (Fig 2) stromal

1.2.1 Non-Immune Cellular Components
Vasculature

The BBB is functionally distinct organ structure of the brain, which has poor
permeability to many frontline therapeutics and impedes the migration of some immune

effectors under certain conditions. In the naive state, the BBB provides a significant



restriction to the permeability of many therapeutics , especially large or hydrophilic
molecules. However, the BBB loses its integrity in many pathologic situations including
primary and malignant brain tum ors and becomes increasingly permeable to therapies it
would have otherwise blocked. Even within these pathologic situations there is a
difference in permeability between gross tumor and infiltrated brain  (Abbott, 2013;
Woodworth, Dunn, Nance, Hanes, & Brem, 2014) A high degree of vascularity with
atypical organization and reduced structural integrity is a common characteristic of
GBM. This leakiness results in high interstitial fluid pressure, a gre at degree of hypoxia
and necrosis, as well as edemgAbbott, Ronnbéack, & Hansson, 2006) Vascularization of
brain tumors, or angiogenesis, is considered unique due to the biological homology
between vascular and neural networks (Jain et al., 2007)It has recently been suggested
that neural stem cells and glioma stem cells can differentiate into endothelial cells within
the glioma vasculature (Ricci-Vitiani et al., 2010; Wang et al., 2010) This ability of glioma
stem cells allows them to form glioma stem cell reservoirs in the perivascular nich e
(PVN), where they are insulated and can safely proliferate (Charles & Holland, 2010;

Pietras et al., 2014)

Glioma Stem Cells

Glioma Stem Cells (GSCs) are associated with the endothelial cells of the PVN

(Charles & Holland, 2010; Pietras et al., 2014)The number of GSCs associated with



vessels in the TME strongly correlates with increasing tumor grade (Bradshaw et al.,
2016; Calabrese et al., 2007A feedback loop exists between the endothelium and the
GSCsas the endothelium releases factors that drive tumor sphere formation and GSCs
release factors that accelerate angiogenesifCalabrese et al., 2007)Nitric Oxide (NO) is
one such endothelium derived factor that reinforces stem-cell like characteristics in
GSCs(Charles et al., 2010) GSCs have been shown to additionally recruit monocytes to
the TME and polarize them to a pro-tumor phenotype via secretion of CCL2 and CSF1
(Wu et al., 2010) GSCs also directly inhibit T cell activation, proliferation, and induce T
cell apoptosis (Wei et al., 2010) Lastly, it has been suggested that GSCs induce
functionally active T regcells (Wei et al., 2010) These effects combined result in GSCs

mediating a great degree of immunosuppression while remaining difficult to target.

Astrocytes

Astrocytes provide structural support in the brain by maintaining homeostasis.
They are typically localized to the PVN and play an important role in maintenance of the
BBB (Wolburg, Noell, Mack, Wolburg -Buchholz, & Fallier-Becker, 2009) Astrocytes are
thought to have pro -tumor functions via secretion of neurotrophic factors which support
proliferation of glioma cells (Pietras et al., 2014)In the naive brain activated astrocytes
supply growth factors and cytokines to enable the repair of brain tissue during different

forms of injury. This process is referred to as reactive gliosis, which is one mechanism of



wound healing in the brain (Sofroniew, 2015) In the TME these growth factors have
been shown to support tumor growth and mediate resistance to therapy (Quail et al.,
2016) In addition to supplying growth factors, they also secrete metalloproteinases

which create a favorable environment for tumor invasion (Le et al., 2003)

Neurons

Neurons are a brain-specific cell type, like astrocytes, that are thought to
contribute to the creation and outgrowth of tumors. Neurons provide mitogenic signals
within the brain to drive neural stem cell growth (C. Liu et al., 2011) Recent studies
show that neuron derived neuroligin -3 (NLGN3) increases proliferation of tumor cells
via tumor intrinsic PI3K signaling. It was also shown that in human GBM NLGN3
expression inversely correlates with survival (Venkatesh et al., 2015)In breast cancer
brain metastases, it has also been shown that increased neurotransmitters released by
neurons serve as an oncometabolite(Neman et al., 2014) Whether this process occurs in
GBM as well remains to be determined, but it serves as an example where neuron

derived products serve pro -tumor roles in the brain TME.
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Figure 1: Tumor extrinsic non -immune TME components

Tumor -extrinsic mechanisms in the GBM TME mediated by nonimmune cells.
Nonimmune cells contribute to the immunosuppressive environment of the GBM TME
in the following ways. 1, Although it is disrupted, the BBB remains selectively
permeable to both effector cells and therapeutics.2, Astrocytes are a source of potumor
factors that support the growth and metastatic capability of tumor cells. 3, Neurons
support tumor cell proliferation via secretion of NLGN3. MMPs, matrix
metalloproteinases. Redrawn from an illustration by Megan Llewellyn, MSMI, CMI;
copyright Duke University; with permission under a CC -BY 4.0 license.

1.2.2 Immune Cellular Components
Tumor -infiltrating lymphocytes (TILS)

TILs have the potential to exert both pro- and anti-tumor functions in the TME. T
cells are the primary lymphoid component of the TME but compose less than 0.25% of
cells isolated from human GBM biopsies (Song Han et al., 2016) CD8+ cytotoxic T
Lymphocytes (CTLs) are considered critical for tumor clearance, but account for less

than a quarter of the already sparse TIL population of the TME (Song Han et al., 2016)



Functional characterization of the CTLs found in the TME has shown that these cells
have impaired effector functions and an exhausted phenotype, rendering them
ineffective in their role as cytotoxic lymphocytes (Woroniecka, Rhodin, Chongsathidkiet,
Keith, & Fecci, 2018) Similarly, CD4+ T helper cells, which typically have anti -tumor
functions, may correlate with poor survival outcomes (S. Han et al., 2014)This is likely
explained by a large percentage of the CD4+ TIL population being Tregcells, and the
remainder being functionally exhausted (Fecci et al., 2006)FOXP3+ CD25+ %egcells, a
CD4 subset, are functionally immunosuppressive. Efforts aimed at depleting these pro -
tumor lymphocytes have had modest effects at increasing CTL function in GBM (Fecci et

al., 2006)

Tumor -associated macrophages (TAMS)

Bone marrow-derived macrophages/monocytes (BMDMSs) are the primary
immune cell in GBM and compose up to 30% of the tumor mass (B., W., & W., 2002)
There are two distinct macrophage populations in the GBM TME, BMDMs and
Microglia (Robert L Bowman & Joyce, 2014; Hambardzumyan, Gutmann, &
Kettenmann, 2016a) Collectively these are referred to as TAMs. Unlike BMDMs,
Microglia develop from yolk sac progenitor cells, a nd are not replenished postnatally by
hematopoiesis (Gomez Perdiguero et al., 2015) During tumor progression, monocytes

and macrophages can extravasate into the TME through the compromised BBB(Shi &



Pamer, 2011) Conventionally, macrophages have been thought to exist in either the
inflammatory (M1) or wound healing (M2) phenotype. Recent works suggests that this

is a gross oversimplification due to the staggering functional diversity and plasticity of
TAMSs across tumor types (Ginhoux, Schultze, Murray, Ochando, & Biswas, 2015). In the
GBM TME, TAMs have a distinct pro -tumor role and their accumulation correlates with
tumor grade (Hambardzumyan et al., 2016a). Functionally, TAMs in the GBM TME only
produc e low levels of inflammatory cytokines and lack the ability to aid in T cell
responses via co-stimulation (Hussain et al., 2006) Additionally, they have been found

to be significant contributors to the immunosuppressive TME via release of soluble
factors that dampen the immune response (Wurdinger, Deumelandt, van der Vliet,

Wesseling, & de Gruijl, 2014).

Natural Killer Cells

Natural Killer cells are innate lymphoid cells that identify and kill tumor cel Is by
sensing danger or damage signals(Lowry & Zehring, 2017) . NK cells are found in GBM
and have beenshown to be effective at inducing lysis in GSCs (Castriconi et al., 2009)
Unfortunately, GBM is known to express HLA -G which acts as an inhibitory ligand for
activated NK cells (Wiendl et al., 2002) This likely aids in their evasion from NK cell -
mediated cell killing. Macrophages have been shown to mediate NK cell activation, but

lose this priming ability when macrophages adopt a pro -tumor phenotype (Bellora et al.,



2010) A definitive link between TAM polarization and NK cell activation has not yet
been proven in GBM however. Like TAMs, NK cells are a component of the GBM TME
that possess the ability to lyse tumor cells in an antigen-independent manner but are

rendered functionally suppressed.

Tumor extrinsic Immune cells
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Figure 2: Tumor extrinsic immune TME components

Tumor -extrinsic mechanisms in the GBM TME mediated by immune cells.
Infiltrating immune cells largely contribute to immunosuppression or have their
antitumor effector functions muted by exhaustion. A, NK cells have reduced cytotoxic
capacity due to HLA -G expression on GBM cells.B, TAMs release protumor factors that
support tumor growth and suppress effector T -cell function. BMDM, bone marrow
derived macrophages/monocytes. C, TRegcells directly suppress CD8+ T-cell cytotoxic
capacity, and CD8+and CD4+T cells highly express exhaustion markers and are
considered functionally exhausted. CTL, cytotoxic T lymphocyte. D, One potential
method of incr easing the immunogenicity of the GBM TME is by increasing cytotoxic T -
lymphocyte (CTL) trafficking to the tumor via forced expression of VLA -4. Redrawn

1C



from an illustration by Megan Llewellyn, MSMI, CMI; copyright Duke University; with
permission under a CC-BY 4.0 license.

1.3TumorCell-l Nt ri nsi ¢ Mutations Contribut
Phenotype

The interplay between the cancerous cells and the surrounding stroma is critical
in developing the TME present with gliomas. The stroma respond to tumor extrinsic
factors such as constant cycles of hypoxia, acidosis, necrosis, angiogenesis and
granulation (Bissell & Radisky, 2001; Huber et al., 2017)These processes were originally

perceived to be the responsible for the immunosuppressive nature of the TME. This

20T 1T whpOUOE wUT Elwoud®,| 2915)UHoWeveE, @id eriginal belief fails to
explain how tumors of conventional histology and location can have disparate TME
between patients (Hugo et al., 2016) Factors such as age, HLAtype, and genetics may
explain some differences between patients, however, these factors do ot account for the
recent observations where different tumor lesions located within the same organ in a
patient can have different TME characteristics (Jacquelot et al.,2017) Therefore, while
tumor -extrinsic factors definitely contribute to the formation of the immunosuppressive
TME, tumor -intrinsic factors in the form of tumor genetic or epigenetic changes have

recently been demonstrated to play a critical role in shaping this milieu ( Fig 3).
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Figure 3: Tumor -intrinsic mechanisms in the GBM TME

Tumor -intrinsic mechanisms present in GBM shown to modulate the TME and
contribute to immunosuppression. The main pathways altered in GBM are A, Rag
MAPK; B, 6 - 3 +datenin (WNT); C, PI3K; D, IDO; E, Isocitrate dehydrogenase-1 (m-
IDH); and F, p53. Smallmolecule inhibitors targeting these pathways are currently in
development for clinical application. Redrawn from an illustration by Megan Llewellyn,
MSMI, CMI; copyright Duke University; wi th permission under a CC-BY 4.0 license.
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The results obtained from the clinical trials employing checkpoint blockade
strategies have highlighted the relevance of the role of tumor intrinsic factors in the
establishment of the TME and its response to thergpy. This field has divided tumors into
PEOQEwWUUOOUU? wYT UUUUW?RT O0UwOUOOUU? OwbT 1 UI Ww?EOOE
Of w3 wET OOwPOi POUUEUT wpDUT DOwWOT T w3, $0wbi DOT w?1 O
T cells, many of which appear locally activ ated yet are extrinsically suppressed
(Gajewski et al., 2017 w( UwbUwWEUUU]I O0UO0a wEl OP1 Y1 EwUTl EQw? EOO
immunotherapies PT DOT w? T OUwUUOOUU>? wEUT wxUDPOT EwOOwUI Ux C

UEOx Ol UWEDPUxOEAWEW?PEOOEWUUOOU? wxT 1 OOUax1l wpbUIT w

GBM is ahigh-grade tumor that arises from astrocytic origin and it is largely
confined to the Central Nervous System (CNS). Extrinsic factors that directly impact the
TME and T cell penetration have been previously characterized. As mentioned above,
the presence of a BBB, neurons, microglia and surrounding astrocytes are critical in
shaping the TME. The direct interaction of these components with the tumor appears to
be regulated by tumor intrinsic mutations. Tumor intrinsic factors resulting from the
Phosphoinositide 3-kinase (PI3K), RasMitogen Activated Protein Kinase (Ras-MAPK),
6 - 3 ¥apmtenin, p53, and IDH pathways have been shovn to modulate the TME and
[ EEPOPUEUT wOi i wi O UStdfafi Bpranddi &uG2jéndid Eoagl U6 O U U» w

Coincidentally, despite GBM containing an average of 40 mutations per tumor , whole
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genome sequencing of GBM tumor samples have revealed that the main pathways
altered in GBM are PI3K, RasMAPK, p53, and IDH (Cancer Genome Atlas Research,
2008; Yan et al., 2009 w3 1 I w-BateBincpfthway has not been shown to be
commonly mutated yet the pathway appears to be active within a proportion of GBM
tumors (Li et al., 2016) While most of the studies of these pathways in GBM are focused
on how these regulate proliferation, survival , and invasion, more research is required to

determine their role in shaping immune resistan ce.

1.3.1 PI3K pathway

PI3K is a major pathway active in GBM, which can be activated in multiple ways.
Signaling from the Epidermal Growth Factor Receptor (EGFR) (Wee & Wang, 2017) and
c-mesenchymal-epithelial transition receptor (c -met) are common pathways responsible
for PI3K activation (Abounader, Ranganathan, Kim, Nichols, & Laterra, 2001). Lossof-
function mutations of the tumor suppression Phosphatase and tensin homolog (PTEN),
which results in constitutively active PI3K signaling, is commonly seen in GBM (Koul,
2008) Active PI3 Kinase in GBM has been shown to result in the expression of the
immune checkpoint ligand PD -L1 (Parsa et al., 2007)The interaction of PD-L1 with the
receptor PD-1 is one of the main pathways to suppress T cell responses within the tumor

context.
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1.3.2 Ras-MAPK

The RasMAPK pathway is another ma jor pathway in GBM downstream of the
EGFR(Wee & Wang, 2017)and c-met receptors (Abounader et al., 2001) Many GBM
samples harbor loss-of-function mutation sin the NF1 gene, which results in further Ras
activation (McGillicuddy et al., 2009). An active RassMAPK pathway has also shown to
contribute to modulation of the TME through the induction of IL -6 mRNA (Zhao, Liu, &
Kirkwood, 2008). IL-6 is a pleiotropic cytokine that is known to induce CCL2 expression.
CCL-2 is an abundant chemokine within GBM tumors and has been shown to mediate
recruitment of monocytes into tumors. IL -6 also leads to the activation of NFkB and
STAT-3 in infiltrating monocytes as well as GSCs, which are known to express the IL-6
Receptor (Yeung, McDonald, Grewal, & Munoz, 2013). Active STAT-3 promotes the
recruitment of monocytes via CXCL1, CXCL2 expression, and the induction of a
suppressive TME by inducing macrophages to the pro-tumor phenotype (Yeung et al.,
2013) In addition to the induction of IL -6, RasMAPK signaling stimulates the activation
of p38 MAP kinase (Munoz, Yeung, & Grewal, 2016), which plays a critical r ole in the
induction of TGF-¢ wO 1 (Xiawet al., 2008) TGF¢ wD UwWE wE]T OUUEOwx 01 pOUUO>
shaping the immunosuppressive TME, inducing the pro -tumor TAM phenotype,
impairing DC m igration and cytokine secretion, inhibiting T cell responses, and limiting

the infiltration of leukocytes into the tumor (David & Massague, 2018) While it is not
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well known if GBM mutations have an intrinsic effect in regulating TGF -¢ wl B x Ul UUDPOOOu

post-transcriptional regulation is critically dependent on the Ras -MAPK -p38 pathway.

1.3.3WNT /chtenin

The WNT-¢-catenin pathway has recently been explored in more detail in GBM
samples. While this pathway does not appear to be frequently mutated in GBM, there is
significant epigenetic regulation , which leads to elevated levels of WNT proteins such as
Wnt5A (Li et al., 2016) WNT proteins bind to Frizzled receptors and signal through the
¢-catenin protein, which enters the nucleus and binds transcription factors to activate
gene transcription (Arnes & Casas Tinto, 20179 ww3 T | wo&eniB pathway has
recently been shown to play a pivotal role in the melano ma TME, leading to the
Il UUEEODUIT 01 O0wOi w? ECOCEwWUUOOUU? wEAwWDUOUWI i1 1 EQWO
T cell priming and effector T cell recruitment (S. Spranger, Bao, & Gajewski, 2015)The
relevance of this pathway in the TME of GBM is currently being investigated, but one of

thewel-OOOP Owl | | 1 Eddienidsignabng B itsgole in the maintenance of the

BBB integrity (Tran et al., 2016) In addition, it is known to further promote the secretion

ofIL+ WEOE W3- %YwbOwbOi POUUEUDPODOT w3 , Udituwenaindd T DU wx E [

critical to determine if the observations seen in melanoma translate into GBM tumors.
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1.3.4 p53

The well-known tumor suppressor p53 is frequently mutated in GBM tumors
(Cancer Genome Atlas Research, 2008 The lossof-function mutation is believed to
occur early during tumor igenesis. Lossof-function mutations in the p53 gene result in
increased proliferation, reduced cell death, and genetic instability (Seton-Rogers, 2017)
Recent studies have also shown that the loss p53 function reduces the induction of
inflammatory cytokines capable of alerting the immune system and activating NK cells
(lannello, Thompson, Ardolino, Lowe, & Raulet, 2013) . Reiintroduction of p53 in GBM
tumors leads to the induction of 3 - %Y wiEdDIES in increased TIL populations (Ham et
al., 2018) P53 may sense DNA damage in tumors and induce PTEN expression. PTEN
may in turn reduce PI3K activity (Stambolic et al., 2001) resulting in reduced

immunosuppression. More studies are required to elucidate the detailed functional role

of p53iINGBMinUI T UOEUDOT wUT 1T w?EOOCEwWUUOOU2 wxi 1 OO6UaxI

1.3.51DH

Mutations can occur in either IDH1 or IDH2 and since these genes are very
similar, they will collectively be referred to as IDH throughout. IDH is a ubiquitous
enzyme responsible for catalyzing the conversion of Isocitrate into 2-oxoglutarate as part
of the tricarboxylic acid cycle (TCA) cycle (Parker & Metallo, 2015). IDH has been shown

to be mutated in ~10% of primary GBM, but in as many as 90% secondary GBMs
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(Nobusawa, Watanabe, Kleihues, & Ohgaki, 2009) It has recently been demonstrated
that the IDH mutation IDH R132H, results in the production of the oncometa bolite (D)
2-Hydroxygluterate (2HG), which directly modulates the TME reducing chemo -
attractants responsible for the recruitment of TILs and limiting the function of NK cells
(Bunse et al., 2018; Kohanbash et al., 2017; X. Zhang et al., 201&lore studies are
necessary to address other potential mechanisms by which IDH R132H and its

oncometabolite, 2HG, modulate the TME in GBM.

1.3.6 IDO

One pathway in which etiology still needs to be defined in GBM is that of
Indolamine 2,3-dioxygenase (IDO). This pathway has recently been demonstrated to be
active in GBM tumors as well as in surrounding stroma (Mitsuka et al., 2013). IDO is
generally activated upon IFN-wwU DT OEODPOT wOUw! A wUDPT OEODPOT wbOwEl
remains unknown how this pathway is activated in GBM tumor cells (Zhai et al., 2015)
11 El OOUWUUUEDI Uwil BT 1T OD1 Fcatenid signaling @ tegu&ng I0® Ua wOi w6 -
expression (Holtzhausen et al., 2015) Its expression and enzymatic activity lead to
reduce tryptophan levels, an essential amino acid, and increases the synthesis of toxic
kynurenine metabolites (Mellor & Munn, 2004) . Decreased levels oftryptophan reduce T
cell activity and increase kynurenine metabolites leading to T cell death (Mellor &

Munn, 2004). IDO is also responsible for Tregcell recruitment and activation within GBM
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tumors (Wainwright et al., 2012). Tregcells are then capable of shaping the surrounding
TME by secreting IL-10, and TGF¢ Ow Ui 1 UT | OU 1 palérizeidca @1 wOOw, | w

immunosuppression.

Mutations intrinsic to the tumor, in the previously mentioned pathways, have
EDUI EOWEOOUI gUI OET UwOOwUT ExDOT wUOI | w3, $SOWEOEwWUI
phenotype; however, the resultant environment is also caused by the interplay between
the tumor itself and surrounding stroma. Production of cytokines like IL -6 and
stabilization of cytokines such as TGF¢ wU DT OEOQwUT | wUOUUUOUOCEDPOT wUUUO
molecules such as STAT3. This results in the release of chemokines reponsible for
monocyte and macrophage recruitment. These cells will in turn interact with the TGF -¢ O w
as well as respond to the tumor extrinsic factors such as hypoxia, acidosis, and necrosis

to establish the TME characteristic of GBM.

1.4 Immune Interventions

Immunotherapeutic interventions aimed at lowering the barrier of

POOUOOUUxxUI UUPOOWEOGEWEOOYIT UUDOT wUOT T w3, $wi UOOW
be instrumental for improving success of frontline immunotherapies in GBM. Having
large amounts of functio nal CTLs in the TME is known to correlate with treatment

outcomes and survival across solid tumors, and CTL function is predicated on

18



sufficiently low immunosuppressive factors in the TME. Here we discuss how different

immune interventions may serve to red uce these immunosuppressive factors.

1.4.1 TAM-directed strategies

TAMs serve as a genetically stable target for therapeutic intervention. While they
take on a pro-tumor phenotype in the GBM TME, efforts to re -educate TAMs to a more
inflammatory state has becoming a topic of great interest (Engblom, Pfirschke, & Pittet,
2016) Microglia are dependent on Colony Stimulating Factor -1 (CSF1) and
pharmacologic interventions aimed at in hibiting the CSF-1 receptor (CSF1R) have
shown the ability to either deplete or re -program TAMs in some preclinical murine
models (Coniglio et al., 2012; Elmore et al., 2014; Pyonteck et al., 2013)Vhile
programming TAMs to an anti -tumor phenotype is expected to be more effective than
depletion, the plasticity of TAMs li kely leads to a less durable anti-tumor phenotype.
Finding ways to irreversibly polarize TAMs to an anti -tumor phenotype without
reducing their migration into the TME could greatly reduce the degree of
immunosuppression, and potentially open the door to an tigen specific therapies

becoming more effective.
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1.4.2 Small Molecule Inhibitors

Small molecule inhibitors targeting the PI3K and RasMAPK signaling pathways
or IDH and IDO enzymatic activity have recently been developed and are under current
evaluation in combination with active immunotherapy or checkpoint blockade. The
original purpose of these agents were to directly limit the pro -tumorigenic activity of
these pathways, however, most of these inhibitors failed when utilized as a single agent
due to the large degree of tumor genetic heterogeneity present within and across GBM
patients (Furnari, Cloughesy, Cavenee, & Mischel, 2015; Patel et al., 2014Nonetheless,
despite their failure to mediate antitumor efficacy as single agents, the combination of
these inhibitors is expected to alter the TME in ways that might allow the immune
system to infiltrate mediate tumor rejection, when combined with other immune

modulatory agents such as vaccines, adoptive therapy or checkpoint blockade.

1.4.3 Immune Checkpoint Blockade Therapy

Immune Checkpoint Blockade (ICB) involves the targeting of mechanisms that
exist to maintain self-tolerance via inhibition of T cell activation. In the GBM TME
exhausted TILs are known to have elevated expression of Cytotoxic T-lymphocyte
associated antigen4 (CTLA-4), programmed cell death receptor-1 (PD-1), and T-cell
inhibitory receptor 3 (TIM -3) (Berghoff et al., 2015; Garber et al., 2016; Preusser, Lim,

Hafler, Reardon, & Sampson, 2015) Monoclonal antibodies (mAbs ) blocking these
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receptors have shown promise and even gained approval in a variety of cancers
(Mahmoudi & Farokhzad, 2017). Unfortunately, use of these antibodies as
monotherapies or combination therapy failed in a Phase Il clinic al trial for use in GBM
(Filley, Henriquez, & Dey, 2017). Despite the inability of ICB to restore tumoricidal
function of T cells in GBM, it remains promising as an addition to other TME -directed

treatments as a means of further reducing immunosuppression.

1.4.4 Improving T cell Trafficking

Successful immunotherapy requires the presence of functional T cells within
tumors, but as we previously mentioned , the immunosuppressive nature of the GBM
TME limits T cell infiltration and TILs capable of infiltrating the tumor are rendered
dysfunctional (K. |. Woroniecka et al., 2018) Thus, methods which improve T cell
infiltration like in situ cytokine infusion aimed to increase migration to the TME, or T
cell modification which enhances migratory capacity into the TME, are highly desirable.
While several strategies to modulate the GBM TME via cytokine infusion have shown to
increase T cell infiltration, function , and efficacy (King et al., 2011; Velicu et al., 2006;
Vom Berg et al., 2013) licensing T cells to migrate into the TME has proven challenging.
Previous studies focused on enhancing the expression of the adhesion molecule Very
Late Antigen-4 (VLA-4) (Sasaki et al., 2007)which resulted in modest enhancements in

infiltration and antitumor efficacy . Therefore, GBM TME modulation through direct
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infu sion of immunomodulatory cytokines or forced expression of the adhesion
molecules VLA-4 on T cells could be beneficial for improving the selective infiltration of
functional T cells within brain TME. The application of these strategies in combination
with the above-mentioned strategies aimed at improving T cell function within the GBM
TME could synergize in overcoming the immunosuppressive barrier present within

GBM and mediate tumor eradication.

1.5 Summary

GBM is the most lethal and common primary brain tumor in adults (Ostrom et
al., 2019) While immunotherapy has proven successful in other more immunogenic
cancers, it has had only modest effects in GBM(Sampson et al., 2017)Poor treatment
responses in GBM are thought to be due largely to the immunosuppressive TME. In the
GBM TME, TAM s appear to have a distinct tumor prom oting role, and their
accumulation correlates with tumor grade and poor prognaostic outcomes
(Hambardzumyan, Gutmann, & Kettenmann, 2016b) . TAMs are the primary immune
cell in GBM, comprising up to 30% of tumor mass (B. et al., 2002and have been found
to be strong contributors to immunosuppression . Specifically, TAMs release soluble
factors that dampen the immune response, more specifically the cytotoxic T cell
responses that are necessary for tumor clearancéWurdinger et al., 2014). Finding ways

to polarize TAMSs to an anti -tumor phenotype without reducing their migration into the
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TME would reduce the degree of immu nosuppression as well as increase

immunogenicity.

In murine breast cancer models,the macrophage-associated kinase,Calmodulin -
dependent Kinase Kinase 2 (CaMKK2), has been shown to promote a pro-tumor TME
(Racioppi et al., 2019) CaMKK?2 is highly expressed in monocytes and macrophages
(Racioppi, Noeldner, Lin, Arvai, & Means, 2012), and its elevated expression correlates
with worse survival outcomes in GBM patients (D.-M. Liu et al., 2016). Outside of the
immune compartment, CaMKK2 is also highly expressed in neurons (Anderson et al.,
2008; MairetCoello et al., 2013) which have been shown to also have pro-tumor
functions (Johung & Monje, 2017; Venkatesh et al., 2015; Venkatesh et al., 2019)
Whether CaMKK2 contributes to the pro-tumor TME and immunotherapeutic resistance

in GBM, is unknown, however. My central hypothesis is that CaMKK?2 is responsible

for driving the immunosuppressive program present within _brain tumors, and that

CaMKK2 promotes immunotherapeutic resistance.

24



2. Materials and Methods

Portions of this section were taken from the following publications:

?Broad Immunophenotyping of the Murine Brain Tumor Microenvironment  2(W.
H. Tomaszewski et al., 2021)

For the above mentioned manuscript J.W.P. contributed by aiding in
experimentation , writing and reviewing, A.M. contributed by reviewing, M. C.
contributed by reviewing, P .E.F contributed by reviewing, J.H.S. cortributed by

reviewing, and M.D.G. contribute d by reviewing.

For the above mentioned manuscript J.W.P. contributed by aiding in
experimentation , analysis, and reviewing, M.C. co ntributed by aiding in
experimentation, analysis, andreviewing , J.P. catributed by aiding in experimentation,
analysis, and reviewing, J.R. contributed by aiding in analysis and reviewing, P.E.F.
contributed by reviewing, M.K. cont ributed by reviewing, D.A. contributed by
reviewing, L.S.P. contributed by aiding in experimental design and reviewin g, L.R.
provided reagents and revisions, M.D.G. contributed by reviewing, and J.H.S.

contributed by reviewing.
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2.1 Flow Cytometry Methods Development

GBM is the most common primary brain tumor in adults. Despite extensive
medical intervention and therapeutic advancements in other solid tumors, the median
survival remains 15-21 months (Stupp et al., 2017) Recent failures in immunotherapeutic
strategies for the treatment of GBM have shifted the focus towards understanding the
immune populations in the TME to better identify and target barriers to success
(Reardon et al., 2020) GBM has a complex TME composed of many lymphoid and
myeloid populations, each regulating tumor progression (Quail & Joyce, 20L7).
Additionally, it is now accepted that subtle functional and phenotypic changes to these
populations can predict response to treatment (Cloughesy et al., 2019) For these reasons,
it is critical to have a reliable and reproducible way of identifying all the major immune
populations present in the tumor microenvironment. Flow cytometry provides the best
means of accomplishing this objective, since it boasts high, single cell resolution and

accessibility, with an ever-growing number of compatible antibodies.

Here, we developed an intracranial tumor processing protocol and a 14-color
panel to resolve 13 distinct immune cell populations present in murine models of GBM.
Lineage antigens were identified through extensive literature mining, and clones were
chosen based on the highest number of citations from a publicly available database. We

optimized antigen -fluorophore combinations to minimize background and overlap, as
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shown by a spillover -spreading matrix. Furthermore, we titrated these antibodies in
multiple organs to maximize their staining index. High dimensional data increasingly
requires the help of dimensionality reduction and unbiased analysis techniques;
therefore, we developed a protocol to utilize the FlowJo -based plugins to perform an
unbiased cell classification for validation of our manual gating strategy. Together, these
data provide a ready-to-use panel for identifying key infiltrating immune cells in the

brain tumor microenvironm ent. Notably, we expect that the technigues presented in this
manuscript can be extended to other immune compartments, as well as preclinical

intracranial murine disease models.

2.1.1 Flow Cytometry Reagent Information

Materials:
1. Percoll - Sigma Aldrich: P1644100ML
2. 10X PBS Gibco: 70011044
3. PBS- Gibco: 10016023
4. 1000 IU/mL Heparin - Fresenius Kabi: 63323540-36
5. HBSS with Calcium and Magnesium - Thermo Fisher: 14025092
6. 10mL Syringe - VWR: 75846756
7. 7mL Dounce Tissue Homogenizer - VWR: 62406620
8. 10xRBC Lysis Buffer - Thermo Fisher: 00430054

9. 70um Cell Strainer - Sigma Aldrich: CLS43175150EA
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

EDTA .5M - Sigma-Aldrich: E7889-100ML

Normal Rat Serum - Thermo Fisher: 10710C

Normal Armenian Hamster Serum - Innovative Research: IGHMARSER10ML
Normal Mouse Serum - Thermo Fisher: 10410

TruStain FcX Plus- Biolegend: 156603

10% Neutral Buffered Formalin - Harelco: R0458676

Fetal Bovine Serum- Thermo Fisher: A3160501

HEPES 1M- Gibco: 15630080

BD Ultracomp Beads - Thermo Fisher: 01-222242

Accucheck Counting Beads- Thermo Fisher: PCB100

Recipes:

Mix A:

Isotonic Percoll (ISP): 90% Percolk 10% 10X PBS

30% Percoll: 30% ISP + 70% 1X PBS

Mix B : 50 mL 10X Digestion Buffer (store @20C)

Table 1: 10x Digestion Buffer Recipe

Reagent Supplier Catalog Total Quantity Final
Number of Concentration
Vials Needed
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https://www.thermofisher.com/order/catalog/product/A3160501
https://www.thermofisher.com/order/catalog/product/01-2222-42

5mg Sigma- 5401160001 25mg/130U .5mg/mL /
Liberase DL | Aldrich 2.6U/mL
5mg Sigma- 5401020001 25mg/130U .5mg/mL /
Liberase TL [ Aldrich 2.6U/mL
DNase | Sigma- 10104159001 100mg/10000IU | 2mg/mL /
10,0001V Aldrich 200IU/mL
HBSS w/o Thermo- 14170112 50mL Diluent
Ca/Mg Fisher

Mix C:

Perfusate: PBS + .5% 10001U/mL Heparin

Mix D:

1X RBC lyse: 10% 10X RBC Lysis Buffer + 90% DI water

Mix E:

MACS Buffer Recipe: PBS + 1% FBS (or .5% BSA) + 1ImM EDTA

Mix F: Block Buffer

MACS Buffer + 2% Normal Rat Serum + 2% Armenian Hamster Serum + 2% Normal

Mouse Serum + 1% TruStain FcX Plus

Mix G:
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5% Neutral Buffered Formalin (NBF): 50% 10% NBF + 50% PBS
Mix H:

FACS Buffer Recipe: PBS + 3% FBS (or 1% BSA) + 10mM EDTA + 10mM HEPES

2.1.2 Flow Cytometry Tissue Dissociation and Staining Protocol

The purpose of this panel is to create an accessible method for phenotyping the
tumor immune microenvironment in brain tumors. Critical design considerations
included: maximizing signal -to-noise ratio and increasing identifiable cell types. In
particular, this panel seeks to identify non-classical monocytes, NK cells, and
plasmacytoid DCs, which other panels in this field have not. Because most of the
selected antigens in the panel are lineage defining, it can easily be used in both manual
and unbiased cell identification strategies. In addition, this protocol describes an
efficient and inexpensive method to prepare brain tumors for flow cytometry analysis.
To increase the yield of myeloid cells, enzymatic digestion was incorporated along with
mechanical digestion. Individual applications of this protocol may warrant comparison
between digestion methods to determine what provides the optimal yield of populations
of interest.

Samples
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Mice, aged 8 weeks, (C57BL/6J: 00664) were purchased from The Jackson
Laboratory (Maine, US). Using a stereotactic device, mice were intracranially implanted
with 5e4/5uL CT2A cells. Tissues were harvested on day 14 postinjection.

Clone Justification

Most highly cited clones from CiteAb.com were filtered using the following

criteria:
1. Monoclonal
2. Murine reactive

3. Application tested for FACS

The most highly cited clones present in the top 10 results from the filtered list
were purchased and titrated for testing in our panel.

Table 2: Details for Antibody Pane |

For each antibody: the laser line which excites the fluorochrome, antigen reactivity, the
clone, the fluorochrome, the company, and its catalog number are listed. For each
antibody, we also include the antibody dilution used for cells and single stain beads.
Cells are used for the single stain control for Zombie Aqua.

Final 1X '?;';:'Tg
Laser | Antigen Clone Fluorophore Source Catalog # |Dilution sta?n
(cells) beads)
405nm | CD11c N418 Bv421 Biolegend 117343 1:200 1:200
Zombie .
N/A BV510 Biolegend 423102 1:400
Aqua
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CD4 RM4-5 BV605 eBioscience |83-0042-42 | 1:400 1:100

MHC Il [ M5/114.15.2 BV650 eBioscience |64-5321-82 | 1:200 1:50

F4/80 BM8 Bv711 Biolegend 123147 1:400 1:200

CD45.2 104 BV786 BD Biosciences| 563686 1:100 1:800

488nm | Ly6G 1A8 PerCP-Cy5.5 |BD Biosciences| 566435 1:100 1:100
561nm CD3 145-2C11 PE eBioscience |12-0031-82| 1:100 1:200
Ly6C HK1.4 PE-TexasRed Biolegend 128044 1:200 1:50

NK1.1 PK136 PE-Cy5 Biolegend 108702 1:100 1:100

CD43 S7 PE-Cy7 BD Biosciences| 562866 1:100 1:100

640nm | B220 RA3-6B2 APC Biolegend 103212 1:200 1:100
CD8 53-6.7 AF700 eBioscience |56-0081-82 | 1:200 1:100

CD11b M1/70 APC-Cy7 BD Biosciences| 557657 1:400 1:100

Tissue Dissociation and Staining Protocol

Organ Removal: Approx. 4 hr.

1. All centrifugation occurs at 500 g for 5 min at 43 with max brake and

acceleration except for step 14

2. Create 5 mL 30% isotonic percoll Mix A ) per brain and bring to room

temperature
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10.

11.
12.
13.
14.
15.

16.

17.
18.
19.
20.
21.

Prepare 5 mL 1x Digestion Buffer (Mix B ) per brain by diluting 1:10 in HBSS
with Ca2*Mg?*

To perfuse the mouse after euthanasia nick the right atrium, insert 25G 5/8th inch
needle into left ventricle, and slowly infuse 10 mL Perfusate (Mix C ) using a 10
mL syringe

Remove tumor bearing hemisphere, using arazor blade or scalpel, and transfer
to a 7 mL Dounce Tissue Homogenizer containing 3 mL Mix B and gently
homogenize with 5-10 strokes of loosefitting (A size) pestle

Transfer homogenate into 50 mL conical and wash Dounce Homogenizer with 2
mL Mix B, then transfer wash to the same 50 mL conical

Place conical on ice until all brains are processed and repeat steps-5 for each
brain

To initiate tissue digestion, place 50mL conicals in 37 water bath for 15 minutes
End digest by adding 10 mL cold PBS. Vortex vigorously/continuously for 30
seconds and spin down

Discard supernatant and resuspend in 3 mL 1X RBC lyse Mix D ) for 2 min at
room temperature

Neutralize by adding 12 mL PBS and spin down

Strain cell suspension through a 70 um cell filter into a new 50 mL conical

Rinse the conical and filter with 4 mL PBS and spin down

Re-suspend brain cells with 5 mL Mix A and transfer to a 15 mL conical
Centrifuge at 500 g for 20 min at room temperature (18 ) (low acceleration and
no brake)

Carefully aspirate myelin | ayer and supernatant (making sure to avoid streaking
on tube walls)

Resuspend pelletin 1 mL PBS to count

Add 10 uL Trypan Blue to a 10 uL aliquot of sample for a 1:2 dilution factor
Count cells

Resuspend in 510E6 cells/mL

Cells are ready for Immunolabeli ng

Immunolabeling: Approx. 3 hr.

1.

Transfer 100 uL of cell suspension (0.51E6 total cells) from each sample to a well
of a 96 well plate.
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10.

11.
12.

13.
14.

15.
16.
17.

18.
19.

Wash 1 time with 100uL MACS (Mix E) per well and spin down
Prepare a working stock solution of the viability dye during this spin by diluting
Zombie Aqua 1:400 in serum/protein-free PBS (sedable 1 for details)

11 U0Ux] OEwWET OOwxi OO0l UUwPOwhyYYws+wdi wyDEEDOE

pipetting.

Incubate for 30 min at 2-8°C or on ice; protect from light

Vortex container of BD Ultracomp beads vigorously then put a drop in a well for
each single stain that will be used, then add 100 uL PBS

Make 100uL of blocking buffer (Mix F) per brain and 50uL of 2X master mix (in
blocking buffer) per brain during 30 min. viability incubation (see Table 2 for
details)

Wash cells with 100 uL PBS and spin down

Add 100 uL PBS to single stain controls and 50 uLMix F to experimental samples
for 10 min at 4°C or on ice in the dark, pipette to mix

Add 50 uL 2X master mix to experimental samples (making final conc. 1X) and
appropriate antibodies to single stain controls, pipette to mix

Incubate for 30 minutes at 4°C or on ice. Protect from light.

Prepare 100 uL 5% neutral buffered formalin (NBF) solution (Mix G ) per brain
during this incubation

Wash antibody staining mix from the cells by adding 100uL PBS and spin down
Re-suspend cell isolate in 100 uL ofMix G for 30 min at 2-8°C or on ice, re
suspend single-stain bead controls in 100uL PBS

Wash samples by adding 100uL PBS and spin down

Spin down

Resuspend each sample in 200 uL FACSNlix H ) (optionally transfer to FACS
tubes)

Store at 4°C until ready for analysis

If number of cells is of interest, add 10 uL of AccuCheck counting beads to eah
sample after a vigorous shake prior to acquisition
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2.1.3 Flow Cytometry Data Analysis

Data are processed using FlowJo software (BD Biosciences, OR, US). Due to the
high dimensional nature of multi -parameter flow, these data can be analyzed using
unbiased clustering algorithms, in addition to traditional manual gating strategies. Both
approaches begin with performing automatic compensation in FlowJo. After
compensation, singlets are selected using SSE\ vs. SSCH and FSCA vs. FSGH. Live
leukocytes are then selected as CD45+ and Live/Deae Lastly debris (FSCA and SSCA
low) are excluded (Fig. 5a). At this point the data can either be used with manual gating
strategies, described inFig. 5 or unbiased methods, as described below ig. 6).
Unbiased cell type identification relies heavily on FlowJo plugins, which are available

for download at FlowJo Exchange (https://www.flowjo.com/exchange/#/ ). Bolded terms

denote names of FlowJo plugins that can be searched for using the search bar found on
the FlowJo Exchange page using the above link.Users are encouraged to decide which
of the listed tools they feel most comfortable working with. Instructions for

downloading plugins can be found here ( https://docs.flowjo.com/flowjo/plugins -

2/installing -plugins/ ) and instructions on how to use plugins can be found as PDFs

within the zipped files that are downloaded from the FlowJo Exchange. Below is an

example workflow:

1. Sample Labeling
1 Because each sample will eventually be concatenated, labelling each
sample will allow you to treat it as a parameter to pull individual samples
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out after they are mixed for analysis. This can be done by adding a
keyword to each sample in FlowJo, if not done during the sample
acquisition.
2. Data Cleaning - Flow Al , or Flow Clean
1 These plugins are useful for removing anomalies and outliers from data
DOwoPOPUwWUT T wi i T 1T EQwWOl wOT T wbOUUUUOI OUz UL
3. Downsampling - DownSample
1 Downsampling the data using the DownSample plugin ensures that each
sample has equal weight when clustering is performed. For our analyses,
we downsampled the CD45+Live/Dead - population to 10,000 events.
4. Concatenation - Export/Concatenate
1 Once all samples are downsampled they can be concatenated using the
concatenate function in FlowJo. This concatenated file is what will be
utilized for subsequent visualization and clustering.
5. Visualization/Dimensionality Reduction - UMAP , TriMap, Fi tSNE
9 These plugins reduce the dimensionality of the data so that it can be
visualized in two or three dimensions. For our purposes, we used
uniform manifold approximation and projection (  UMAP ), which is a non-
linear dimensionality reduction technique. The Flo wJo plugin will
populate default settings for input variables, which provide a good place
to start. Then, compensated parameters of interest must be selected. The
Live/Dead parameter should be excluded at this step, since cells have
been pre-selected to beLive/Dead negative. The output of this plugin is
two new parameters for plotting flow data, where similar cells will be
clustered close together.
6. Clustering - FlowSOM , Phenograph
9 These plugins identify clusters, which represent similar cell
types/phenotyp es, based off the input parameters they were clustered
with in the dimensionality reduction step. As mentioned previously, after
dimensionality reduction, new parameters for the samples are added to
reflect where they fall in reduced dimensionality space. Adding these
parameters in your unbiased clustering will ensure that your clusters will
be clearly defined in reduced dimensionality space.
7. Cell Type Annotation - ClusterExplorer
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9 Once cell clusters have been identified, you can determine which
parameters are most highly expressed across the clusters by examining a
heatmap. Since this panel primarily uses lineage defining markers,
annotating the cell types for each cluster should be fairly straightforward
using Table 3. Fig. 6b depicts the heatmap and subseqient annotation
generated from our data.

8. Determining relative abundance of cell types

1 Now that the clusters/cell types are defined, you can define each sample
in the concatenated file by looking at the concatenated file in SSC v.
SamplelD. From here you will create a gate around each sample, and
your samples will be in ascending order from left to right. These sample
IDs will correspond to your tube numbers in the original fcs files. The
T EUPOT 2 w0UT EUwWPEVUWUUT EwUOWET I D&h wUT 1T wEO!
samplelD, which will give you the relative abundance of each cell type as
a percentage of Live CD45 cells for each samplgFig. 6d).
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Figure 4: Graphical summary of unbiased cell type identification workflow

2.1.4 Flow Cytometry Methods Development - Results

Utilizing the four -laser layout of a BD LSR II, we developed a panel and optimized

a brain processing protocol that could resolve critical lymphoid and myeloid cells of the
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brain tumor microenvironment. With this str ategy, we were able to parse out the complex
myeloid and lymphoid contributions to the tumor microenvironment, including CD4 and
CD8 T cells, B cells, NK cells, neutrophils, classical and nonclassical monocytes, tumor-
associated macrophages, microglia, pasmacytoid DCs, and conventional DCs (seeTable
3 for expected antigen density for these subsets). This panel utilizes the myeloid markers
that were selected and optimized by Yu et al., with the addition of lineage markers for
lymphocyte subsets, as well as a marker for non-classical monocytes(Yu et al., 2016) In
brief, lineage defining T cell markers are included in this panel to better profile T cell
heterogeneity within the brain tumor. CD3 is used as a broad T cell marker, and once T
cells have been defined, CD8 and CD4 are used teseparatethe T cells into cytotoxic and
helper T cell subsets, respectively. To profile B cells, B220 was selected over CD19 because
B220 is expressed on B cells earlier in developmen{Rumfelt , Zhou , Rowley , Shinton , &
Hardy 2006). Additionally, B220 is more useful in identifying pDCs than CD19 (Rogers,
Isenberg, & Thomson, 2013) The inclusion of NK1.1 enables detection of CD11b+f NK
cells, as well as identification of NKT cells with CD3. In the event that the preferred tumor
model is not in the B6/J background, NKp46 or CD49b may be used as an alternative to
NK1.1 for identifying NK Cells. CD43 is included in this panel to serve as a positive
selection marker for Ly6C- non-classical monocytes (Meghraoui-Kheddar, Barthelemy,
Boissonnas, & Combadiére, 2020) Additionally, CD43 can also be used as an activation

marker on T cell subsets(J. K. Park et al., 1991)
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Table 3: Expected antigen positivity for identified cell

types

Expected antigen expression levels are listed, where ++, +, +/and - denote very high,
high, both high and absent, and absent expression respectively.

CD4 | CD8 | B 11b- | NKT | Neut. | Microglia | TAM | Ly6C+ | Ly6C- | pDC | ¢cDC | 11b+
Tecell | Tcell | cell | NKcell | Cells Mono | Mono NK cells
CD11c - - - - - - - +/- - + + + -
Zombie - - - - - - - - - - - - -
Aqua
CD4 + - - - - - - - - - - - -
MHC I - - + - - - - +/- +/- - + | ++ -
F4/80 - - - - - - - + - - - - -
CD45.2 ++ | ++ | ++ ++ ++ | ++ + ++ ++ ++ | ++ | ++ ++
Ly6G - - - - - + - - - - - - -
CD3 + + - - + - - - - - - - -
Ly6C +\- | +\- - - - - - - + - - - -
NK1.1 - - - + + - - - - - - - +
B220 - - + - - - - - - - + - -
CcD8 - + - - - - - - - - - +/- -
CD11b - - - - - ++ + ++ | ++ ++ - +/- +
CD43 +\- +\- - - - - - - - + - - -

A representative gating diagram of the immune infiltrate isolated from a

preclinical murine GBM model, (CT2A), is shown in Fig. 5. This panel has also been tested

on murine bone marrow, and spleen with similar results (data not shown). Fluorochrome -
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antigen pairs were selected through consideration of antigen density/expression (Table
3). With this approach, we chose combinations that would minimize signal -to-noise ratio
for each detector and prioritize bright fluorochromes for antigens of lower density. All

antibodies were serially titrated on splenocytes and bone marrow (depending on cellular

abundance in each tissue.

Singlets were selected on the basis of both FS@\ v. FSC-H and SSCA v SSCGH to
eliminate the contribution of doublets in subsequent gating (Fig. 5a). From the singlet gate,
live immune cells (L/D - CD45int/+) were identified. Microglia are commonly CDA45int,
therefore it is important to not erroneously exclude this cell type at this step. Lymphocytes
(CD11b- CD11c) and myeloid cells (Not -Gate from lymphocyte) are then separated from

immune cells, which leads to two independent gating paths.

From the lymphocyte gate (Fig. 5b), T cells (CD3+) and B cells (B220+) are
identified with their respective lineage markers. T cells are then separated into CD8+
cytotoxic lymphocytes and CD4+ T helper cells. Double negative cells from the CD3 v.

B220 gate are then analyzed for NK1.1 expression to detect NK cells.

Within the myeloid cell population (Fig. 5c), we first identify neutrophils

(Ly6G+ CD11b+). Then, microglia are identified as CD11b+ CD45int. After using a not -
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gate from microglia, Tumor Associated Macrophages (TAMs) are identified as CD11b+
F480+. TAMs can be further divided into mo-DCs (CD11c+ MHCII+) and TAMs (exclusive
gate from DC-like TAMSs). After TAMs have been excluded, classical monocytes (cMonos)
are identified as CD11b+ Ly6C+. pDCs are identified from the cMono excluded population
as B220+ CD1l1c+. Following exclusion of pDCs, DCs are then identified as CD11c+
MHCII+. No n-classical monocytes are then identified as CD43+ CD11ant, from the DC -
excluded population. Finally, CD11b+ NK cells, which typically represent a more mature

subset of NK cells, are identified from the remaining cells.
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Figure 5: Representative gating strategy and tumor immune infiltrate analysis

(A) Singlets are defined, followed by leukocytes, and then lymphocytes and myeloid cells
are separated. (B) Lymphocyte gating strategy. (C) Myeloid gating strategy. (D) Summary
of tumor immune infiltrate from n = 5 mice. Results are representative of 2 experimental
repeats.

In addition to manual gating, we took advantage of the diverse set of FlowJo

plugins for unbiased evaluation of all the parameters at once with dimensionality
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reduction, namely using Phenograph (Levine et al., 2015) UMAP (Leland Mclnnes, 2020)
and Cluster Explorer. Using this approach, 13 different clusters were identified, which
highlighted the spectrum of the myeloid phenotypes. Fig. 6 illustrates the unbiased
clusters that were identified by Phenograph, which we annotated based on marker
expression through Cluster Explorer. A detailed protocol for using these plugins can be
found in Section 2.1.3Data Analysis . This method can be used to both validate manual
gating, as well as to identify populations that may have been missed through manual
gating. As unbiased approaches and increasing parameters gain more traction, it becomes

more important to utilize dimensionality reduction tools.
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Figure 6: Representative UMAP clustering results and unbiased tumor infiltrate
analysis

(A) UMAP projection of CD45+ Live/Dead - cells from n=5 mice. (B) Heatmap of antigen
targets included in the panel to guide cluster annotation. (C) Lineage markers projected
into UMAP space. (D) Summary of tumor immune infiltrate from n = 5 mice. Results are
representative of 2 experimental repeats.

Traditionally manual gating strategies have been useful in identifying cell
populations based on the assumption that antigens are lineage defining and mutually
exclusive. Higher dimensionality analysis of the TME using cyTOF and scRNA -seq,

which also utili ze unbiased analysis approaches, are finding that immune populations

exist on a spectrum and that fewer antigens are truly exclusive to a single cell type than
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originally assumed. Using unbiased analysis for high dimensional flow cytometry data
avoids assumptions about the specificity of markers and allows for de novccell type

classification.

While de novcell type identification will allow for appreciation of unexpected
heterogeneity within the TME, it does have potential limitations. Primarily, due to the
nature of unbiased analysis, which cell types will be identified will not be evident until
the analysis is complete. Rare populations or populations with limited expression
differences may not be identified as clusters, and thus will be better identified with
manual gating strategies. However, frequency of cell populations identified in both

manual and unbiased gating approaches, were similar regardless of method used.

2.1.4 Flow Cytometry Methods Development - Conclusions

The protocol outlined here has been thoroughly validated and optimized and is
expected to yield consistent performance in identifyin g immune populations within the
brain tumor microenvironment. The target antigens were carefully selected and paired
with fluorochromes to minimize ambiguity and signal overlap via utilization of lineage
defining markers and placing fluorophores with highe r spectral overlap on mutually
exclusive antigens. Antibody clones were selected based on their citation frequency to

eliminate the potential for untested clones reducing data quality. Selected antibodies
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were then titrated to maximize signal to noise rati o by optimizing for staining index.
Once the panel was optimized, it was validated in murine tumors, which demonstrated
that 13 unique immune populations could be resolved using manual or unbiased cell
classification strategies. Finally, the tissue proceséng protocol was optimized to improve
the yield of live immune cells through the inclusion of mechanical and enzymatic
digestion strategies. We expect this panel and tissue processing protocol to provide a
simple and cost-efficient method for resolving the brain tumor immune infiltrate and

advancing the pace of immunotherapy development.

2.2 Mice

Six- to eight-week-old C57BL/6J, LysMere, Synlee, and CD45.1 mice were
purchased from the Jackson Laboratory. CaMKK2"-, Tg(Camkk2-EGFP)DF129Gsat
reporter mice (CaMKK2-EGFP), and CaMKK2" mice were generously provided by
Luigi Racioppi (Duke University). CaMKK2 -, CaMKK2-EGFP and CaMKK2" mice
have been previously validated (Racioppi et al., 2019) Animals were maintained under
pathogen-free conditions at the Cancer Center Isolation Facility of Duke University
Medical Center. All experimental procedures were approved by the Institutional Animal

Care and Use Committee.
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2.3 Cell lines

C57BL/6 syngeneic CT2a, GL261, and KR158Buc were provided by Robert L.
Martuza (Massachusetts General Hospital), the National Cancer Institute, and Duane
Mitchell (University of Florida), respectively. CT2a and KR158BLuc cells were cultured
in complete DMEM (Gibco 11995-065, 10% FBS). GL261 cells were cultured in complete
RPMI (Gibco 11875093,1% Nonessential amino acids, 1% Sodium Pyruvate, 10% FBS).
For intracranial implantation, 5x10 4, 1x1(, 5x10 cells were implanted for CT2a, GL261,
and KR158B-Luc respectively. For subcutaneous implantation, 2.5x1® CT2a cells were
injected into the flank. All cell lines were authenticated and tested negative for

mycoplasma negative, and interspeciescontamination by IDEXX Laboratories.

2.4 Tumor inoculation

Tumor cells were collected in their logarithmic growth phase via trypsinization
(Gibco 25300054) and then resuspended in PBS. For intracranial implantation, tumor
cells were mixed 1:1 with 3% methylcellulose and loaded into a 250uL Hamilton syringe
(Hamilton Company, 81120). Mice were anesthetized using isoflurane. Injection sites
were shaved, then mice were placed in a stereotactic frame. After sterilization of the
scalp, a midline incision was made to expose the bregma. The Hamilton syringe was
positioned over the bregma, moved 2mm laterally to the right, lowered 5mm below the

surface of the skull, and then raised 1mm to create a pocket for the tumor suspension.
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An infusion pump was then used to infuse 5uL of tumor cells at 120 pl min-1containing
5x10, 1x10, 5x10¢ cells for CT2a, GL261, and KR158H.uc, respectively. After
completion of the infusion, the syringe was left in place for an additional 45 seconds
before removal. Bone wax was used tocover the injection site, and then the incision was

stapled close.

For subcutaneous tumor inoculation, tumor cells were harvested as described
above and resuspended in PBS. Using a 4ml syringe with a 25G needle, 2.5x106 CT2a

cells were implanted in the flank in 100 pl.

2.5 In-vivo antibody administration

For anti-CD4 and anti-CD8 depletion, 200ug anti-CD4 (GK1.5, Bio X Cell), 200ug
anti-CD8 (2.43, Bio X Cell), or 200ug isotype (LTF2, Bio X Cell) were administered
intraperitoneally in 500 pl PBS on the three days before tumor implantation. Depletion
was maintained by treating every three days, starting day two post -implantation,

through day 14 for a total of eight treatments.

For immune checkpoint blockade experiments, either ICB combination therapy
containing 200ug anti-PD1 (RMP1-14, Bio X Cell) and 200ug anttTIM3 (RMT3-23, Bio X

Cell) or 400ug isotype (2A3, Bio X Cell). Injections were administered intraperitoneally
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in 500uL PBS every three days, starting day three, through day 18 post tumor

implantation for a total of 5 treatments.

2.6 Tissue Processing and Flow Cytometry

The flow cytometry protocol is described in detail previously (W. H.
Tomaszewski et al., 2021) In brief, tumor -bearing hemispheres were harvested on day
14 post tumor implantation. Tissue was transferred to a Dounce Tissue Homogenizer
with 5 mLs of digestion cocktail containing 0.05 mg ml-*LIberase DL (Roche), 0.05 mg
ml-tLiberase TL (Roche), 0.2 mg mfDNase | (Roche) in HBSS with calcium and
magnesium. A cell suspension was obtained after 510 strokes with the loose-fitting (A -
size) pestle.The cell mixture was then incubated at 37 °C for 15 min in a water bath to
obtain a single-cell suspension. The singlecell suspension was then passed through a 70
pm filter. After centrifugation, the cells were resuspended in 1x RBC Lysis Buffer
(Thermo Fisher Scientific) for 3 minutes. Myelin was removed from the sample with
Percoll centrifugation. Samples were centrifuged and mixed with 30% Percoll (Sigma
Aldrich) and centrifuged at 500g for 20 min at 18 °C with no brake. The myelin layer and
Percoll were then aspirated and the pellet was re-suspended in PBS before counting on

an automated cell counter (Thermo Fisher Scientific).
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For cytokine re-stimulation, samples are resuspended in 1mL RPMI + 10% FBS at
1-2x10 cells mltin a 24 well plate, before viability, extracellular, or intracellular staining.
2 pl Cell Activation Cocktail with Brefeldin A (Biolegend) and 2 pl GolgiStop (BD
Biosciences) were added and then samples were incubated for 4 hours at 37C.

If samples were not stimulated, cells were then resuspended at 22x1¥ ml-tin 100
pl PBS and transferred to a 96well plate. Before further staining, samples were re-
suspended in Zombie Aqua Viability Dye (1:400, Biolegend) and incubated for 30

minutes on ice.

For extracellular staining, samples were incubated with a blocking solution
containing 2% Normal Rat Serum (Thermo Fisher Scientific), 2% Normal Armenian
Hamster Serum (Innovative Research), 2% Normal Mouse Serum (Thermo Fisher
Scientific), and TruStain FcX Plus (Biolegend) in MACS Buffer (PBS + 1% FBS + 1mM
EDTA) for 15 minutes on ice. After blocking, samples were incubated with antibodies
(Supplemental Table 1) for 30minutes on ice. Stained samples were then fixed in 2%

formaldehyde in PBS on ice for 15 minutes.

For intracellular staining, samples were stained for viability and extracellular
markers as described above. After staining, cells were fixed with 1x of FOXP3

Fixation/Perm buffer (eBioscience FOXP3/Transcription Factor Staining Buffer Set,
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Thermo Fisher Scientific) for 30minutes on ice. Following fixation, samples were re-
suspended in 1x FOXP3 Perm/Wash buffer for overnight permeabilization at 4 °C.

Intracellular antigens were then stained on ice for 30 minutes in 1x perm buffer.

Before acquisttion, 10 ul of Accucheck Counting Beads (Thermo Fisher Scientific)
were added to each sample. To calculate the number of cells per gram of tumor the
following calculation was used: number of acquired cells x (number of input
beads/number of acquired beads)x (1 / fraction of sample stained) x (1 / tumor weight).
Samples were acquired on an LSRII (BD Biosciences) using FACS Diva software v.9 (BD

Biosciences) and analyzed using FlowJo v.10 (Tree Star).

2.7 Multiplexing samples by cell-hashing and flow sorting

Samples were processed as described above, and after viability and extracellular
staining, each biological replicate for each genotype was stained with four unique oligo -
tagged TotalSeqB (Biolegend) antibodies.Samples were incubated for 30 minutes on ice
Samples were then sorted on a FACSAria Il (BD Biosciences) and enriched for CD45+

Live cells.
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2.8 scRNA-seq library preparation

Sorted live CD45+ tumor-infiltrating cells were encapsulated into droplets and
libraries were prepared using a Chromium Sing O1 w" 1 OOwt z w* PUwUUDOT wUIT 1T u
with feature barcoding (10X Genomics). For each 10X channel, 4 samples were equally
combined: n =4 WT, and n = 4 CaMKK2". 7,000 cells per genotype were targeted with
1,750 cells per biological replicate contributing to each genotype. The generated scRNA
seq and hashtag libraries were pooled at a 25:1 ratio and sequenced on a Novaseq S
Prime Flow Cell to an average depth of 61,286 and 59,013 reads per cell for WT and

CaMKK2 - samples, respectively.

2.9 scRNA-seq data analysis

The Cell Ranger pipeline (10X Genomics) was used to perform sample
demultiplexing and to generate FASTQ files for the gene expression and hashtag
libraries. FASTQ files were demultiplexed from the raw sequencing reads (bcl2fastq,
v2.20), aligned to the mouse mm10 reference genome (cellranger, v4.0.0), and raw gene

count matrices were generated using STAR (v2.7.5¢)

Downstream analysis was performed using the R software package Seurat
(Butler, Hoffman, Smibert, Papalexi, & Satija, 2018)v4.0.3, http://satijalab.org/seurat/).

Hashtags oligos, which corresponded to biological replicates, were demultiplexed using
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HTODemux function and appended to the meta -data for each sample Low -quality cells,
expressing less than 200 genes, and genes expressed by fewer than three cells were
removed. The gene expression matix for each genotype was then concatenated using
the merge function in Seurat. The percentage of mitochondrial gene content was
calculated using the Mouse.MitoCarta3.0 (Rath et al., 2020)gene set and the
PercentageFeatureSet function in Seurat. The Seurat object was converted to a
SingleCellExperiment object, and outlier exclusion was performed in scater (v.1.18.6).
Using the isOutlier function in scater, cells were discarded if their percentage of
mitochondrial gene content, number of expressed genes, or number of reads for a given
cell was considered an outlier. 11,784 Live CD45 cells passed QC and the
SingleCellExperiment object was then converted back into a Seurat object.
Normalization and regression of cell cycle scoring and percent mitochondrial gene
content were performed using the SCTransform function in Seurat. Principal component
analysis (PCA) was performed on all genes, and the number of principal components to
be utilized in further analysis was determined heuristically using the elbow method.
Thirty principal components were used for clustering and dimensionality redu ction
using FindNeighbors and RunUMAP in Seurat, which identified Seventeen distinct cell
clusters. The RNA assay in the Seurat object was then multiplied by 10,000 and log
transformed before cluster-specific genes were identified. FindConservedMarkers was

used to identify marker genes that were conserved between genotypes for each cell
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cluster. Annotation of cell clusters was performed by utilizing public datasets which
identified marker genes for the identified cell types. Microglia signatures were obtain ed
from Bowman et al. and Haage et al. (Robert L. Bowman et al., 2016; Haage et al., 2019)
Macrophage signatures were obtained from Gautier et al. (Gautier et al., 2012) All other
signatures were obtained from a data set that identified conserved cell types in mouse
and human tumor s (Zilionis et al., 2019). Differential expression analysis, between cell
types or genotypes, was performed using the MAST statistical test in the FindMarkers
function in Seurat. Gene expression, gene signature scores, and clustering results were
all visualized by embedding cells in dimensionally -reduced Uniform Manifold
Approximation and Projection (UMAP) space. Gene signature scores were calculated
using the AddModuleScore function in Seurat, and then a density plot was projected

into UMAP space using the Nebulosa (v.1.0.2) package.

2.10 Publicly available scRNA-seq data analysis

Publicly available scRNA -seq datasets GSE8446https://portal.brain -
map.org/atlases-and-data/rnaseg/human-m1-10x), which had been processed and
annotated previously ("© 2020 Allen Institute for Brain Science. Human M1 10x.
Available from: https://portal.brain -map.org/atlases-and-data/rnaseq/human-m1-10x," ;
Darmanis et al., 2017) were imported into Seurat and processed using the workflow

described above, with the exception that the annotations provided with the datasets
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were used. Expression of CaMKK2 was then visualized in healthy and tumor -bearing

T UOEOQwWUPUUUT UwUUPOT w21 UUEUZUwW500/ OOUWEOBEW-1 EUO

2.11 Cell-cell communication analysis

Cell-cell communication analysis was performed using the CellChat (Jin et al.,
2021)(v.1.0.0) software package in R. CellChat quantit&ively infers and analyzes
intercellular communication networks from scRNA -seq data using a curated database of
known interactions among ligands, receptors, and their cofactors. Inference of cell type-
specific signaling communication is performed using mas s action models. The
visualizations were created using the following vignette:

https://htmlpreview.github.io/?https://github.com/sqjin/CellChat/blob/master/tutorial/C

omparison_analysis_of multiple datasets.html .

2.12 Functional analysis using gene ontology enrichment
analysis

To predict putative biological functions based on differential gene expression, we
performed a Gene Ontology (GO) analysis. Genes that were differentially expressed
between Apoe+ and DC-like TAMs (adjusted p -value < 0.05, log(FC) < 0.1) were inserted

into the DAVID (D. W. Huang, Sherman, & Lempicki, 2009) functional annotation tool

55


https://htmlpreview.github.io/?https://github.com/sqjin/CellChat/blob/master/tutorial/Comparison_analysis_of_multiple_datasets.html
https://htmlpreview.github.io/?https://github.com/sqjin/CellChat/blob/master/tutorial/Comparison_analysis_of_multiple_datasets.html

(https://david.ncifcrf.gov/tools.jsp ). GOTERM_BP_DIRECT results were exported,

shortlisted, and visualized in R.

2.13 Bone marrow chimera generation

Bone marrow was harvested from age (810 weeks) and sexmatched donor mice.
Recipient mice were irradiated with a 9Gy dose from a Cesium irradiator (Mark | -68A
137Cs irradiator, JL Shepherd and Associates). Recipient mice then received an
intravenous infusion of 5x10¢donor bone marrow cells in 100 pl PBS. Recipient mice
were then put on antibiotic -treated water for 2 weeks post bone marrow transfer. Donor
chimerism was found to be nearly 100% in the bone marrow at 8 weeks post bone

marrow transfer

2.14 Confocal Immunofluorescence and Analysis

Tumor -bearing mice were anesthetized and transcardially perfused with ice -cold
PBS followed by 2.5% Formalin. Brains were removed and postfixed in 2.5% Formalin
at K @ 8vernight and then dehydrated in 30% sucrose at K o 1 48 hours. Brains were
embedded in Tissue Freezing Medium (TFM, General Data Company) and frozen at -
80 S Frozen brains were made into 25um sections using a cryostat and mounted to
slides. After outlining sections with a hydrophobic barrier pen, they were washed with
TBS + 0.05% TweerR0. Following the initial wash, they were washed wit h 1% SDS in
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PBS. After the SDS wash, sections were blocked in TBS + 0.05% Twe&® + 10% normal
donkey serum for 1 hour at room temperature. Sections were then incubated with
primary antibodies (diluted in TBS + 0.05% Tween-20 + 10% normal donkey serum)
(Supplementary Table 1) overnight at K @.SThe following day, tissue sections were
incubated with secondary antibodies (diluted in TBS + 0.05% Tween-20 + 10% normal
donkey serum) for 2 hours at room temperature. SlowFade Glass (Thermo Fisher
Scientific) was then applied before adding a coverslip to the slide. Tumor -bearing
hemispheres were imaged on a Dragonfly spinning disc confocal (Andor). Imaris v.9.6.0
(Oxford Instruments) was used to process and analyze images. Tumors were segmented
using the surface tool to allow identification of both intra - and peri-tumoral cells. Cells
were guantified using the spots tool in Imaris. The percent intratumoral cells is the
number of intratumoral cells divided by total cells of that type. The number of cells per
mm3tumor is calculated by dividing the total number of intratumoral cells by the

volume of the surface created around the tumor.

2.15 Statistical Analysis

Graphs represent the mean = S.E.M. and are representative of two experimental
repeats unless stated otherwise. Statistical tests were completed using GraphPad v.9.2.0
(Prism). When making multiple comparisons in the same graph, a repeated measures

two -way ANOVA was performed, and if the interaction term was significant, then a
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post-hoc unpaired two -tailed studen U z-tdstilas performed. If only making one
comparison in a graph, an unpaired two -U E B O1 E w Utestiasd uSdd.Adbenislds
indicate a level of significance (*P <0.05, **PA0.01, **P<0.001,P >0.05 not significant).

No statistical methods were used to predetermine sample size.

Survival curves were analyzed using a log-rank (Mantel -Cox) test. Results of
independent experiments were combined if the effect of replication was not a significant
source of variance in an ANOVA. Mice that underwent treat ment were randomized,
within their genotype, to treatment groups after tumor injection. All survival studies
were monitored with the help of veterinary staff from the Duke animal facility who were

blinded to the studies and reported endpoints accordingly.

2.16 Graphical lllustrations

Graphical illustrations were made using BioRender ( https://biorender.com/)

2.17 Data Availability

Data are available via the NCBI Gene Expression Omnibus under accession

number GSE197879
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2.18 Code Availability

The R code that was used to perform the scRNAseq analysis can be found on

Github: https://github.com/wht10/CT2A scRNAseq CaMKK2KOVWT
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3. Stromal CaMKK2 promotes immunosuppression and
checkpoint blockade resistance in Glioblastoma

Portions of this section were taken from the following publications:

For the above mentioned manuscript J.W.P. contributed by aiding in
experimentation , analysis, and reviewing, M.C. co ntributed by aiding in
experimentation, analysis, andreviewing , J.P. catributed by aiding in experimentation,
analysis, and reviewing, J.R. contributed by aiding in analysis and reviewing, P.E.F.
contributed by reviewing, M.K. cont ributed by reviewing, D.A. contributed by
reviewing, L.S.P. contributed by aiding in experimental design and reviewin g, L.R.
provided reagents and revisions, M.D.G. contributed by reviewing, and J.H.S.

contributed by reviewing.

3.1 Introduction

ICB has revolutionized treatment for many difficult -to-treat cancers but has yet
to produce significant improvement in outcomes for patients with  GBM (Khasraw,
Reardon, Weller, & Sampson, 2020; Reardon et al., 2020The etiology of ICB resistance
in GBM remains to be fully elucidated but is th ought to be linked to the
immunosuppressive nature of the tumor microenvironment (TME) and the pro-tumor

function of stromal cells, including TAMs (Quail & Joyce, 2017) Likewise, the GBM TME
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responses to immunotherapy.

TMEs have been characterized in a variety of cancers using transcriptomic
analysis to more accurately predict ICB responsiveness. For instance, TMEs enriched for
antigen presentation (HLA-A, TAP1, CIITA, HLA-DRA), cytotoxicity ( GZMB, GZMA), T
cell trafficking ( CXCL9, CXCL10, and Thl (CD4, IFNG, CD40l immune signatures are
more likely to respond to ICB therapy (Bagaev et al., 2021)Certain cell types within the
TME have also been found to be strongly associated with ICB response or resistance. For
instance, TREM2+, SPP%, APOE* TAMs were recently identified as an
immunosuppressive, pro -tumor population conserved across multiple human tumor
types (Mulder et al.) , including GBM (H. Liu et al., 2021). Genetic or therapeutic
inhibition of Trem2, a hallmark gene of the disease-associated microglia (DAM)
phenotype, was recently shown to license ICB therapy in murine tumor models
(Katzenelenbogen et al., 2020; Molgora et al., 2020)This indicates that TAMs sharing
characteristics with DAMs are conserved throughout human cancers - including GBM -
and play a role in fostering ICB resistance and immunaosuppression in the TME. In

addition to TAMs, tumor -infiltrating lymphocyte (TIL) phenotypes, particularly as they
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reflect exhaustion, also strongly predict ICB response (Koyama et al., 2016; K. 1.
Woroniecka et al., 2018) In mice and humans, precursor-exhausted CD8 TILs (TcfL,
Slamf6*, Pd1*) remain responsive to ICB, whereas terminally exhausted CD8 TILs
(Tim3+, Tox*, Pd1) do not (Miller et al., 2019; Philip & Schietinger, 2021; SadeFeldman et
al., 2018) Limiting the pro -tumor functions of TAMs in the GBM TME and promoting
functional TIL phenotypes associated with an ICB response are strategies anticipated to

newly license immunotherapies against GBM.

Recent studies have demonstrated that many pro-tumor processes can be
attributed to calcium signaling in stromal cells in response to tumor stimuli  (Monteith,
Prevarskaya, & Roberts Thomson, 2017) including in GBM (Venkataramani et al., 2019)
Calmodulin -Dependent Kinase Kinase 2 (CaMKK?2) is a calciumresponsive serine-
threonine kinase (Racioppi, 2013; Racioppi & Means, 2012)Elevated CaMKK2 activity is
found within prostate (Frigo et al., 2011) hepatic (Lin et al., 2015) and breast(Racioppi
et al., 2019)cancers, while loss of CaMKK2 has been shown to polarize TAMs to an anti
tumor phenotype in murine breast cancer and lymphoma models (W. Huang et al., 2021;
Racioppi et al., 2019) CaMKK2 is highly expressed in macrophages and neurons
(Marcelo, Means, & York, 2016; Racioppi & Means, 2012)both of which are abundant
stromal cells in GBM and possess pratumor function (Quail & Joyce, 2017)

Accordingly, CaMKK2 is critical for brain -derived neurotrophic factor (BDNF)
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expression in neurons (Kokubo et al., 2009; West et al., 2001)which has already been
seen to contribute to pro-tumor mitogenic functions in high -grade gliomas (Venkatesh et
al., 2015; Venkatesh et al., 2019)ndeed, it has previously been shown that elevated
CaMKK2 expression is associated with a worse prognosis in patients with GBM using
The Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA)(D.-
M. Liu et al., 2016). Collectively this suggests that CaMKK2 represents a potential
therapeutic target that promotes pro -tumor functions of s tromal cells and is highly
expressed in the GBM TME. We hypothesize that the expression of CaMKK2 is critical

for the pro-tumorigenic GBM TME and ICB resistance

3.2 Results

3.2.1 CaMKK?2 expression within the GBM TME is associated with
poor survival and resistance to ICB

Using CaMKK2 -EGFP reporter mice, we confirmed that CaMKK2 is most highly
expressed in TAMs and neurons in naive and tumor -bearing mice (Fig. 7a; Fig. 8a-c).
Publicly available scRNA -seq data demonstrated that this pattern of expression was
similar in the naive human brain and patient GBM samples (Fig. 7b; Fig.8d). Survival
analysis of data from the Gene Expression database of Normal and Tumor tissues 2
(GENT?2) database(S-J. Park, Yoon, Kim, & Kim, 2019)subsequently showed that high
levels of CaMKK2 expression within the combined tumor and TME are associated with

worse survival outcomes in patients with GBM (Fig. 7c).
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To resolve whether CaMKK2 in stromal cells or the tumor itself might drive
tumor prog ression, we sought to determine if CaMKK2 deficiency in the tumor -bearing
host was sufficient to extend survival in syngeneic orthotopically implanted glioma
models. Indeed, CaMKK2-- (CaMKK2 KO) mice survived significantly longer than
wildtype (WT) mice i mplanted with three separate GBM model cell lines: CT2a, GL261,

and Kluc (Fig. 7d, e, f).

To reveal the difficulties imposed upon ICB treatment specifically by the IC TME,
we compared the efficacy of a combination therapy consisting of ICB antibodies against
programmed cell death protein 1 (PD1) and T-cell immunoglobulin and mucin -domain
containing-3 (TIM3) in subcutaneous (SQ) and IC GBM models in WT mice. This
combination ICB therapy was selected based on the high expression of PD1 and TIM3 on
TILs isolated from patients with GBM (K. Woroniecka et al., 2018) While ICB
combination therapy was efficacious in inducing tumor regression in WT mice in the SQ
model, it had no significant effect on the survival o f WT mice in the IC model (Fig. 8f;
Fig. 7g,i). These findings suggest that factors present in the WT IC TME but absent in the
SQ TME contribute to ICB resistance. To determine whether CaMKK2 might contribute
to ICB resistance within the IC compartment, we compared treatment efficacy against IC

CT2ain WT and CaMKK2 KO mice. ICB treatment produced a significant survival
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benefit in the CaMKK2 KO mice (Fig. 7g). This finding demonstrates that CaMKK2

contributes to ICB resistance in IC GBM.

Considering the newly conferred response to ICB, a traditionally CD8 * T cell-
directed therapy, we evaluated whether T cells mediate tumor clearance in CaMKK2 KO
mice. Utilizing anti -CD8 depleting antibodies, we confirmed that the survival benefit in
CaMKK2 KO mice is immune-mediated and dependent on CD8* T cells (Fig.7h,j). Broad
immunophenotyping of the TME showed that the number of tumor -infiltrating
lymphoid and myeloid cells, however, was not significantly altered by CaMKK2
deficiency (Fig.8g), suggesting it may instead be phenotypic or localization differences in

the immune compartment that promote survival in the absence of CaMMK2.
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Figure 7: CaMKK2 expression within the GBM TME is associated with poor survival
and resistance to ICB

aTumor -bearing hemispheres were harvested from WT (FMO) or CaMKK2-EGFP mice
on D14 and stained with a multi -color flow panel to resolve major immune populations.
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n =4 ANOVA p <.05 with post-hoc t-test b UMAP plot of Human Glioblastoma tumor
microenvironme nt, and Violin plot of CaMKK2 expression in corresponding cell types.
Data pulled from http://gbmseq.org/ and re-analyzed. ¢ Glioblastoma survival stratified
by median Log2(CaMKK2) expression where above median expression was considered
?2' D1 1T 2 wE OE wE High® k= aBALewdrb=17, Logrank test. d,e,f Mice were
intracranially implanted with 50k CT2a , 100k GL261, or 50k Kluc and monit ored for
survival. n = 10 per group, Log-rank test. g 50k CT2a was implanted intracranially and
either 400ug isotype or a combination therapy of 200ug aPD1 and 200ug aTIM3 was
administered on D3 p.i and every 3 days through D15 for a total of 5 treatments. n = 9 for
ICB treated groups and n= 8 for isotype treated groups, Log-rank test. h 50k CT2a was
implanted intracranially and mice were monitored for survival. Either 200ug of isotype,
aCD4 or aCD8 was administered on D-3,D-2,D-1, p.i. and every 3 days afer through
D14 for a total of 8 treatments. n = 8 per group, Logrank test. i Schematic depicting ICB
treatment strategy. j Schematic depicting CD4 and CD8 depletion strategy.
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Figure 8: CaMKK2 is highly expressed in neurons and myeloid cells in humans and

mice
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a,b Confocal images of D14 brain tumor sections of CaMKK2-EGFP reporter mice.
NeuN and IBA1 were used to identify neurons and myeloid cells respectively. Imaris
was used to determine the colocalization of either Ibal or NeuN and CaMKK2 -EGFP
signal. Y-axis denotes % of total cells of that type that are EGFP+n = 3 mice per staining
panel, t-test. c Flow cytometry gating strategy that was utilized in Fig.1a and Fig . S1d,g
d Spleens were harvested fran naive WT (FMO) or transgenic CaMKK2-EGFP reporter
mice and stained with a multi -color flow panel to resolve major immune populations. n
=5 per group, ANOVA p < .05 with post -hoc t-test. e UMAP plot of Naive Human Brain
cells, and density and violin plot s showing CaMKK2 expression within those cell types.
Data pulled from Allen Institute for Brain Science ( https://portal.brain -map.org/atlases-
and-data/rnaseg/human-m1-10x) f 250k CT2a was implanted in the flank of WT mice
and tumor growth was monitored. Either 400ug isotype or a combination the rapy of
200ug aPD1 and 200ug aTIM3 was administered on D3 p.i and every 3 days through
D15 for a total of 5 treatments. n = 8 per group, 2way ANOVA p<.05 with post -hoc t-
test. g Tumor -bearing hemispheres were harvested from WT or CaMKK2 KO mice on
D14 and stained with a multi -color flow panel to resolve major immune populations. n =
5, ANOVA p< .05 with post -hoc t-test.

3.2.2 Pro-tumor immune programming in the glioma
microenvironment is CaMKK2 dependent

As the number of tumor -infiltrating lymphoid and myeloid cells were not
significantly altered in CaMKK2 KO GBM-bearing mice, we investigated the
contribution of CaMMK2 to tumor -infiltrating immune cell phenotypes. We performed
scRNA-seqg on CD45 immune cells isolated from IC CT2A tumors in WT and CaMKKK 2
KO mice (Fig. 9a,b). Cell clusters were annotated using previously published gene

expression signatures (Fig.9d; Fig. 10a).

Heterogeneity was observed within the TAM compartment, as 3 clusters were

identified that highly expressed canonical macrophage genes Mertk, Adgrel, Fcgrl).
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These 3 TAM clusters were labeled Nos2+ TAM (Nos2and Argl), DC-like TAM ( H2-Aa
and CD74), and Apoe+ TAM (Apoeand Mrcl) (Fig. 9f). Apoe+ TAMs were nearly
exclusive to the WT TME, and DC-like TAMs were predominantly found in CaMKK2
KO mice (Fig. 9b-d). The dramatic shift in these immune populations suggests a role for
CaMKK2 in maintaining the Apoe+ TAM phenotype and in restricting antigen

presentation phenotypes amongst TAMs.
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Figure 9: Pro-tumor immune programming in the glioma microenvironment is
CaMKK2 dependent

a Schematic depicting scRNA-seq experimental design. n =4 WT and CaMKK2 KO mice
had 50k CT2a orthotopically implanted. On D14 tumors were harvested and underwent
tumor processing. Samples were labelled with a Live-Dead viability Dye, CD45, and
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TotalSeqB anti-mouse Hashtag antibodies. CD45+ Live cells were sorted, and then
pooled in equal parts by genotype. b 14k CD45+ Live Immune cells were sorted from
WT and CaMKK2 KO tumor -bearing hemispheres on D14 p.i. HTO and Gene
Expression libraries were prepared using the 10X platform. UMAP plots of the cell types
identified using unsupervised clustering methods are shown for the aggregate dataset
and stratified by genotype. c Abundance of immune cell types identified by SCRNA -seq.
n = 4 per genotype, two-way ANOVA p < .05 with post -hoc t-test. d Dot plots
corresponding to the cell types displayed in the UMAP plots show expression of subset -
specific genes, with the dot size representingthe percentage of cells expressing the gene
and the color representing its average expression within a cluster.
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Figure 10: scRNA-seq clusters highly express previously identified cell signatures
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a Scaled expression of immune signature genes in the cell clusters identified in the
scRNA-seq dataset.b Violin plots of CaMKK2 expression levels across immune subsets
of WT cells. ¢ Cell sorting strategy used for scRNA -seq experiment.

3.2.3 CaMKK?2 deficiency averts a terminally exhausted phenotype in
tumor-infiltrating CD8" T cells

Given the increase in immunostimulatory programming of the mononuclear
phagocyte (MNP) system, as well as the requirement for T cells in mediating the
survival be nefit in CaMKK2 KO mice, we further analyzed the TIL compartment. Re -
clustering of the CD3e+ TIL populations resolved additional populations (Fig. 11a),
including Tregs (Ikzf2, Foxp3 Ctlad), effector CD4s (Cd4, CD40Ig, IFNg, TNFa), CD8* T
cells (Cd8 Pdcdl, and Lgals3, stem-like T cells (Tcf7, Slamfg S1pr)O wE O E ww i@, wET OO U u

Rorg Sox13 Agp3d (Fig. 11b).

Examining the requisite CD8* T cell population more specifically, we performed
differential expression analysis on the reclustered CD8* TIL population. This revealed
that Granzyme B (Gzmb and Granzyme A (Gzm3g expression were both more highly
expressed in CD8& TILs found in CaMKK2 KO mouse tumors relative to those in WT
(Fig. 11c). Gzmb and Gzma are molecules welkknown to be involved in cytolysis.
Projection of the cytolytic gene signature onto the reclustered TILs shows that the
signature strongly co-localized with the CaMKK2 KO CD8* TILs (Fig. 11d). In contrast,

the expression of Toxand Stat3 which regulate CD8*T cell exhaustion (Alfei et al., 2019;

74



Austin, Lu, Majumder, Ahmed, & Boss, 2014; Khan et al., 2019; Yao et al., 2019were
significantly lower (Fig. 11c). Intracellular flow cytometry staining of CD8 TILs from
CaMKK2 KO mice confirmed th at Tox expression was also significantly lower at the
protein level (Fig. 11e). This suggested that CD8 T cells in the CaMKK2-deficient TME

become less exhausted in the setting of GBM.

An ICB-responsive, precursor-exhausted CD8" TIL population has been
identified as Slamf6+, Tcflr, Pd1, and Tim3-(Miller et al., 2019; Philip & Schietinger,
2021; SadeFeldman et al., 2018) The precursor exhausted population shares
characteristics with the stem-like TILs identified through reclustering ( Tcf7, Slamf§ (Fig.
11b). Because we olerved a slight enrichment for stem-like TILs and reduced Tox
expression in CD8* TILs in CaMKK2 KO mice (Fig. 9c), we assayed exhaustion
phenotype markers on CD8 TILs by flow cytometry. We observed significantly reduced
expression of PD1 and TIM3 (terminal exhaustion), and increased expression of
SLAMF6 (precursor exhaustion) on CD8* TILs in the tumors of CaMKK2 KO mice (Fig.
11f). Accordingly, within PD1 +CD8* TILs, there was an increase in the prevalence of the
precursor exhausted phenotype (SLAMF6+, TIM3-), and reduced occurrence of the
terminally exhausted phenotype (SLAMF6 -, TIM3+) (Fig. 11g). The increased proportion
of precursor exhausted CD8* TIL phenoty pes was reflected in an increase in absolute

counts of precursor exhausted CD8 T cells per gram of tumor (Fig. 11g). This suggested
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that CaMKK2 deficiency licenses CD8 T cell cytotoxicity and restricts terminal

exhaustion.
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Figure 11: CaMKK2 deficiency averts a terminally exhausted phenotype in tumor

infiltrating CD8+ T cells

aUMAP plots of re -clustered TILs presented in aggregateb Dot plots corresponding to
the cell clusters displayed in the UMAP plot in Fig.3a show expression of subsetspecific
genes c Violin plots comparing exhaustion and cytolytic genes expression in CD8 TILs.
MAST was used for differential expression analysis. d UMAP of re-clustered TILs (Same
embedding as Fig.3a) stratified by genotype, and a density plot of the cytolysis gene
signature projected into UMAP space. e Tumor -bearing hemispheres were harvested on
D14 post CT2a implantation and stained with a multi -color flow panel to assess Tox
expression in CD8 TILs. n = 5 per genotype, ttest. Each sample replicate was normalized
to the average WT gMFI. f,g Tumor-bearing hemispheres were harvested on D14 post
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CT2a implantation and stained with a multi -color flow panel to assess abundance and
accumulation of terminally exhausted and precursor exhausted T cell phenotypes. f n =
10, two-way ANOVA p < .05 with post -hoc t-test. Results are combined from two
independent experiments. Each experimental replicate was normalized to the average
WT gMFI. g n =5, two-way ANOVA p < .05 with post -hoc t-test.

3.2.4 Cell-cell interaction analysis infers communication between
CD4+ stem-like T cells and DC-like TAMs in the setting of CaMKK?2
deficiency

To determine which other immune cel Is may be interacting to promote this ICB -
responsive CD8'T cell phenotype, we performed cell-cell interaction analysis on the
scRNA-seq data. Cellcell interaction analysis infers intercellular communication using a
database of interactions among ligands, receptors, and their cofactors. This allows for
the identification of cell types that are likely initiators (high expression of ligand) and
targets (high expression of the cognate receptor) of celtcell interactions in the GBM
TME. Cell-cell interaction analysis also provides insights into those interactions that are
enriched in CaMKK2 KO mice, to help identify biomarkers and mechanistic
determinants of ICB responsiveness and antitumor function. Overall, the number of
receptor-ligand interactions identifi ed in CaMKK2 KO mice was higher, with a notable

increase in identified interactions with DC -like TAMs (Fig. 12a, b, e).

The predicted differential interaction strength, which indicates the probability of
cell types communicating more frequently in each g enotype, showed that stem-like TILs

are more common targets of interactions in the CaMKK2 KO TME than in the WT TME
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(Fig. 12c-e). Stemlike TILs are predicted to be primarily acted upon by DC1s, DC2s, and
DC-like TAMs (Fig. 12d, e). This indicates a role or these antigen-presenting cells in
supporting the stem-like TILs. This analysis identified mononuclear phagocytes (MNPS)
as likely initiators of interactions among immune cells in the TME, based on high
predicted outgoing interactions strength (Fig. 4f). In particular, classical monocytes
(cMonos), Apoe+ TAMs, and microglia were identified in WT mice, while cMonos, DC -
like TAMs , and microglia were identified in CaMKK2 KO mice. CD8 TILs were
identified as targets of interactions, based on their predicted incoming interaction

strength, regardless of genotype (Fig. 12).

Information flow analysis enables the identification of cell -cell communication
pathways that are conserved within a g enotype. This technique showed that CD40
(CD40-CD40Ig), MHC -Il (H2-Aa-CD4), IFN-1I (Ifng-Ifngr), and CXCL (Cxcl9-Cxcr3,
Cxcl10-Cxcrd) receptor-ligand interactions were significantly enriched in the CaMKK2
KO TME (Fig. 129, Fig. 13a). These pathways are moe active in CaMKK2 KO stem-like
TILs and TAMs (Fig. 12h, Fig. 13a), further suggesting greater interaction between
CaMKK2 deficient TAMs and TILs. These data also demonstrate that MNPs (particularly
DC-like and Apoe+ TAMS) likely play important roles in sh aping the anti- and pro-

tumor GBM immune TME via interactions with TILsS.
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Figure 12 Cell-cell interaction analysis infers communication between CD4+ stem -
like T cells and DC -like TAMs in the setting of CaMKK2 deficiency

a,cCell-cell interaction analysis was performed on the scRNA-seq dataset using
CellChat. Interaction strength represents the probability that a cell is sending or
receiving a signal based on its expression of either ligands or cognate receptors,
respectively. Total number of interactions and interaction strength of the inferred cell -
cell communication networks for each genotype. b,d Differential number of interactions
or interaction strength in the cell -cell communication network, visualized as a circle plot,
where red or blue colored edges represent increased or decreased signaling in CaMKK2
KO compared to WT. Line thickness and darkness indicate the relative enrichment
value. e Differential number of interactions or interaction strength, visualized as a
heatmap, where red or blue represents increased or decreased signaling in CaMKK2 KO
8C



compared to WT. The top-colored bar plot represents the sum of a column of values
displayed (in coming signaling). The right -colored bar plot represents the sum of a row
of values (outgoing signaling). f Cell types with high outgoing interaction strength are
expected to be initiators of cell-cell interactions, and cell types with high incoming
interaction strength are expected to be targets of celicell interactions. Count refers to the
number of inferred receptor -ligand pairs associated with each cell group. g Relative
information flow from cell -cell interaction analysis. Receptor-ligand pathways wit h blue
text are significantly enriched in CaMKK2 KO cells, and pathways with red text are
significantly enriched in WT cells. h Summary diagram of cell -interaction enriched in
CaMKK2 KO mice.
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Figure 13: CXCL, IFN-I1, MHC -II, and CD40 interaction pathways are enriched in
myeloid cells of the CaMKK2 deficient tumor immune microenvironment

a Relative overall interaction strength for the observed receptor -ligand interaction

pathways is indicated in this heatmap for the cell clusters identified in the SCRNA -seq

data. Bar plots on the perimeter of the heatmaps represent the sum of signaling

strengths for that pathway across cell types (right side) or the sum of all pathway

interaction strengths for a given cell type (on th e top). Outgoing signaling patterns refer

UOwET OOUwPT PET wli Rx Ul UUwUT 1 wODT ECEwWi OUwWUT EQwxEU
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Incoming signaling patterns refer to cells which express the receptor for that pathway
EOQOEWEUI WEOOUPET Ul EwUT T w?UEUT T UU?2 6w

3.2.5 CaMKK2 deficiency promotes tumor infiltration by effector CD4*
T cells

Cell-cell interaction analysis indicated that stem-like TILs, particularly CD4 +
stem-like TILs, were important targets of immune interactions in the GBM TME. This
motivated us to further examine the re-clustered scRNA-seq TIL data (Fig.11a, b). The
originally identified stem -like TIL population (Fig. 9c) contained appreciable
heterogeneity. The newly identified 1 | | T EUOUwW" # KUWEOE wwy w3 ( + Uwpkl Ul
derived from the original stem -like TIL population (Fig. 15a). This suggests that the
identified cell -cell interactions between DC-like TAMs and stem-like TILs, such as those
via CD40 (CD40-CD40Ig) and MHC -l (H2-Aa-CD4) (Fig. 12h) may also occur amongst

stem-OP Ol w3 (+UOQuwiiiT 1 EUOUW" # KUOWE @lEsteing. w3 ( + UOWE U wD |

When stratifying the UMAP projection of TILs by genotype (WT vs. KO), it
became apparent that the effector CD4 population ( Cd4, Cd40lg, Ifng, Tnf was almost
exclusively present in CaMKK2 KO mice (Fig. 14a, b). Utilizing intracellular cytokine
staining, we found CD40L * ( %-+ GD4 TILs to be substantially enriched in the TME of
CaMKK2 KO mice (Fig. 14c, d). CD40L* TNFa* E O E w (- PhFanCD4 TILs were also
enriched in CaMKK2 KO mice (Fig. 15 OWE A8 w3 | vwUPT OEUUUI UOwUaxbPEE
and CD40L (as we observed), are known tobe associated with a more antirtumor TME
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phenotype and ICB responsiveness(Bagaev et al., 2021)Considering this, we sought to
determine if CD4+T cells were also necessary for the improved survival observed in
CaMKK2 KO mice, using depleting antibodies. Indeed, as with CD8 *T cells, CD4 T cells

were critical for the anti -tumor effect mediated by CaMKK2 deficiency (Fig. 14e).

Flow cytometric analysis additionally indicated that the relative frequency of
CD4+and CD8* TIL populations were dramatically skewed towards CD4s in the
CaMKK2 KO TME (Fig. 15d). This shift reflected an increased absolute accumulation of
CD4+TILs, and not reduced numbers of CD8* TILs (Fig. 15d). Notably, the increased
accumulation of CD4s in the CaMKK2 KO TME was not driven by an expansion in T reg
abundance (Fig.15e). To further assess the intratumoral accumulation of CD4* TILs in
CaMKK2 KO mice, we utilize d confocal microscopy. These experiments confirmed that
there were significantly more CD4 * TILs per mm3of tumor volume, but also that
intratumoral penetrance was significantly enhanced in CaMKK2 KO mice (Fig. 14f-h).
This, in turn, suggests that CaMKK2 may restrict the abundance of CD40L* ( %-* TiNFa*
effector CD4s, the density of CD4" cells per mmz?of tumor volume, and the tumor

penetrance of CD4 T cells.

As MHC -11-CD4 and CD40L-CD40 interactions were found to be enriched in the

CaMKK2 KO immune TME via cell -cell communication analysis, and as we observed
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improved tumor penetrance of CD4 + T cells, we utilized confocal microscopy to
determine if there were increased myeloid -CD4* interactions in CaMKK2 KO mice. Ibal
is highly and specificall y expressed in myeloid cells in the TME (Fig. 15f), so it was
assessed here as a marker of intratumoral myeloid infiltration. Indeed, CD4 -myeloid
interactions were found to be more frequent in the CaMKK2 KO TME (Fig. 159-j). This is
evidence that the immun ostimulatory myeloid cells, and CD4s - which have an
increased abundance of the Effector CD4 phenotype - are co-operating with greater

frequency in the CaMKK2 KO TME.
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Figure 14: CaMKK2 deficiency promotes tumor infil  tration of effector CD4 +T cells

aUMAP plots of re -clustered TILs stratified by genotype b Abundance of Effector CD4
TILs as a percentage ofre-clustered TILs. n=4 per genotype, ttest. c,d Tumor bearing-
hemispheres were harvested on D14 post CT2a implantation and stained with a multi -
EOOOUWI OOPwWEaA VOOl UUAawxEOI OwWUOWEUUI UUWEEUOEEOQEI
genotype, t-test. e 50k CT2a was implanted intracranially and mice were monit ored for
survival. Either 200ug of isotype or aCD4 was administered on D-3,D-2,D-1, p.i. and
every 3 days after through D14 for a total of 8 treatments. n = 8 per group, Logrank test.
f Representative images of D14 tumor-bearing hemispheres stained with CD4 and DAPI
to identify CD4+ cells and nuclei respectively. g Number of CD4+ cells found per mm 3
tumor by confocal microscopy images of D14 tumor -bearing hemispheres. n =4 WT, n =
3 CaMKK2 KO, t-test. h Percentage of intratumoral CD4+ cells of total CD4+cells
identified, in D14 tumor -bearing hemispheres, by confocal microscopy. n =4 WT, n =3
CaMKK2 KO, t-test.
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Figure 15: CaMKK2 reduces CD4 -myeloid interactions in the glioma tumor
microenvironment
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a Stacked bar plot showing the frequency of the originally identified TIL clusters (Fig.
2b) in the new clusters identified through reclustering (Fig.3a). b,c Tumor bearing -
hemispheres were harvested on D14 post CT2a implantation and stained with a multi -
colOUwi OOPWEaAUOOl UUawxEOI OwUOWEUUI UUWEEUOEEOET w(
5 per genotype, two -way ANOVA p < .05 with post -hoc t-test. Each sample replicate was
normalized to the average WT gMFI d Tumor -bearing hemispheres were harvested on
D14 post CT2a implantation and stained with a multi -color flow panel to assess T Cell
abundance and accumulation. n =5 per genotype, ttest. e Tumor -bearing hemispheres
were harvested on D14 post CT2a implantation and stained with a multi -color flow
panel to assessabundance and accumulation of effector TIL and Treg subsets. n =5 per
genotype, t-test. f Ibal expression levels in cell types identified in scRNA-seq.g
Percentage of Ibal+ cells which celocalize with CD4+ cells found by confocal
microscopy images of D14 tumor-bearing hemispheres. n =5 WT, n = 3 CaMKK2 KO, 1
test. h Percentage of CD4+ cells which celocalize with Ibal+ myeloid cells found by
confocal microscopy images of D14 tumor-bearing hemispheres. n=5WT,n=3
CaMKK2 KO, t-test.i Number of Ibal+ myeloid cells which co -localize with CD4+ cells
found per mm 3tumor by confocal microscopy images of D14 tumor -bearing
hemispheres. n =5 WT, n = 3 CaMKR KO, t-test..j Representative images of D14
tumor -bearing hemispheres stained with CD4, Ibal, and DAPI to identify CD4+ cells,
myeloid cells, and nuclei respectively. Spot surfaces were created around cells and
interaction was defined as co-localization of Iba+ and CD4+ spots.

3.2.6 Immunostimulatory phenotype emerges among TME
mononuclear phagocytes in the absence of CaMKK2

Since DClike and Apoe+ TAMs represented the largest phenotypic shifts in the
ScRNA-seq profiling of the immune TME and were found to be important for shaping
the immune TME by cell-cell interaction analysis, we further analyzed how these two
populations differed in anti -tumor function and promotion of ICB response. Consistent
with their DC -like classification, DC-like TAMs were high ly enriched for antigen
processing and presentation via MHC -1 and MHC -11 by differential expression and gene

ontology (GO) biological process analysis (Fig. 16a, b). TMEs that are enriched for MHC-

88



I and MHC -l signatures are considered to possess greater ati-tumor activity (Bagaev et
al., 2021)and are associated with superior responses to ICB(Bagaev et al., 2021; D. Liu et
al., 2019) Cd40 expressionwas upregulated on DC-like TAMs and had been already
identified above as prominently involved in cell -cell communication analysis (Fig. 16a,
Fig. 12h). Beyond antigen presentation, DC-like TAMs were also enriched for other anti -
tumor biologica | process signatures, such as Type 1 and 2 Interferon response, induction
of T cell cytotoxicity, induction of T cell migration, and induction of T cell proliferation

(Fig. 16b).

Of the genes that were upregulated in Apoe+ TAMs, Apoewas the most
differe ntially expressed (Fig. 16a). Recently, Apoe has been identified as a hallmark gene
for the DAM phenotype, which is present in various neurodegenerative diseases (Keren-
Shaul et al., 2017)and is associated with an ICB resistant TAM phenotype
(Katzenelenbogen et al., 2020; Molgora et al., 2020)nterestingly, several of the genes
associated with the DAM phenotype were found to be enriched in Apoe+ TAMs ( Apoe
Cd63 Trem2 Sppl Lpl, Cd9 (Fig. 16a). Projection of the DAM signature into UMAP
space, with only the MNP system embedded, showed a strong colocalization of the
DAM signature with the Apoe+ TAM and microglia cell clusters (Fig. 16c, d). Extending
this analysis to the whole MNP system showed that DAM genes were consistently

enriched in MNPs in the WT TME, while antigen processing, interferon (IFN) response,
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and immunostimulatory genes were enriched in CaMKK2 KO MNPs (Fig. 16e, Fig.17a).
Utilizing flow cytometry, we confirmed that MHCII and CD40 were more highly
expressed on CaMKK2KO TAMs and cMonos (Fig. 16f, g). We additionally examined
the ratio of immunostimulatory (MHCIl +, CD40") to DAM -like (Mrcl+, Trem2*) MNPs
and found that a favorable ratio was detected in CaMKK2 KO TAMs and cMonos (Fig.

16h-k).

Many macrophage-directed therapies in GBM have targeted macrophage
survival and recruitment, but few therapies have demonstrated an impact on
phenotypic programming without limiting macrophage accumulation in the TME
(Cassetta & Pollard, 2018). Reprogramming TAMs in GBM is an attractive therapeutic
strategy due to the abundance of TAMs in the TME and their potential for anti -tumor
function ! 1 NEUE OO Ow) OU E BoGuBhadvalijla@ ahE fol®afi CayKKR
TAM programming, we utilized immunofluorescence and confocal microscopy.
Confocal microscopy confirmed that the abundance of Apoe+ myeloid cells is
significantly reduced in tu mors of CaMKK2 KO mice (Fig. 17b, c). Additionally, there
was no significant reduction in myeloid infiltration per mm 3 of the tumor in the setting
of CaMKK2 deficiency, and there was instead a higher percentage of myeloid cells
found intratumorally, rather than peritumorally (Fig. 17d, e). Collectively, these results

suggest that CaMKK2 promotes a DAM -like phenotype associated with ICB resistance

9C



in TAMs and other MNPs, which are the most abundant immune cells in the GBM TME
(Fig. 9d, Fig. 10b). Likewise, CaMKK2 may prevent TAMs from being programmed to an

immunostimulatory phenotype, which may better promote ICB response.
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Figure 16: Immunostimulatory  phenotype emerges among TME mononuclear
phagocytes in the absence of CaMKK2
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a Volcano plot of genes differentially expressed between DC-like and Apoe+ TAMs.
Differential expression testing was performed using MAST and only genes with
unadjusted p-values <.05 are shown.b GO biological processes enriched in DClike
TAMs relative to Apoe+ TAMs . cUMAP plot of MNPs and Density plot of the Disease
Associated Microglia Signature projected in UMAP space. d Violin plot of DAM
signature expression levels across nononuclear phagocytes. e Heatmap of genes related
to the DAM phenotype, interferon response, chemotaxis, and antigen processing and
presentation. f,g Tumor -bearing hemispheres were harvested on D14 post CT2a
implantation from WT, CaMKK2 KO mice and stained with a multi -color flow panel to
assess MHCII and CD40 expression. n = 7 per genotype, twewvay ANOVA p<.05 with
post-hoc t-test. Each sample was normalized to the average WT gMFIl.h-k Tumor -
bearing hemispheres were harvested on D14 post CT2a implantationfrom WT, CaMKK2
KO mice and stained with a multi -color flow panel to assess ratios of
immunostimulatory and DAM  -like MNPs. n =5 WT and n= 4 CaMKK2 KO, two-way
ANOVA p<.05 with post -hoc t-test.
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Figure 17: CaMKK2 promotes Apoe+ phenotype and restricts intratumoral infiltration
of myeloid cells
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