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Abstract

Calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) is a calcium-
activated regulator of energy homeostasis in many cell types, including neurons and
hepatocytes. In these cells, CaMKK2 connects calcium signaling to several ubiquitous
energy and metabolism pathways such as AMPK, CaMKI, and CaMKIV. Tumor cells often
express CaMKK2 ectopically, commandeering this enzyme to promote survival,
proliferation, and metastasis across a wide variety of cancers. Recent work has
established additional roles for CaMKK2 in tumor immunity. Notably, expression of this
enzyme promotes M2 polarization of tumor-associated macrophages and facilitates the
development of myeloid-derived suppressor cells, indirectly promoting tumor growth.
Thus, there has been considerable interest in developing CaMKK2 inhibitors, including
competitive kinase antagonists and ligand-directed degraders (LDDs), as potential cancer
therapeutics. Indeed, the classic competitive inhibitor STO609 has been shown to reduce
primary breast tumor growth in mice. However, the role of CaMKK2 in most cellular
compartments within the tumor immune environment remains unknown, which is a
significant impediment to the clinical development of these agents. To develop a complete
understanding of the effects of CaMKK2 inhibition on the tumor environment, we set out
to systematically delineate which cells express CaMKK2 and for what purpose.

Our most significant finding is that natural killer (NK) cells upregulate CaMKK2
expression in the tumor environment, conferring a fitness advantage that improves anti-
tumor immune activity. We report that CaMKK2 is expressed at low levels in NK cells
isolated from murine spleens but that its expression is dramatically increased in NK cells
isolated from tumors or exposed to tumor conditions. A series of in vitro functional assays
showed that CaMKK2 expression suppresses apoptosis and promotes proliferation of NK

cells without affecting the cytotoxic efficacy of individual cells. These findings were highly



intriguing as NK cells play a critical role in the anti-tumor immune response, especially in
controlling metastatic disease. As such, we demonstrated that NK cell-intrinsic deletion of
CaMKK2 increases metastatic progression across several murine models, establishing a
critical role for this enzyme in NK cell tumor immunity. Interestingly, ablation of the
CaMKK2 protein, but not inhibition of its kinase activity, resulted in decreased NK cell
survival, a result which reveals a unique scaffold function for this enzyme. Finally, we
identified lactic acid as a key driver of CaMKK2 upregulation under tumor conditions, an
interesting finding given the immune suppressive nature of lactic acid. Intracellular
importation of lactic acid through the MCT channels, and not general acidification, is
necessary for CaMKK2 upregulation in NK cells. These results suggest that CaMKK2
upregulation in tumor-infiltrating NK cells is an adaptive mechanism by which these cells
mitigate the deleterious effects of a lactate-rich tumor environment.

This work will inform strategies to manipulate the CaMKK2 signaling axis as a
therapeutic approach in cancer. Because CaMKK2 acts as a scaffold in NK cells,
competitive inhibitors and LDDs are likely to have distinct therapeutic utilities. Our work
suggests that competitive inhibitors may be broadly preferable in the clinical setting, and
we aim to test this hypothesis in mouse tumor models once suitable LDDs become
available. We are also working to identify components of the CaMKK2 scaffold complex
and elucidate the downstream pathways, which may yield further insights into how this
pathway can be manipulated in NK cells. Moreover, because intracellular lactate import is
necessary for CaMKK2 upregulation, there may be liabilities associated with the emerging
use of MCT1 inhibitors in cancer therapy, which we intend to explore in mouse models.
Our findings also raise the possibility that NK cells can be modified to constitutively
express CaMKK2 as a proactive shield against suppressive tumor factors, and we are
working to replicate our core findings in human NK cells. Overall, our work holds significant
implications for the therapeutic manipulation of tumor immunity.

Vv
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1 Introduction

1.1 Overview

Great advances have been made in cancer treatment over the last two decades,
contributing to a 27% reduction in the cancer death rate in the United States!. Recent
innovations include improved techniques in surgical and radiation oncology?2, novel
targeted therapies such as PARP and MET inhibitors*®, and sequencing-based
stratification of tumor subtypes, enabling more effective use of traditional
chemotherapies®. Perhaps the greatest paradigm shift has been the emergence of cancer
immunotherapies that harness the innate anti-tumor capabilities of the immune system.
Monoclonal antibodies (mAbs) have been developed to block critical tumor signaling
pathways or mark tumor cells for immune destruction, and these therapies are now
standard-of-care for many cancers, including rituximab for B-cell lymphomas, trastuzumab
for HER2+ breast tumors, and nivolumab for several advanced cancers’'°. T-cells have
been engineered to express chimeric antigen receptors (CARS), unleashing potent cellular
cytotoxicity against specific targets!!, and oncolytic viral therapies are rapidly emerging2.
Despite the advent of such promising new therapies, cancer remains the second-leading
cause of death in the United States after cardiovascular disease?!, and specific types of
cancer are still associated with very poor outcomes. Tumor subtypes that lack targeted
therapies confer worse outcomes, one example being triple-negative breast cancer
(TNBC), which lacks expression of the targetable markers HER2, estrogen receptor, and
progesterone receptor. TNBC accounts for 12% of breast cancer diagnoses and carries a
5-year survival rate about 15% lower than other breast cancers, with particularly high
mortality in advanced metastatic cases!®. Pancreatic adenocarcinoma and bile duct
cancers are still associated with 5-year survival rates of less than 20%*1°. Drug resistance

is also an emerging problem as a wide variety of initially effective treatments are followed



by recurrent drug-resistant disease with poor outcomes!®. Thus, new insights into the
workings of tumor cells and tumor immunity are urgently needed to develop additional
treatment options.

Our work lies at the intersection of three emerging fields within the cancer biology
space: natural killer cell immunity, CaMKK2 signaling, and lactic acid metabolism.
Specifically, we identify a hovel mechanism by which natural killer (NK) cells adapt to and
survive the metabolic stresses of the tumor environment: upregulation of CaMKK2. This
thesis details the effects of CaMKK2 expression on NK cellular biology and immune
surveillance, sheds light on the mechanisms by which CaMKK2 expression is modulated,

and explores the translational significance of these findings.

1.2 Natural killer cells

1.2.1 Background

Natural killer cells occupy a distinct niche in the immune system, performing a
range of unique anti-pathogen and anti-tumor functions. Like T and B-cells, NK cells arise
from common lymphoid progenitors in the bone marrow before trafficking to the lymphoid
organs, yet NK cells adopt a distinct granular morphology and function as part of the innate
immune system. As such, NK cells are not antigen-specific, do not undergo diversification
and selection processes, and do not require activation signals from antigen-presenting
cells. Rather, NK cells directly integrate activation and suppression signals through
germline-encoded cell-surface receptors that are paired with cytoplasmic ITIM and ITAM
motifs to trigger effector activity!’. Most activating receptors belong to the natural
cytotoxicity receptor (NCR) family, which includes the prominent complexes NKG2D,
NKp46, and NKp30!1° Conversely, most inhibitory receptors belong to the Kkiller

immunoglobulin-like receptor (KIR) family, which recognize a variety of MHC class | alleles



(HLA in humans), a complex expressed on all healthy nucleated cells. Robust expression
of the proper MHC class | allele labels a cell as “self” and strongly inhibits NK cell
cytotoxicity?®. Upon proper stimulation, NK cells mediate cytotoxic killing in the same
manner as CD8 T-cells. NK cells release pre-formed granules containing perforin, which
forms channels in the membrane of the target cells, and granzyme, which enters those
channels and directly cleaves caspase 3, triggering apoptosis?:. NK cells also produce
FasL and TRAIL, which trigger the extrinsic apoptosis pathway if the cognate receptors
remain intact on the target cell?.

The primary function of NK cells is to eliminate cells that have lost or
downregulated MHC class | and are thus missing “self” markers. Indeed, the foundational
studies of NK cell biology showed that cells engineered to lose MHC class | expression
were readily cleared in mice, a function dependent on the natural killer population??. Loss
of normal MHC class | expression is an important marker of pathological transformation
as this complex is the primary means by which CD8 T cells surveil cytoplasmic peptide
content. Several DNA viruses, including cytomegalovirus and Epstein Barre virus,
suppress expression of MHC Class | by interfering with the antigen presentation
process®*?4, By reducing MHC Class |, a virus-infected cell is able to “hide” its viral
antigens from CD8 T-cell surveillance and evade killing?*.

1.2.2 Development and subpopulations

NK cells arise from common lymphoid progenitors (CLPS) in the bone marrow and
differentiate into a variety of subpopulations with distinct functions. CLPs become
committed to NK differentiation upon expression of CD122 (IL-2RB)?>?¢, and subsequent
development in the bone marrow is largely driven by IL15 signaling?’. In the bone marrow,
NK cells undergo the “licensing” or “education” process by which they gain cytotoxic
effector capabilities contingent on expression of inhibitory KIR receptors, preventing

autoimmune sequelae?. After leaving the bone marrow, peripheral NK cells continue to

3



progress through additional stages of maturation in which effector capacity in augmented.
In mice, “immature” NK cells are CD11b/CD27*, whereas mature type 1 cells are
CD11b*/CD27*, and the highly cytolytic mature type 2 cells are CD11b*/CD27-2?°. Human
NK cells also express CD11b and CD27, but a more dependable maturation schematic
uses CD16 (FcyRIll) and the human-specific marker CD56. Human NK cells gain
increasing cytolytic function as they progress from CD56"9"CD16" to CD569™CD16%™ to
CD569mCD16PM 30 To acquire specific functions, subsets of NK cells will pause at
particular maturation stages or embark on entirely divergent pathway. For example,
CD56"""CD169™ NK cells are prolific producers of cytokines and chemokines, activating
and recruiting a variety of immune cells3!. NK cells may serve unique tissue-specific roles,
such as their role in placenta vascularization during pregnancy. These “decidual” NK cells
reside at the placenta-uterine interface and produce copious amounts of pro-angiogenic
factors such as the VEGF family®2. Natural killer T (NKT) cells are most often classified as
a subpopulation of T cells, but this thesis will treat them as an NK subset. NKT cells
undergo thymic development and express a TCR like T cells, yet these cells are innately
cytotoxic, express most canonical NK receptors, and their classic TCR is an invariant
ligand of CD1d that essentially functions as an NK activation receptor333°, Our work
reveals additional similarities between the NK lineage and NKT cells, bolstering this

classification.



Table 1: NK cell subtypes and select functional markers

Immature Regulatory| Cytotoxic Inhibitory receptors
(mature 1) | (mature 2) Receptor | Family Ligand
CD11b- CD11b+/- |CD11b+ NKG2A CLR HLA-E (h)
CD27+/- |CD27+ CD27- KIR2DL1 |KIR HLA-C2 (h)
cD56""™ |cD56™™™  |cD56 ™ KIR3DL2 |KIR HLA-A (h)
KIR- KIR+/- KIR+ Ly49C KIR H2° (m)
Ly49G2 |KIR H2" (m)
Activating receptors KLGR1 Checkpoint |E-cadherin
Receptor | Family Ligand PD1 Checkpoint |PD-L1
NKG2D CLR MICA/B LAG3 Checkpoint |MHC ||
CD16 Fc IgG Fc
NKp44 NCR MLL5S NCR= natural cytotoxicity receptor
NKp46 NCR Numerous KIR= killer immunoglobulin-like receptor
NKp30 NCR B7-H6 CLR= C-type lectin receptor

1.2.3 Rolein tumor immunity

Tumor cells adopt a similar strategy to hide their mutated neo-antigens from T-
cell surveillance, reducing MHC Class | expression through genomic and epigenomic
modifications to various steps in the MHC Class | antigen presentation pathway®¢. Thus,
NK cells serve as a critical complement to T-cell immunity, killing tumors that evade T cells
through MHC Class | downregulation. However, NK cells also require engagement of
activation receptors to mediate cytotoxic release. Activating ligands include an assortment
of DNA damage markers, such as MICA, MICB, and ULBP1-3, which are commonly
expressed on tumor cells®”. NK cells play a particularly important role in controlling the
metastatic dissemination of tumor cells®*®2°, This heightened sensitivity is largely driven by
cellular changes that occur during the epithelial-mesenchymal transition (EMT)*, changes
that often cause upregulation of NK cell activation ligands**“? and downregulation of MHC
Class 1”3, However, tumors may become resistant to NK cell killing if they downregulate
expression of critical activating receptors or lose the receptors through proteolytic

shedding**, highlighting the importance of diverse anti-tumor immune mechanisms.



Since their initial discovery, several additional functions have been ascribed to
NK cells. NK cells and monocytes are the principal mediators of antibody-dependent
cellular cytotoxicity (ADCC), the process by which antibody-opsonized cells are lysed. NK
cells detect the constant domain (Fc) of cell-bound IgG antibodies via their Fc receptors
(CD16), producing a powerful activation signal that leads to degranulation“. Indeed, the
activity of several monoclonal antibody therapies is ascribed to NK cell-mediated ADCC*%
%0 Certain subsets of NK cells are specialized for cytokine signaling rather than direct
cytotoxicity, especially the CD56°""CD16 subset of human NK cells®. These cells are
major producers of IFNy, which increases MHC Class | expression across cell types while
promoting activation and differentiation of various immune cells®?%4, NK cells also produce
FIt3L, an important chemoattractant for dendritic cells*>*. Some tumors have co-opted the
decidual NK cell phenotype discussed earlier, programming “decidual-like” NK cells that
promote tumor growth through VEGF production®. Another subset of NK cells, termed
‘regulatory” NK cells and defined by CD73 expression, promotes tumor growth by
producing immune suppressive cytokines such as IL10 and expressing checkpoint
markers like LAG-3%.
1.2.4 Regulatory pathways

The metabolic state and effector function of NK cells is regulated, in large part, by
the competing effects of the AKT/mTOR and AMPK pathways. The AKT/mTORc1
pathway promotes an activated glycolytic state characterized by enhanced glucose
uptake, increased oxidative phosphorylation, elevated production of IFNy and Granzyme
B, and augmented effector activity against tumor cells®®%!, Together with the
IL15/JAK/STATS pathway, the AKT/mTORc1 pathway regulates maturation of NK cells
into later effector stages®?®, and mTOR regulates the “education” process that maintains
NK cell reactivity through frequent MHC | engagment®®. A variety of activation receptors,

including NKG2D, CD16, IL15, and IL10, activate the mTORc1 pathway by triggering PI3K
6



and AKT signaling®®¢1.6566 AKT may regulate some processes independently of mTOR,
such as promoting cell-cycle progression through regulation of cyclin D3 transcription, E2F
activation, and cytoplasmic sequestration of p27°67:8,

Conversely, the AMPK pathway promotes an inactive, quiescent state in
response to energy deprivation or suppressive signals. AMPK activation in NK cells is
characterized by suppressed IFNy production, decreased activation marker expression,
reduced proliferation, and diminished ex vivo cytotoxic activity®®"*. AMPK is canonically
activated by an elevated AMP/ATP ratio, attenuating energy-demanding cellular functions
when energy is in short supply’?, but in NK cells, AMPK is also activated by adiponectin
signaling and engagement of certain inhibitory receptors such as KLGR17°™. The
suppressive effects of AMPK are mediated through inhibition of NF-kB signaling and
through antagonism of the mTOR pathway’*"®. The TSC1/TSC2 complex is a major
negative regulator of mTOR that integrates competing signals from the AKT1 and AMPK
pathways. AMPK phosphorylates TSC2 at Thr1227 and Ser1345, driving TSC2 activation
and mTOR inhibition, whereas AKT1 phosphorylates TSC2 at Ser939 and Thrl462,
driving TSC2 inhibition and mTOR activation”®’4. The AKT/mTOR and AMPK pathways
are critical competing regulators of NK cell function, and kinases that modulate these

pathways could play a central role in the anti-tumor activity of NK cells.

Energy demand
AMP — L KB1 —— AMPK = § Cytotoxicity
/ l Apoptosis
* Energy demand

ca>—> CaMKK2 Ts_c|3_1/2 —IMTORC1 = 4 -\ ioxicity

Growth __ PKD1— AKT1 s 1 proiiferation

factors

Figure 1: Key metabolic regulatory pathways in NK cells. A series of metabolic
“sensors” regulate the AMPK and AKT1 pathways, which control the metabolic and
cytolytic status of NK cells.



1.2.5 Therapeutic utility

Given the importance of NK cells in tumor immunity, NK cell-based cancer
therapies have garnered considerable interest. Autologous NK cell transfusions were an
early approach in which a patient's own NK cells were harvested, activated ex vivo, and
then re-transfused. A variety of ex vivo stimulants have been employed to activate the
primary NK cells, including IL2 and IL12 cytokine pulses and co-cultures with irradiated
tumor cells>78, These early approaches produced enhanced activation states among
circulating NK cells but demonstrated no efficacy against tumor progression, often due to
poor infiltration of solid tumors or strong immune suppression within the tumor
environment’®787, However, autologous transfusions are being revisited as improved
retroviral transfection techniques enable genetic engineering of primary NK cells®.
Lentiviral strategies have been used to knock-down the inhibitory receptor NKG2A and
overexpress the activating receptor NKG2D in primary human NK cells, modifications that
significantly reduce tumor growth in mouse xenograft models8%82,

Allogeneic NK cell transfusions have also gained traction, especially using CAR-
NK cells or variants of the NK92 cell line. NK cells can be fitted with chimeric antigen
receptors (CARS) in the same manner as T-cells to mediate cytotoxicity against specific
antigen targets. CAR-NK therapies against NHL (CD19) and AML (CD33) are currently in
clinical trials®. Because CAR-NK cells lack a TCR and have a limited lifespan in
circulation, they carry a reduced risk of graft-versus-host disease, cytokine release
syndrome, and neurotoxicity compared to CAR-T cells®*. CAR-NK cells can be engineered
from primary NK cells or from cell lines such as NK92, a constitutively active human NK
cell ymphoma line with attenuated expression of the KIR inhibitory receptors®. NK92 cells
are also employed in ways other than CAR modification. Clinical transfusion studies with
unmodified NK92 cells showed limited efficacy in cancer patients, in part due to immune-

mediated rejection of the foreign cells, but engineered variants of NK92 show greater
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potential®®. Important modifications include deletion of MHC Class | expression, which
reduces T-cell mediated immune rejection®’, and overexpression of activation receptors
such as DNAM-1 and NKG2D?®,

While early applications focused on hematological malignancies, attention has
recently turned toward solid tumors, which are more difficult to treat with NK cell therapies
given the hypoxic, nutrient-depleted, immune suppressive qualities of the tumor
microenvironment™. To combat effects of the tumor environment, NK92 cells were
recently engineered to lose expression of the TGF-B receptor, a major suppressor of NK
cell activity within solid tumors®. This modification broadly enhances NK cell anti-tumor
activity and attenuates tumor growth in mouse xenograft models®. As additional NK
regulatory networks are elucidated, it will be important to identify receptors or enzymes
that specifically improve NK cell survival or effector activity in the conditions created by
solid tumors. These targets can be amplified or deleted in NK cells using techniques

already developed.

1.3 Calcium/calmodulin-dependent protein kinase kinase 2

1.3.1 Function and physiological importance

CaMKK2 is a calcium-activated serine/threonine kinase that regulates
metabolism and energy homeostasis across many tissue types. CaMKK2 is activated by
a cytoplasmic calcium influx that triggers calmodulin binding, similar to other members of
the calcium/calmodulin-dependent kinase family®®. Calmodulin binding triggers
conformational changes that expose target-binding domains®°!, allowing CaMKK2 to
phosphorylate downstream targets such as CaMKI, CaMKIV, AKT, and AMPK?®2%,
Indeed, CaMKK2 directly activates AMPK via phosphorylation of Thr172, coupling the

ubiquitous AMPK energy homeostasis pathway to calcium signaling®. Although



canonically activated by calcium/calmodulin binding, CaMKK2 exhibit basal activity
autonomous of calcium signaling®®. CaMKK?2 is negatively regulated via activation of the
cAMP/PKA pathway, which phosphorylates CaMKK2 at three critical serine residues,
precluding calmodulin binding while promoting association with the inhibitory 14-3-3y
protein®, 14-3-3 binding constrains the conformational flexibility of CaMKK2, reducing its
capacity to phosphorylate downstream targets®’. CaMKK2 is a critical amplifier of calcium
signaling and lies at the nexus of several key metabolic pathways.

CaMKK2 expression is most prevalent in the central nervous system (CNS) where
it activates the CaMKI and CaMKIV pathways to regulate neuronal development and
survival. CaMKK2 promotes neuron elongation and branching through CaMKI signaling,
with different CaMKK2 isoforms favoring distinct neuron morphologies®°°. Inclusion of
exon 16 in CaMKK2 promotes neuron branching, whereas exclusion of exon 16 promotes
elongation®. Cerebellar granule cell neurons rely on the CaMKK2/CaMKIV pathway to
transcribe and phosphorylate CREB, a critical neuronal survival factor that also drives
migration to the inner granule cell layer!®, CaMKK2 is required for some types of long-
term hippocampal memory formation??, and irregular CaMKK2 signaling has been linked
to the emergence of bipolar disorder, anxiety disorders, and schizophrenial®?1%. The
CaMKK2/CaMKIV cascade is particularly important under ischemic conditions, as deletion
or inhibition of CaMKK2 worsens stroke outcomes in mice!%1°7, CaMKK2 protects against
cerebrovascular ischemic injury by increasing CREB survival signaling, attenuating
inflammation, and maintaining integrity of the blood-brain barrier®6:197,

CaMKK?2 is expressed in several tissues outside the CNS where it regulates both
cellular and whole-body metabolism, largely via the AMPK pathway. CaMKK2 expression
in the hypothalamus is critical for production of hormone neuropeptide Y, a potent appetite
stimulant that specifically favors carbohydrate intake!®®. In pancreatic B-islet cells,
CaMKK2 regulates insulin release by sensing calcium fluctuations!®®, and CaMKK2
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promotes gluconeogenesis in hepatocytes, likely by coupling catecholamine signaling to
the AMPK pathway!'°. Together, these activities impact whole-body intake and utilization
of glucose!®®. CaMKK2 also plays a role in skeletal homeostasis, enabling osteoblast
activation via sympathetic neuronal signaling while directly inhibiting osteoclast
differentiation'*112, Indeed, CaMKK2 deletion protects against ovariectomy-induced
osteoporosis in mice!!?2, Moreover, CaMKK2 signaling attenuates the differentiation of
adipose and muscle tissue, preventing myoblast and pre-adipocytes from initiating
differentiation programs?® 114,
1.3.2 Pathological relevance

CaMKK2 signaling is often coopted to facilitate disease processes, including
metabolic syndrome, non-alcoholic fatty liver disease (NAFLD), and a variety of cancers.
Given its role in regulating appetite, insulin secretion, and hepatic gluconeogenesis, it is
unsurprising that CaMKK2 contributes to metabolic derangements when caloric intake is
excessive. Deletion or inhibition of CaMKK2 reduces food intake, weight gain, insulin
resistance, and hepatic steatosis in mice fed a high-fat diet'°¢1°%115 Tumor cells of diverse
origins ectopically express high levels of CaMKK2, which confers a variety of selective
advantages. In many tumors, CaMKK2 bypasses PDK1 and directly activates the AKT
pathway, promoting tumor cell survival in prostate tumors'® while enabling carboplatin
resistance and apoptosis suppression in ovarian cancers®!’, In LKB1-deficient lung
cancer, CaMKK2 is upregulated by the PLAG1 transcription factor to suppress anoikis and
enable metastatic dissemination!®. In breast cancer, CaMKK2 expression promotes
tumor cell migration through VASP signaling and filopodia regulation (currently
unpublished), and in prostate cancer, CaMKK?2 is required for androgen-mediated tumor
cell migration'®. CaMKK2 also regulates golgi trafficking in prostate tumors, preventing
ER dysfunction and preserving proliferative capacity!?. In hepatocellular carcinoma

(HCC), CaMKK2 promotes proliferation by providing a scaffold upon which CaMKIV, S6,
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S6K, and mTOR can assemble and regulate the cell cycle!?’. Recent work has even
connected CaMKK2 to ferroptosis, demonstrating that CaMKK2 expression in melanoma
cells reduces lipid peroxidation and ferroptotic cell death through NRF2/AMPK
activation'?2,
1.3.3 Rolein immunity

CaMKK?2 is expressed in hematopoietic stem and progenitor cells in the bone
marrow where it maintains quiescence and suppresses differentiation'?>124, Indeed,
CaMKK2 expression in acute promyelocytic leukemia reduces the effectiveness of all-
trans retinoic acid therapy by impeding differentiation of the promyelocytes!?>. CaMKK2
expression acts as a lineage switch in granulocyte-monocyte progenitor cells, favoring
monocyte differentiation over granulocytes'?®126, However, CaMKK2 remains functionally
important in terminally differentiated macrophages, coupling TLR4 stimulation to pro-
inflammatory effects such as increased phagocytosis and cytokine production'?’. In the
tumor context, CaMKK2 expression in the monocyte lineage promotes pro-tumor immune
phenotypes, including enhanced accumulation of myeloid-derived suppressor cells both
in the tumor and in secondary lymphoid organs.'?® CaMKK2 expression also favors M2
polarization of tumor-associated macrophages (TAMs), a phenotype reversed by
CaMKK?2 deletion'?°. Indeed, treatment with CaMKK2 inhibitor STO609 reduces primary
breast tumor growth in mice while increasing the prevalence of inflammatory M1
macrophages'®. Thus, CaMKK2 plays a multi-faceted role in the immune system,
regulating differentiation of progenitor cells and governing the phenotype of various
myeloid-derived immune populations.

1.3.4 Pharmacology

Given its role in various disease processes, CaMKK2 has become a popular

target for inhibitory compounds. The classic CaMKK2 antagonist is STO609, a competitive
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inhibitor of ATP binding that has shown efficacy in mouse models of breast cancer and
NAFLD1512° However, STO609 has a relatively low binding affinity for CaMKK2, with half-
maximal inhibition achieved at 1 uM in HeLa cells*°. STO-609 also mediates several off-
target effects, including direct inhibition of AMPK!, Recent initiatives in industry and
academia have generated a new generation of selective, high-affinity kinase inhibitors
including GSK1901320, GSK650934, 4t, YL-36, SOB8-17-3, and CC8977129131.132 4t is
the first CaMKK2 inhibitor able to cross the blood-brain barrier and shows promise in
promoting satiety and weight loss in mouse models®2,

A second class of antagonists called ligand-directed degraders (LDDs) is also
being developed against CaMKK2. LDDs are bi-specific molecules that feature a target-
binding domain paired with a ubiquitin ligase recruitment domain. By bringing the E3
ubiquitin ligase in close proximity to CaMKK2, the kinase is polyubiquitylated and
degraded through the proteasomal pathway, thus eliminating the entire protein rather than
selectively inhibiting the kinase domain33, Compared to classic kinase inhibitors, LDDs
offer distinct advantages such as increased target selectivity and activity against inhibitor-
resistant tumors. LDD binding is not restricted to catalytic sites or specific allosteric motifs,
enabling drug developers to target peptide domains unique to particular proteins4. For
example, LDDs have allowed isoform-specific degradation of SGK3% and decoupling of
CDK4 inhibition from CKD6 inhibition'3¢. Recent work identifies LDDs as promising
treatments for inhibitor-resistant cancer. For example, BTK signaling in ibrutinib-resistant
C481S CLL tumors can be disrupted using a LDD against BTK'¥’, and LDDs can degrade
imatinib-resistant BCR-ABL1 in CML®8, Other routes for inhibiting CaMKK2 have also
been suggested, including the administration of fungus-derived fusicoccins, which

stabilizes interactions between CaMKK2 and the inhibitory regulator 14-3-3y%’.
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1.4 Lactic acid and tumor metabolism

1.4.1 Background

Lactic acid is the chief byproduct of anaerobic metabolism and is among the most
common metabolites in solid tumors, reaching concentrations of 10-40 mM within the
tumor microenvironment*%14°  Under hypoxic conditions, mitochondrial respiration is
unable to regenerate the NAD+ required to maintain glycolysis, so cells switch to
anaerobic respiration, a process by which lactate dehydrogenase regenerates NAD+ by
converting pyruvate to lactic acid. Due to rapid, disorganized cell growth that outstrips
vascularization, solid tumors often become hypoxic, triggering lactate production.
However, even well-oxygenated tumors with active mitochondrial respiration often
produce abundant lactic acid, a seemingly paradoxical phenomenon called the Warburg
Effect'#!. Lactate is exported en-masse from tumor cells into the surrounding
microenvironment through the monocarboxylate transporters (MCTSs), a family of passive
bidirectional lactate transporters!4?, Once conceptualized as a waste product, this mass
of exported lactic acid is now known to play a critical role in developing the tumor niche
and promoting tumor progression'*3. Indeed, high expression of lactate dehydrogenase is
a negative prognostic factor in breast tumors#4, and MCT1 inhibitors are in phase I clinical
trials to reduce lactate export from tumor cells#.
1.4.2 Effects on tumor-associated cells

Through direct signaling and acidification, lactic acid affects almost every
compartment of the tumor environment. Tumors cells often adapt to the lactate-rich
environment, developing mechanisms to use lactate for mitochondrial respiration4¢147 or
aggressively export lactate from the cytosol**®. Lactic acid plays a key role in co-opting
fibroblasts and vascular endothelial cells to support tumor growth. Via modulation of the

ETS1/AP1 transcription factor, lactate promotes fibroblast differentiation and TGF-
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production#®1%° and it modulates IkBa in vascular endothelial cells to drive a CXCL8
paracrine loop responsible for vascular formation®!. The suppressive effects of lactic acid
on tumor-associated immune cells are particularly strong. Lactic acid has been shown to
polarize macrophages toward a pro-tumor M2 phenotype through HIF1a signaling®®?,
promote the development of myeloid-derived suppressor cells®3,  prompt
immunosuppressive 1L23 production by tumor cells'®*, and reduce the activation and
survival of T-cells and monocytes!s*1%6,

In NK cells, lactic acid suppresses effector activity and induces apoptosis, broadly
dampening NK-mediated tumor immunity. Lactic acid accumulation reduces intracellular
pH, leading to mitochondrial dysfunction and apoptosis, with certain tissue-resident NK
sub-populations being particularly vulnerable®”1%8, Lactic acid-mediated acidification of
the tumor environment has also been shown to suppress the master mTOR activation
pathway in NKT cells®®®, Lactic acid reduces IFNy production in NK cells by suppressing
expression of the NFAT transcription factor'®®. Interestingly, systemic buffering via oral
bicarbonate is sufficient to reactivate NK cells and reduce NK cell-sensitive lymphoma
progression in mouse models®®. Thus, novel methods for reducing the suppressive effects
of lactic acid may disrupt tumor growth and improve anti-tumor immune function, including
the performance of NK cells.

1.4.3 Lactate as atranscriptional regulator

Lactic acid broadly alters the transcriptional state of cells, and studies have only
begun elucidating the full effects. Recent work has shown that intracellular lactate directly
reacts with lysine residues, producing “lactylated” histones with distinct epigenetic
properties. Lactylation directly competes with acetylation and may constitute a “glycolytic
switch” that comprehensively changes metabolic programs?6! 162, The effects of lactylation
have yet to be elucidated in most cell types, though the modification has been shown to

drive M1 polarization in macrophages?®*. At high cytoplasmic concentrations, lactic acid
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also acts as a competitive inhibitor for many HDAC enzymes, broadly altering
transcriptional signatures in HTC116 cells!®®, Moreover, lactate has been shown to
modulate the activity of the NRF2 and HIF-1a transcription factor through accumulation of
ROS, affecting macrophage polarization, among other functions. Lactate binds the cell-
surface G protein-coupled receptor (GPCR) GPRS81, leading to transcriptional
upregulation of PDL1 via TAZ induction in human lung cancers!®. Several GPCRs also
detect lactate-induced acidification of the extracellular environment and activate
compensatory transcriptional programs, including GPR4, GPR65, GPR68, and
GPR132%%5, Thus, lactate is a far-reaching epigenetic regulator with many activities that
remain to be identified.

The work presented in this thesis establishes that intracellular lactic acid mediates
transcriptional upregulation of CaMKK2 in all subsets of tumor-infiltrating NK cells. We
then elucidate the ways in which CaMKK2 alters the biology and anti-metastasis activity
of NK cells, with significant implications for the clinical use of drugs that modulate CaMKK2
activity and lactate transport. Ultimately, our work ties together lactic acid biology,
CaMKK2 signaling, and NK cell tumor immunity to demonstrate a novel mechanism by

which NK cells respond to metabolic stresses in the tumor environment.
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2 CaMKK2 expression as a fitness adaptation in NK cells

2.1 Preceding work

Until recently, cancer-related studies of CaMKK2 were limited to investigations of
its cancer cell-intrinsic actions. These studies have consistently shown that CaMKK2
expression benefits tumor cells, and ongoing studies continue to elucidate the
mechanisms underlying this biology. Notable recent studies from our group demonstrated
that CaMKK2 increases PDE1A expression, which increases the hydrolysis of cGMP,
decreasing PKG1-mediated phosphorylation of VASP. Reduced VASP phosphorylation
promotes filopodia formation, reorganizing the architecture of the cytoskeleton to enable
tumor cell migration and metastasis (currently unpublished). However, our group has
become increasingly interested in the role of CaMKK2 in non-cancer cells within the tumor
environment, and how these “cancer-cell extrinsic” roles of CaMKK2 impact tumor
pathobiology. Tumor-associated cells play key roles in tumor development, and our group
has investigated CaMKK2 signaling in fibroblasts, macrophages, and monocytes. To
identify immune populations that express CaMKK2, we employed a CaMKK2-eGFP
reporter system. CaMKK2-eGFP reporter mice contain a mouse artificial bacterial
chromosome in which the coding sequence of eGFP has been inserted at the start codon
for the CaMKK2 gene'®. The initial screen with this model showed expression of eGFP,
the CaMKK2 surrogate, in many myeloid populations but little expression in lymphoid cells.
Further studies revealed that specific ablation of CaMKK2 in myeloid cells, or inhibition of
the enzyme using small molecule inhibitors, skews macrophages toward a pro-
inflammatory M1 phenotype, resulting in decreased growth of primary tumors!?°. We are
currently investigating ways to exploit these data for therapeutic benefit.

The initial eGFP screen, however, contained a restricted panel of immune markers,

limiting our ability to identify CaMKK2 expression in many important immune populations.
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Publicly available databases, such as the Immunological Genome Project (ImmGen), only
feature bulk MRNA sequencing data, which prevents subpopulation analysis. Moreover,
existing data was limited to immune cells from one or two specific tissue types in healthy
mice, typically spleen or bone marrow, even though tissue type and disease state can
affect the phenotype of immune cells. Given the limitations of existing data sets, we
conducted a second screen of immune cells from CaMKK2-eGFP reporter mice using
additional immune markers and tissue types, with a particular interest in identifying

immune cells, other than those of the myeloid lineage, that express CaMKK2.

2.2 Results

2.2.1 NK cells express low basal levels of CaMKK2

Immune cells were recovered from eight different tissues in healthy CaMKK2-
eGFP reporter mice and gated for ten distinct immune populations or subpopulations in
each tissue. Our gating strategy is a modified version of a previously published approach
used to simultaneously analyze myeloid and lymphoid populations (Fig. 3B)’. As
expected, robust expression of the CaMKK2-eGFP reporter was observed in
macrophages and monocytes, with expression being low or undetectable in most lymphoid
subpopulations (Fig. 2A). The only splenic lymphoid population that showed evidence of
eGFP expression was a subset of CD11b* NK cells, although eGFP fluorescence levels
in these cells were lower than that observed in the monocyte controls (Fig. 2A). However,
this eGFP* subset represented at least 30% of CD11b* NK cells in every tissue analyzed
except the mesenteric lymph nodes (Fig. 2B). CD11b is a typical myeloid marker, but its
expression is also found in NK cells at later maturation stages (Table 1). The association
of CaMKK2 expression with mature effector NK cells was particularly intriguing and
warranted further investigation. In contrast, eGFP expression was not observed in CD11b

NK cells, B cells, or any subset of T-cells in any tissues analyzed (Fig. 3A), suggesting
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that mature NK cells are unique among lymphocytes in expressing CaMKK2. Interestingly,
a subset of NKT cells also exhibited eGFP expression, especially in the blood and bone
marrow (Fig. 3A), which reflects the pattern seen in the general NK population. The similar
expression pattern in NK and NKT cells likely indicates a conserved regulatory mechanism
in these related cell types, and going forward, we chose to conceptualize NKT cells as a
subset of NK cells for the purpose of our studies.

Another novel finding from this screen was the identification of eGFP in double
negative (DN) thymocytes. About half of the DN population was positive for eGFP
fluorescence, whereas no other thymocyte subsets, including double and single-positive
populations, showed any evidence of expression (Fig. 2C). Furthermore, eGFP
expression in DN thymocytes was correlated with CD44 (Fig. 2C), a marker of the DN1
and DN2 substages?®®. Double negative thymocytes represent the first stage of T-cell
development during which unique T-cell receptors are generated and the canonical T-cell
marker CD3 is first expressed. Interestingly, the end of the DN2 stage is exactly when VDJ
recombination begins!®®, and the loss of CaMKK2 expression at this juncture suggests a
possible regulatory role for CaMKK2 in this process. CaMKK2 expression is known to act
as a “checkpoint” in the differentiation of various immune progenitor cells, including
HSPCs and GMPs in the bone marrow!?*126, raising the possibility that CaMKK2 restricts
the progression of T-cell progenitors in a similar manner. Given our focus on tumor
immunity, we were primarily interested in the role of CaMKK2 in peripheral effector
immune cells and did not pursue the thymocyte findings any further. However, it would be
interesting to elucidate the impact of CaMKK2 ablation on T-cell development in young
mice (4-6 weeks old). In such a study, the prevalence of peripheral T-cells in WT and
CaMKK2-/- mice, including “recent thymic emigrant” T-cells that are Q2a'®“/CD24"h 170,
could be measured at weekly intervals during development. The results of such studies
would shed light on the possible role of CaMKK2 in thymocyte progression.
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Figure 2: CaMKK2 is expressed in CD11b* NK cells and double-negative
thymocytes. (A) Splenic immune cells from healthy CaMKK2-eGFP reporter mice were
harvested and analyzed for eGFP fluorescence using flow cytometry. Each distribution
represents >500 cells. The eGFP median fluorescence intensity (MFI) among the eGFP*
subset of monocytes and the eGFP* subset of CD11b* NK cells (see depicted cut-off line)
was compared to the eGFP MFI in all CD4 T-cells. N=2, standard error is shown. (B)
Mature NK cells (NK1.1*/CD11b*) were isolated from various tissues of healthy CaMKK2-
eGFP reporter mice and analyzed for eGFP fluorescence using flow cytometry. Each
distribution represents >1000 cells. The percentage of CD11b* NK cells that are eGFP+
(see depicted cut-off line) is compared across tissues. N=2, standard error is shown. (C)
Thymocytes were harvested from healthy CaMKK2-eGFP reporter mice and analyzed for
eGFP fluorescence using flow cytometry. The double negative thymocyte fraction (CD3-
/CD4/CD8) was divided into eGFP* and eGFP- subpopulations, which were further
analyzed for CD44 expression. Each distribution represents >250 cells; data is
representative of 2 mice.
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Figure 3: NK cells are the only cells from the lymphoid lineage that express
CaMKK?2. (A) Various tissues were harvested from healthy CaMKK2-eGFP reporter mice,
and several immune subsets were stained for flow cytometry analysis of eGFP
fluorescence. Each distribution represents >500 cells; data is representative of two mice.
(B) The flow cytometry gating strategy is shown for data presented in Figures 1,2A, and
13D.
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2.2.2 CaMKK?2 is upregulated in NK cells under tumor conditions

The initial screen to identify CaMKK2-expressing immune cells was conducted in
healthy mice. To explore the effects of the tumor environment on this enzyme, we
repeated the earlier study under conditions that mimicked the tumor microenvironment
and subsequently in tumor-bearing animals. We first performed an ex vivo study in which
splenic NK cells from CaMKK2-eGFP reporter mice were cultured in tumor-conditioned
media (TCM) from EO771 cells. TCM is spent media recovered from tumor cell cultures,
and it approximates the chemical composition of the tumor environment. IL2 and IL15
were added to the culture to maintain NK cell viability. Flow cytometry was used to analyze
the NK cells 24 hours and 72 hours after plating. In this manner, we made the surprising
observation that eGFP fluorescence was dramatically increased at 72 hours, whereas no
expression was observed at 24 hours (Fig. 4A). This was the first data to suggest that a
factor in the tumor environment modulates CaMKK2 expression levels.

To validate these results in an animal tumor model, subcutaneous EO771 tumors
were propagated in CaMKK2-eGFP reporter mice and harvested for flow cytometry-based
immune profiling. Notably, eGFP expression was significantly higher in tumor-infiltrating
NK cells than in NK cells from the spleens of the same mice (Fig. 4B). Indeed, the level
of eGFP fluorescence in the tumor-infiltrating NK cells approached that of macrophages,
which served as a positive control (Fig. 4C). Moreover, splenic NK cells from tumor-
bearing mice did not show an appreciable increase in eGFP expression compared to
splenic NK cells from healthy mice (Fig. 4D), suggesting that the local tumor environment
mediates CaMKK2 upregulation, not systemic factors in tumor-bearing animals. Under
basal conditions, CaMKK2 expression was confined to mature CD11b* NK cells, but in the

tumor environment, even immature CD11b/CD27* NK cells were found to express the
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eGFP reporter, albeit at a lower level than the CD11b*/CD27" subset (Fig. 4E). Using a
panel of markers, including inhibitory KIR receptor Ly49c, activating receptor NKp46,
activation marker Granzyme B, and NKT marker CD3, we did not identify any correlation
between NK cell functionality and eGFP expression (Fig. 4F). CaMKK2, represented by
the eGFP surrogate, was expressed at similar levels across all these subsets. Thus,
tumor-associated upregulation of CaMKK?2 is not specific to any NK cell subset but occurs
broadly throughout the natural killer population, including NKT cells, which are often
characterized as a separate cell type. In contrast, T-cells showed no evidence of elevated
eGFP expression in the tumor environment (Fig. 4C), suggesting that CaMKK2
upregulation is specific to NK cells rather than generalizable across the lymphoid lineage.
These findings were repeated in a second independent primary tumor study.

The CaMKK2-eGFP reporter model is a surrogate for transcription as it reflects
activity of the CaMKK2 promoter, but a more direct measurement of the enzyme was
required to confirm its expression (i.e. Western immunoblots). NK cells are not abundant
enough in the tumor environment to use tumor-derived NK cells for immunoblotting.
Instead, we isolated splenic NK cells from WT BL/6 female mice to culture ex vivo in
normal growth media (NM) or tumor-conditioned media (TCM). Splenic T-cells were also
harvested from WT mice and cultured in the same manner as NK cells. As positive and
negative controls for CaMKK2 expression, bone marrow was harvested from WT and
CaMKK2-/- (KO) mice and differentiated into bone marrow-derived macrophages
(BMDMSs) using M-CSF stimulation. The Western immunoblot confirmed robust CaMKK2
expression in the TCM-treated NK cells, but not in the NK cells grown in normal media
(Fig. 4G), indicating that factors within the tumor context enables CaMKK2 upregulation.
T-cells exhibited no CaMKK2 expression under either condition (Fig. 4G), which reinforces

earlier data and demonstrates that the regulatory mechanisms observed in NK cells are
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not generalizable among lymphocyte populations. CaMKK2 expression in TCM-treated

NK cells was confirmed in a second independent Western immunoblot.
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Figure 4. CaMKK2 expression is upregulated in tumor-infiltrating NK cells. (A)
Splenic NK cells were harvested from CaMKK2-eGFP reporter mice, cultured in 50%
EO771 TCM for 24-72 hours, and analyzed for eGFP fluorescence via flow cytometry. (B-
C) Fourteen-day subcutaneous EO771 tumors were harvested from two CaMKK2-eGFP
reporter mice along with spleens. (C) NK cells from tumor and spleen, or (D) NK cells, T-
cells, and macrophages from the tumor were analyzed for eGFP fluorescence. (E) Splenic
NK cells were harvested from CaMKK2-eGFP reporter mice bearing fourteen-day
subcutaneous EQO771 tumors and from healthy control reporter mice, and eGFP
fluorescence was analyzed. (E-F) Fourteen-day subcutaneous EO771 tumors were
harvested from CaMKK2-eGFP reporter mice, and eGFP expression was analyzed in a
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variety of NK cell subsets. Each distribution represents >1000 cells; data is representative
of 2 mice. (G) Bone marrow-derived macrophages (BMDMSs), splenic T-cells, and splenic
NK cells harvested from WT and CaMKK2-/-(KO) BL/6 female mice were cultured in 50%
EO771 tumor-conditioned media (TCM) or normal growth media (NM) for 72 hours.
CaMKK2 and the B-actin control were measured via Western immunoblotting on a 7.5%
acrylamide gel. (H) The flow cytometry gating strategy for panels A-F is depicted.

2.2.3 CaMKK2 promotes NK cell survival and proliferation in vitro

Upon establishing that CaMKK2 is expressed in tumor-infiltrating NK cells, we
began dissecting the mechanisms by which this enzyme influences NK cell biology using
a series of in vitro models. Two models of CaMKK2 ablation were used in these studies:
(1) splenic NK cells harvested from WT and CaMKK2 KO mice, and (2) pharmacologic
degradation of CaMKK2 in WT NK cells using a specific, high-affinity CaMKK2 LDD
(CC3240). This LDD degrades about 75% of the CaMKK2 protein in primary mouse NK
cells (Fig. 5D). To approximate tumor conditions in vitro, NK cells were cultured in 50%
EO771 TCM. Using this model, the effects of CaMKK2 ablation on a range of NK cell
processes were assessed, including apoptosis, proliferation, activation marker
expression, direct cytotoxic activity, and migration.

Both the KO and CC3240-treated NK cell groups, when cultured in TCM, exhibit a
significant reduction in total live cells compared to the WT and DMSO controls (Fig. 5A,
5E). This reduction in total live NK cells was likely driven by a combination of reduced NK
cell survival and reduced proliferation. When cultured in TCM, both KO and CC3240-
treated NK cells exhibited reduced viability (Fig. 5B, 4F) and elevated levels of the pre-
apoptosis marker Annexin V, compared to controls (Fig. 5C, 4G). Thus, increased
apoptosis is likely the driver of reduced NK cell viability in the CaMKK2-deficient groups,
rather than other forms of cell death. A significant reduction in viability was also observed
when CC3240-treated NK cells were cultured in A7C11 TCM (Fig. 5H), indicating that the

pro-survival effects of CaMKK2 are generalizable beyond the EO771 TCM model.
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Importantly, no changes in viability and Annexin V expression were seen in the CaMKK2-
deficient NK cells grown in normal media (Fig. 5A-C, 4E-G), reflecting the necessity of

tumor conditions to upregulate CaMKK2.
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Figure 5: CaMKK2 ablation reduces NK cell viability. (A-C) Splenic NK cells were
isolated from WT or CaMKK2 KO BL/6 females and cultured for 96 hours in 50% EO771
TCM or normal growth media (NM). Flow cytometry was used to determine, (A) the total
number of live NK cells as a proportion of the DMSO control, (B) the viability of the NK
cells, (C) and Annexin V staining on the NK cells. (D) Splenic NK cells were harvested
from WT BL/6 females and cultured for 72 hours in 50% EO771 TCM containing 2.5 yM
CC3240 or DMSO vehicle. CaMKK2 and the B-actin control were measured via Western
immunoblotting on a 7.5% acrylamide gel. (E-G) Splenic NK cells were isolated from WT
BL/6 females and cultured for 72 hours in 50% EO771 TCM or normal growth media (NM)
containing 2.5 uM CC3240 or DMSO vehicle. Flow cytometry was used to determine, (E)
the total number of live NK cells as a proportion of the DMSO control, (F) the viability of
the NK cells, and (G) Annexin V staining on the NK cells. (H) Splenic NK cells were
isolated from WT BL/6 females and cultured for 72 hours in 50% A7C11 TCM containing
2.5 uM CC3240 or DMSO vehicle. Flow cytometry was used to determine NK cell viability.
For all panels: N=3, and standard error is shown.
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We next studied the effects of CaMKK2 expression on NK cell proliferation.
CaMKK2 KO NK cells cultured in TCM exhibited reduced expression of the proliferation
marker Ki67 compared to WT NK cells (Fig. 6A). To directly measure proliferation, WT
NK cells were stained with the amine-reactive vital dye CFSE and cultured in TCM with
CC3240 or DMSO vehicle. CFSE is diluted with each round of cell division, so reduced
CFSE fluorescence serves as a proxy for proliferation. We found that the CC3240-treated
NK cells were significantly less likely to undergo division compared to those treated with
the DMSO control (Fig. 6B). These findings suggest that CaMKK2 expression preserves
the proliferative capacity of tumor-conditioned NK cells. As with the survival phenotype,
exposure to TCM was required to elicit changes in proliferation upon CaMKK2 ablation
(Fig 6A-B).

The effects of CaMKK2 expression on in vitro NK cell migration were also
assessed. To this end, NK cells were cultured for 72 hours in EO771 TCM with CC3240
or DMSO vehicle, at which point equal numbers of live cells from each group were placed
into the upper inserts of a migration chamber containing the CCL4 chemokine in the lower
well. After three hours, it was observed that significantly fewer CC3240-treated NK cells
had migrated to the bottom chamber compared to the DMSO control (Fig. 6C). CCL4-
mediated chemotaxis was markedly reduced, but so too was the baseline level of random
migration, suggesting a broad dysfunction in the cell movement machinery of CaMKK2-
deficient NK cells. WT and KO NK cells express CCR5, the CCL4 receptor, at comparable
levels (Fig. 6D). These data, together with that from the proliferation and cell survival
studies, suggest that CaMKK2 expression confers a general fithess advantage on NK cells

under the stressful conditions of the tumor environment.
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Figure 6: CaMKK2 ablation reduces NK cell proliferation and migration. (A) Splenic
NK cells were isolated from WT or CaMKK2 KO BL/6 females and cultured for 96 hours
in 50% EO771 TCM or normal growth media (NM). Flow cytometry was used to determine
Ki67 staining. N=3, standard error shown. (B) Splenic NK cells were isolated from WT
BL/6 females, stained with CFSE, and cultured for 72 hours in 50% EO771 TCM or NM
containing 2.5 uM CC3240 or DMSO vehicle. Flow cytometry was used to measure
dilution of the CFSE dye. N=3, standard error shown. (C) Splenic NK cells were isolated
from WT BL/6 females and cultured for 72 hours in 50% EO771 TCM containing 2.5 uM
CC3240 or DMSO vehicle. 500k live NK cells were transferred to the upper chambers of
a migration plate, separated from CCL4-containing media by a barrier with 5 um pores.
After 3 hours, cell number in the bottom chamber was measured via flow cytometry. N=3,
standard error shown. (D) Splenic NK cells were harvested from WT or CaMKK2 KO BL/6
females and cultured for 96 hours in normal growth media containing 100 ng/mL IL2 and
IL15. CCR5 expression was measured via flow cytometry and compared to an isotype
control. (E) The flow cytometry gating strategy for Figures 5-7 is shown.
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The effects of CaMKK2 expression on the cytotoxic actions of NK cells were
assessed through functional marker expression and ex vivo cytotoxicity assays. Flow
cytometry profiling of TCM-cultured NK cells showed that CaMKK2 ablation had no effect
on the expression of several markers indicative of cytotoxic function, including CD27,
NKG2D, and KIR receptor Ly49c (Fig. 7A). Granzyme B stained poorly in these cells and
is not shown. These results were not surprising given the lack of correlation between eGFP
fluorescence and functional marker expression in the CaMKK2 reporter experiments (Fig.
3F). We also evaluated the direct cytotoxicity of KO or CC3240-treated NK cells.
Specifically, NK cells were cultured for 72 hours in TCM with CC3240 or DMSO vehicle,
then co-cultured with YAC-1 target cells at various ratios. YAC-1 is an MHC I-negative cell
line classically used in NK cell cytotoxicity assays. YAC-1 survival was measured using
flow cytometry!™. In this manner, it was determined that neither pharmacologic ablation
of CaMKK2 (Fig. 7B) nor genetic ablation (Fig. 7C) affects the cytotoxicity of NK cells
against YACL1 tumors. Taken together, our in vitro assays show that CaMKK2 regulates
apoptosis, proliferation, and migration in tumor-conditioned NK cells, but does not directly

affect cytotoxic potency of individual cells.
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Figure 7. CaMKK2 ablation does not affect NK cell cytotoxic potency. (A-B) Splenic
NK cells were isolated from WT BL/6 females and cultured for 72 hours in 50% EO771
TCM containing 2.5 yM CC3240 or DMSO vehicle. (A) The median fluorescence intensity
(MFI) of key functional markers was measured using flow cytometry. N=2, standard error
shown. (B) Live NK cells were co-cultured with CFSE-stained YAC-1 cells at the stated
ratios for 4 hours, and YAC-1 viability was measured using flow cytometry. YAC-1 cells
were also cultured alone (YAC-1 alone) or with 25% ethanol (YAC1 + EtOH). N=3,
standard error is shown. (C) Splenic NK cells were harvested from WT or CaMKK2 KO
mice and cultured in 50% EO771 media for 96 hours. Live NK cells were co-cultured with
CFSE-stained YAC-1 cells at a 1:5 ratio for 4 hours, and YAC-1 viability was measured
via flow cytometry. N=3, standard error is shown.
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2.2.4 CaMKK2 regulates NK cell biology through a scaffold mechanism

To study the mechanism by which CaMKK2 regulates NK cell function, we
compared the effects of several functionally distinct CaMKK2-modulating compounds.
CC8977, YL-36, and GSKi are competitive inhibitors of CaMKK2, whereas the LDDs
CC3240 and CC3756 recruit the E3 ubiquitin ligase cereblon to degrade the CaMKK2
protein, mimicking genetic KO of CaMKK2 (currently unpublished). All five compounds are
highly specific for CaMKK2 and bind with high affinities'?®131, Interestingly, both LDDs but
none of the competitive inhibitors reduce viability and Ki67 expression in TCM-cultured
NK cells (Fig. 8A-B), suggesting that the CaMKK2 protein scaffold, but not its kinase
function, is important for NK cell regulation. All five compounds reduced AMPK
phosphorylation at Thr172, the classic CaMKK2-binding site, confirming that the drugs are
active in primary murine NK cells (Fig. 8C). These findings rule out the AMPK pathway as
the primary mediator of the pro-survival, pro-proliferation phenotype associated with
CaMKK2 expression. Rather, our data highlight an important scaffold function for this
enzyme in regulating NK cell biology. We also treated tumor-conditioned NK cells with the
most widely used competitive CaMKK2 kinase inhibitor STO609, but this drug was found
to reduce NK cell survival even under normal media conditions (Fig. 8D), likely reflecting

toxicity or lack of specificity at the high concentrations (10 uM) necessary for CaMKK2

inhibition**,
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Figure 8: CaMKK2 LDDs, but not competitive inhibitors, reduce NK cell fitness. (A-
B) Splenic NK cells isolated from WT BL/6 females were cultured for 96 hours in 50%
EO771 TCM or normal growth media (NM) containing DMSO vehicle, the LDD CC3240 or
CC3756 (1 uM), or the competitive inhibitor GSKi, YL36, or CC8977 (1 uM). (A) NK cell
viability and (B) expression of Ki67 were measured using flow cytometry. N=3, standard
error shown. (C) Splenic NK cells isolated from WT BL/6 females were cultured for 96
hours in normal media containing 10 mM lactic acid and either the DMSO vehicle, the LDD
CC3240 or CC3756 (1 uM), or the competitive inhibitor GSKi, YL36, or CC8977 (1 uM). A
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Western immunoblot was then used to analyze expression of CaMKK2, AMPKa, phospho-
Thrl72-AMPKa (pAMPK), and B-actin (7.5% acrylamide gel, 45 ug protein loaded per
well). (D) Splenic NK cells were isolated from WT BL/6 females and cultured for 72 hours
in 50% EO771 TCM or normal growth media containing 10 uM STO609 or DMSO vehicle.
NK cell viability was measured via flow cytometry. N=2, standard error shown. (E-G)
Splenic NK cells isolated from WT BL/6 females were cultured for 96 hours in 50% EO771
TCM containing DMSO vehicle, the LDD CC3240 or CC3756 (1 uM), or the competitive
inhibitor GSKi, YL36, or CC8977 (1 uM). (D) CaMKK2, AMPK, pAMPK (Thrl172), and B-
actin expression were measured by Western immunoblotting following resolution of
proteins on a 7.5% acrylamide gel. (E) MitoTracker Green FM staining was measured via
flow cytometry to determine total mitochondria mass, and (F) MitoMark Red | staining was
measured via flow cytometry to determine the mass of polarized mitochondria. N=3,
standard error shown. (G) Splenic NK cells harvested from WT or KO BL/6 females were
cultured for 96 hours in 50% EO771 TCM, stained with the MitoSox ROS dye, and
analyzed using flow cytometry. N=2, standard error is shown.

As a primary source of energy and reactive-oxygen species, the mitochondria play
an important role in the survival and proliferation of most cell types, including NK cells.
The structural integrity, biogenesis, and turnover of mitochondria is tightly regulated as
imbalanced mitochondrial activity leads to cellular dysfunction and death’. Interestingly,
CaMKK2 has been shown to regulate mitochondrial activity in multiple tumor cell lines
through modulation of the SDH enzyme complex!’3, raising the possibility that CaMKK2
enhances NK cell fitness through effects on the mitochondria. To explore this possibility,
splenic NK cells were cultured in EO771 TCM for 96 hours and treated with a CaMKK2
inhibitor, LDD, or the DMSO vehicle. NK cells were then stained with three fluorescent
mitochondrial dyes that were measured using flow cytometry: (1) MitoTracker Green,
which stains all mitochondria and measures total mitochondrial mass, (2) MitoMark Red I,
a dye whose fluorescence depends on mitochondrial membrane potential, and (3)
MitoSox, which measures mitochondrial reactive oxygen species. None of the CaMKK2
inhibitors or LDDs affected total mitochondria mass (Fig. 8E), mitochondrial membrane
potential (Fig. 8F), or production of mitochondrial reactive oxygen species (Fig. 8G) in the

TCM-treated NK cells. Given these results, we ruled out mitochondrial regulation as the

principal mechanism by which CaMKK2 preserves NK cell fitness.
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2.2.5 CaMKK2 expression enhances NK cell anti-tumor immunity

NK cells play many roles in tumor immunity, including detection of de novo tumor
formation, clearance of metastatic cells, and recruitment/activation of other immune cells.
However, NK cells are a particularly critical component of the anti-metastasis response,
and our animal studies focused on this aspect of tumor biology. Changes during the
epithelial-mesenchymal transition, which is critical for metastasis, render tumor cells
especially vulnerable to NK cell activity*®4!, Indeed, NK cells have a significant impact on
the dissemination of tumor cells and the growth of metastatic lesions®. Conversely, NK
cells typically show poor infiltration into primary tumors'’4175 and evidence for the role of
NK cells in primary tumor progression is mixed*’®’”. From a translational perspective,
metastatic disease is highly relevant as 70% of cancer mortality is attributed to
metastasis'’®. For these reasons, our animal studies focused on metastatic disease rather
than primary tumor progression. Specifically, we use intravenous metastasis models in
which tumor cells are injected through the lateral tail veins of mice. Although intravenous
tumor injection bypasses the early intravasation step, this model preserves the circulation,
extravasation, and colonization steps during which NK cells exert the greatest influence.
Tail vein models are widely employed in the cancer biology field as a relevant metastasis

mOdEIl79_l8l.
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Figure 9: Profile of NK cells and tumor cells used in metastasis studies. (A) Splenic
NK cells were harvested from WT and CaMKK2 KO BL/6 females and cultured for 24
hours in normal media containing 100 ng/mL IL15. Various functional markers were
characterized via flow cytometry. The prevalence of immature NK cells (CD27*/CD11b),
mature 1 NK cells (CD27/CD11b+), and mature 2 NK cells (CD27/CD11b*) was also
measured. N=4, standard error shown. (B) f2m-/- EQO771 cells, B16-F10 cells, and B16-
F10 cells treated with 100 ng/mL IFNy for 48 hours were analyzed for MHC Class |
expression via flow cytometry. Fluorescence was compared to EO771 parent cells stained
with an isotype control antibody.

To limit CaMKK2 ablation to the NK cell compartment, our initial metastasis
experiments utilized NSG mice engrafted with NK cells isolated from WT or CaMKK2 KO
hosts. NSG mice completely lack endogenous NK cells due to the deletion of the IL-2
receptor y chain. Thus, NK cells harvested from the spleens of WT or CaMKK2 KO mice
can be transfused into NSG hosts in lieu of endogenous NK cells. However, NK cell
viability must be maintained by exogenous administration of recombinant IL-2. At the time
of transfusion, WT and CaMKK2 KO NK cells were qualitatively similar as measured by
the expression of several activation and maturation markers (Fig. 9A). To increase tumor

cell sensitivity to NK cell activity, the EO771 tumor subline we employed was engineered

to eliminate MHC | expression using a CRISPR-based approach to delete both alleles of
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B2m (Fig. 9B). B2m serves as the common heavy chain of MHC | and is required for the
stabilization and cell surface expression of the complex!2. The EO771 cells were also
modified to express luciferase, enabling systemic monitoring of tumor burden in live
animals using a luciferin-based in vivo imaging system (IVIS). The modified EO771 cells
were injected via tail vein, and within two weeks, mice engrafted with CaMKK2 KO NK
cells exhibit a significantly larger systemic EO771 metastatic burden than mice engrafted
with WT NK cells (Fig. 10A-C). These results suggest that ablation of CaMKK2 impairs

the anti-metastasis and surveillance functions of NK cells.
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Figure 10: NK cells from a CaMKK2 KO background show reduced activity against
EO771 metastases. (A) Splenic NK cells from WT or CaMKK2 KO BL/6 females were
isolated, cultured in media containing IL15 for 24 hours, and intravenously transfused into
NSG mice. Two days later, luciferase-expressing 32m-/- EO771 breast tumor cells were
also transfused. A positive control group received only tumor cells and no NK cells. (B)
Whole-body metastatic burden in the EO771 study was measured using luciferin
bioluminescence imaging at days 11 and 14 post-tumor injection. Camera exposure time
was 3 minutes. N=5-6, standard error is shown. (C) Raw bioluminescence data from the
day 14 imaging session is shown.
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The metastasis study was repeated using the B16-F10 melanoma model, which
expresses low levels of MHC | at baseline (Fig. 9B). As observed in the EO771 model,
mice engrafted with CaMKK2 KO NK cells exhibited a significantly larger metastatic B16-
F10 burden compared to their WT counterparts (Fig 11A-B). Post-mortem flow cytometry
analysis of the lung tissue, which was the dominant site of metastasis, showed a significant
reduction in the prevalence and total number of live NK cells in the lungs of the KO group,
likely driven in part by the observed reduction in NK cell viability (Fig. 11C). However, the
WT and KO groups exhibited no differences in NK cell activation or maturation markers
(Fig. 11D), suggesting that NK cell viability, but not cytotoxic function, is compromised
upon CaMKK2 ablation. These results reinforce earlier in vitro studies showing reduced

viability when CaMKK?2 is ablated in TCM-cultured NK cells.
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Figure 11: NK cells from a CaMKK2 KO background show reduced activity against
B16-F10 metastases. (A) NSG mice were engrafted with NK cells from WT or KO mice
and injected with luciferase-expressing B16-F10 tumor cells. Whole-body metastatic
burden was measured using luciferin bioluminescence imaging. Results were collected 12
and 15 days post-injection. Camera exposure time was two minutes. N=7-8, standard error
shown. (B) Raw bioluminescence data from Day 15 is shown. (C-D) NK cells were
recovered post-mortem from the lungs of each mouse and analyzed using flow cytometry.
(C) Live NK cells as a portion of CD45* cells (NK prevalence), total live NK cells as a
fraction of live tumor cells (NK count), and the fraction of all NK cells that are alive (NK
viability) were measured. (D) Median fluorescence intensity (MFI) of NKp46 and Ly49c on
NK cells was measured. The distribution of immature, Mature 1 NK cells, and Mature 2
NK cells was measured. N=7-8, standard error shown. (E) The flow cytometry gating
strategy is shown for Figures 10-12.
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The NK cells transfused in the first set of metastasis studies were harvested from
animals with a germline deletion of the CaMKK2 locus, raising the possibility of
confounding developmental or compensatory factors. CaMKK2 is expressed in several
immune cell precursors in the bone marrow where it regulates lineage commitment and
downstream development!?6. CaMKK2 also affects the function of macrophages which in-
turn influences NK cells through complex cross-talk interactions!®®. To control for these
potential confounders, and to clearly delineate the significance of NK cell-intrinsic
functions of CaMKK2, we repeated the metastasis experiments using a tamoxifen-
inducible CaMKK2 KO model. This model features constitutive expression of a cre-ERT2
fusion protein that translocates to the nucleus upon tamoxifen induction, excising the
floxed CaMKK2 alleles (Fig. 12A). Splenic NK cells were harvested from ERT2* and
ERT2 controls after one week of tamoxifen administration, and the NK cells were co-
transfused with luciferase-expressing, GFP* B16/F10 cells into NSG hosts. Knockdown of
CaMKK2 in BMDMs from ERT2" mice, but not in the ERT2 mice, was confirmed by
Western immunoblot (Fig. 12B). Within two weeks of tumor injection, mice reconstituted
with the ERT2* NK cells showed a significantly larger systemic B16-F10 tumor burden
compared to the ERT2" controls (Fig. 12C-D), confirming the importance of CaMKK2 in
metastatic progression.

Post-mortem flow cytometry analysis showed a dramatic increase in MHC |
expression on tumor cells isolated from the lungs of ERT2" mice compared to the ERT2*
group (Fig. 12E). MHC | expression protects tumors from NK killing, so MHC | upregulation
is likely the result of selective pressure exerted on the tumor cells by NK cells. Thus,
persistently low MHC | expression on the tumors provides direct evidence of reduced
immunoediting when NK cells lose CaMKK2 expression. Flow cytometry profiling of the
immune cell repertoire in the lungs showed a reduction in total live NK cells in the ERT2*
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group compared to that observed in ERT2" mice (Fig. 12F), as was observed in prior
studies using the germline CaMKK2 KO model. The reduction in live NK cells is likely
driven by reduced proliferation, reflected in lower Ki67 expression among ERT2* NK cells,

and by a reduction in NK cell viability in the ERT2* group (Fig. 12F).
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Figure 12: NK cells from an inducible CaMKK2 KO background show reduced
activity against B16-F10 metastases. (A) NK cells were harvested from the spleens of
tamoxifen-treated CaMKK2":ERT2* mice or CaMKK2":ERT2 mice and co-injected into
the tail veins of NSG mice along with luciferase-expressing GFP* B16-F10 tumor cells.
The CaMKK2":ERT2* mice express a fusion cre-ERT2 protein that translocates to the
nucleus upon tamoxifen binding, excising the floxed CaMKK?2 alleles. (B) After one week
of tamoxifen dosing, BMDMs were recovered from the ERT2* mice and ERT2-negative
controls to confirm CaMKK2 ablation via Western immunoblot on a 7.5% acrylamide gel.
(C) Whole-body luciferin bioluminescence was measured at days 13 and 17 post-tumor
cell injection. Camera exposure time was 2 minutes. N=6, standard error shown. (D) The
raw bioluminescence data from day 17 is shown. (E) GFP+ tumor cells were harvested
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from the lungs of each mouse 17 days post-injection, and MHC Class | expression was
analyzed using flow cytometry. N=6, standard error shown. (F) NK cells were harvested
from lungs of each mouse 17 days post-injection. Flow cytometry was used to measure
the prevalence of NK cells among live CD45" cells (prevalence), the number of live NK
cells as a proportion of live tumor cells (count), the percentage of all NK cells that are alive
(viability), and Ki67 expression among NK cells (Ki67).

The metastasis studies conducted up to this point have utilized immune deficient
animals in which transfused NK cells are the only functional bone marrow-derived immune
population. However, many other immune populations are normally present in the tumor
environment, and these populations may affect the overall phenotype or be impacted by
the loss of CaMKK2 in NK cells. Thus, we developed a model in which CaMKK2 was
selectively ablated in NK cells in immune competent animals (Fig. 13A). Specifically, we
crossed mice with floxed CaMKK2 alleles to mice expressing cre under the control of the
Ncrl (NKp46) promoter, which is only active in NK cells. Experimental and control mice
both express one copy of the Ncrl-cre construct, but only the experimental group contain
floxed CaMKK?2 alleles. Experimental and control mice were injected via tail vein with
luciferase-expressing, GFP* B16-F10 tumor cells, and tumor burden was monitored via
IVIS. Within two weeks of tumor injection, the group with floxed CaMKK2 alleles exhibited
a significantly greater systemic B16-F10 metastatic tumor burden than control mice (Fig.
13B-C). These studies reveal that ablation of CaMKK2 in the NK cell compartment
reduces immune surveillance even in immune competent animals. An extensive immune
profiling of post-mortem lung tissue was performed, but we did not identify any
downstream immunologic changes resulting from CaMKK2 ablation in NK cells. As
expected, the total number of NK cells was reduced in the CaMKK2"" group, but the
prevalence of B-cells, neutrophils, dendritic cells, T-cell subsets, and macrophage subsets
were unaltered (Fig. 13D). Thus, the reduced tumor burden associated with CaMKK2
expression in NK cells is likely mediated by direct changes in the size of the effector NK
cell population.
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Figure 13: NK cell-specific CaMKK2 ablation produces increased metastatic
progression in immune-competent mice. (A) Mice were bred that express Cre under
the Ncrl (NKp46) promoter and contain either CaMKK2"" (fi/fl) alleles or CaMKK2 wt/wt
alleles, and luciferase-expressing B16-F10 tumor cells were injected via tail vein into these
two groups. (B) Whole-body luciferin bioluminescence was measured at days 16 and 19
post-tumor injection. Camera exposure time was 3 minutes. N=11, standard error shown.
(C) Raw bioluminescence data from day 19 is shown. (D) NK cells were harvested from
the lungs of each mouse 19 days post-injection. Flow cytometry was used to measure the
absolute number of live NK cells and the prevalence of various other immune populations
within the lungs. M1 macrophages were defined as MHC Class 11+/CD206-, and M2
macrophages were defined as MHC Class [I7/CD206*. The flow cytometry gating strategy
is shown in Figure 2B. N=11, standard error is shown.
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2.2.6 CaMKK2 upregulation is driven by a small molecule tumor factor

To tie together our findings, we needed to establish a mechanism by which the
tumor environment influences CaMKK2 expression in NK cells. Many components of the
tumor environment could trigger this transcriptional event, including cell-cell interactions
or soluble factors. Proteins expressed on tumor cells or other tumor-associated cells may
engage specific membrane receptors on NK cells, triggering signaling pathways that alter
transcriptional state. For example, when the KLGR1 receptor binds E-cadherin, AMPK
dephosphorylation is inhibited, which leads to increased telomerase expression in NK
cells’. Similarly, soluble factors in the extracellular tumor environment could alter
transcription. The two major classes of soluble factors are (1) proteins, which includes
cytokines and chemokines, and (2) small molecules, which includes metabolites,
hormones, and lipids. A wide range of soluble factors are known to alter the transcriptional
state of NK cells, including IL15, TGF-B, and picolinic acid'®48¢, Previous experiments
showed that TCM exposure was sufficient to upregulate CaMKK2 in a pure population of
NK cells, negating cell-cell interactions as a likely driver of CaMKK2 expression. Thus, we
focused on identifying soluble factors sufficient to upregulate CaMKK2.

To distinguish between protein and non-protein factors, we compared the effects
of normal TCM and heat-inactivated TCM on NK cells in vitro. By heating TCM to 50
degrees for 30 minutes, most proteinaceous factors are denatured and lose their normal
signaling capacities, but in general small molecules retain their structures and functions.
Thus, if TCM loses its capacity to upregulate CaMKK2 when heat-inactivated, then it is
implied that a protein factor(s) must be required for upregulation. Interestingly, heat-
inactivated EO771 TCM produced the same drop in viability as normal TCM when NK
cells are treated with the CC3240 LDD (Fig. 14A). These data indicate that small molecule

factors are sufficient to mediate CaMKK2 upregulation, and protein factors are uninvolved.
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Figure 14: A small molecule tumor factor(s) promotes CaMKK2 upregulation. (A)
Splenic NK cells from WT BL/6 females were cultured in 50% E0771 TCM (Normal) or
50% E0771 TCM that had been incubated at 56 degrees for 30 minutes (Heat-inactivated).
Cells were treated with either 2.5 yM CC3240 or DMSO vehicle for 72 hours, and total
number of live NK cells was measured via flow cytometry. N=2, standard error shown. (B)
A7C11 TCM, EO0771 TCM, and normal growth media (control) were analyzed via mass
spectrometry for 217 common metabolites. Twelve metabolites, highlighted at the top of
the chart, were significantly elevated by a factor of eight or more in both A7C11 TCM and
E0771 TCM compared to the normal media (NM) control. N=3, standard error shown. (C)
The relative levels of two metabolites known to influence tumor immunity are shown. N=3,
standard error shown.

To identify candidate small molecule factors affecting CaMKK2 expression, we
conducted a metabolomics screen of tumor-conditioned media. Our previous data
demonstrated that both EO771 TCM and A7C11 TCM facilitate CaMKK2 upregulation in
NK cells ex vivo (Fig. 4G, 5F, 5H). Thus, we used mass spectrometry to compare the
metabolite composition of these two TCM types against normal media. Our collaborators

in The Duke Molecular Physiology Institute used liquid chromatography mass

spectrometry to identify the relative abundance of 217 small molecule metabolites. We
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then ran a statistical test to prioritize specific metabolites for further investigation, selecting
metabolites that were increased in both EO771 and A7C11 TCM compared to normal
media by a statistically significant factor of two-fold or more (p<0.05). This screen
produced 25 candidate factors, which was narrowed to 12 factors by increasing the
threshold to an eight-fold increase. These 12 factors included the vitamin derivatives 1-
methylnicotinamide and pyridoxal, the catecholamine metabolite dopaminochrome, the
amino acid derivatives ketoleucine, 2-oxyglutarate, and N-acetylmethionine, the
ribonucleotides UMP and N2-Formyl-N1-(5-phospho-D-ribosyl)glycinamide, and the

anaerobic fermentation byproduct lactate.

2.2.7 Intracellular lactic acid accumulation drives CaMKK2 upregulation
The metabolites 1-methylnicotinamide and lactate immediately stood out as both
compounds have established mechanistic roles in tumor immunity. 1-methylnicotinamide
is known to induce TNFa production by tumor-infiltrating T cells!®’, and lactate is known
to affect the survival, activity, and functional phenotype of most immune populations in the
tumor environment*21%51%¢_ None of the other candidate factors have known roles in tumor
immunology. Given lactate’s multifaceted role in tumor pathobiology, we elected to
evaluate its role in NK cell function before proceeding to a more comprehensive study of
the other metabolites identified. Splenic NK cells harvested from CaMKK2 reporter mice
were cultured in 50% EO771 TCM, normal media containing 10 mM lactic acid, or normal
media alone, and eGFP fluorescence was measured via flow cytometry as a surrogate for
CaMKK2 expression. A lactic acid concentration of 10 mM is representative of a typical
solid tumor in humans®*. At 24 hours, there was no change in eGFP expression in the
TCM and lactic acid groups (Fig. 15A). However, by 96 hours, both the TCM and lactic
acid-treated NK cells showed a significant increase in eGFP expression compared to the

normal media control (Fig. 15B). A Western immunoblot confirmed these results, showing
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that exposure to 10 mM lactic acid for 96 hours was sufficient to produce robust CaMKK2
expression, whereas NK cells cultured in normal media show minimal expression (Fig.
15C).

Lactic acid and TCM cause similar phenotypes in CaMKK2-deficient NK cells,
providing further evidence that lactic acid is the key component of TCM driving increased
CaMKK2 expression. CaMKK2 ablation has no effect on NK cells cultured in normal media
because the enzyme is minimally expressed under these conditions. In lactic acid-treated
NK cells, however, CaMKK2 ablation produces a significant reduction in NK cell viability
and proliferation state, identical to the phenotype observed in TCM-treated NK cells (Fig
15 D-E). Finally, the fact that the CaMKK2-eGFP reporter model shows the same rapid
expression increase as Western blots indicates that transcriptional changes drive
CaMKK2 upregulation, rather than increased post-translational protein stabilization. If
protein stabilization were responsible for increased CaMKK2 levels, there would be no

parallel increase in the eGFP reporter protein.
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Figure 15: Lactic acid exposure is sufficient to mediate CaMKK2 upregulation in NK
cells. (A-B) Splenic NK cells isolated from CaMKK2-eGFP reporter mice were cultured for
24-96 hours in normal growth media (NM), 50% EO771 tumor-conditioned media (TCM),
or normal media with 10 mM lactic acid (LA). Flow cytometry was used to measure the
level of eGFP expression relative to the NM group at (A) 24 hours in culture, or (B) 96
hours in culture. The raw eGFP fluorescence peaks at 96 hours are also shown. N=3,
standard error shown. (C) Mixed splenocytes, pure splenic NK cells, and bone marrow-
derived macrophages (BMDMs) were harvested from WT or CaMKK2 KO mice and
cultured in normal media with or without 10 mM lactic acid for 96 hours. Protein from each
cell type was resolved on a 7.5% acrylamide gel, and CaMKK2 or -actin was detected
via Western immunoblotting. (D-E) Splenic NK cells from WT BL/6 females were cultured
in normal media (NM), 50% E0771 TCM (TCM), or normal media with 10 mM lactic acid
(LA), along with 2.5 uM CC3240 or DMSO vehicle. (D) NK cell viability and (E) expression
of Ki67 are shown at 96 hours. N=3, standard error shown.
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Our next goal was to elucidate the mechanism by which lactic acid modulates
CaMKK?2 transcription. Possible mechanisms include signaling through GPR81, a cell-
surface G protein-coupled receptor (GPCR) activated by high concentrations of
extracellular lactate. According to the Immgen database, however, NK cells do not express
detectable levels of GPR81 (Fig. 16A). Alternatively, lactate can enter cells and directly
modulate transcriptional activity. As discussed earlier, intracellular lactic acid is known to
activate the HIF1a and NRF2 transcription factors, inhibit various HDAC enzymes, and
directly modify histone activity through “lactylation” of lysine residues. Indeed, NK cells
express low-to-moderate levels of the classic lactate shuttles MCT1 and MCT4 (Fig. 16D-
E), suggesting a mechanism by which lactate can be imported into the cells. Through
acidification of the tumor environment, lactic acid can indirectly trigger pH-sensing GPCRs
or cause intracellular acidification, which alters many signaling pathways!€. Interestingly,
NK cells express at least two of the four known pH-sensing GPCRs, GPR65 and GPR132
(Fig. 16B-C), raising the possibility of CaMKK2 regulation through pH-mediated

transcriptional effects.
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Figure 16: NK cells express pH sensors and lactate import channels. mRNA
sequencing data from the Immunological Genome Project (ImmGen) was used to
interrogate expression of (A) the GPR81 lactate sensor, (B-C) the GPR65 and GPR132
pH sensors, and (D-E) the MCT1 and MCT4 lactate transporters in various immune cells.
Sp= spleen, Bl= Blood, BM= bone marrow, Mo= monocyte, MF=macrophages.

Our mechanistic studies began by probing the importance of intracellular lactate
import through the MCT1 and MCT4 channels. The monocarboxylate transporter family
requires a proton gradient to passively shuttle lactate and pyruvate across the cell
membrane. Due to enhanced acidity and proton availability, the MCT family is particularly
active in the tumor environment!®. To test whether these transporters play a role in
lactate-mediated CaMKK2 expression, we cultured CaMKK2-eGFP reporter NK cells in

10 mM lactic acid, with or without the MCT1 inhibitor AZD3965. AZD3965 is an MCT1-

selective competitive inhibitor currently being explored as a treatment for a variety of
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cancers!®, As in prior studies, reporter NK cells treated with lactic acid showed a
significant increase in eGFP fluorescence compared to normal media conditions, but in
this study, we demonstrated that treatment with AZD3965 completely blocked this effect
(Fig. 17 A-B). These data suggest that MCT1-mediated intracellular import of lactate plays
an important role in CaMKK2 upregulation. Interestingly, NK cells treated with sodium
lactate exhibited no increase in eGFP expression (Fig. 17 A-B), likely because a proton
gradient is required to power MCT import activity.

To confirm these results in a WT model, we conducted Western immunoblots on
WT splenic NK cells cultured with lactic acid and MCT inhibitors. Data from the reporter
model suggest that acidification is not responsible for CaMKK2 upregulation as
intracellular import of the lactate molecule is necessary for this response, not exposure to
free protons generated by the dissociation of lactic acid. To definitively control for pH
effects, however, this experiment used heavily buffered media containing 25 mM HEPES
and 25 mM PIPES with a fixed pH of 7.4. Media pH was identical in all samples throughout
the experiment, except for one sample whose pH was set to 6.4 (Fig. 17C). The
immunoblot demonstrates that 10 mM lactic acid is sufficient to drive CaMKK2 protein
upregulation in NK cells, but this upregulation is significantly reduced by MCT1 inhibitor
AZD3965 and by pan-MCT inhibitor a-cyano-4-hydroxycinnamic acid (aCHC) (Fig. 17C).
The more complete reduction of CaMKK2 expression in the aCHC group compared to the
AZD3965 group may reflect the added effects of MCT4 inhibition. Importantly, media
acidification alone does not affect CaMKK2 expression levels (Fig. 17C), and acidified
media does not replicate the effects of TCM on the survival of CaMKK2-deficient NK cells
(Fig. 17D). These data rule out a specific role for acidification in the regulation of CaMKK2

expression while confirming the necessity of intracellular lactate import.
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Figure 17: Intracellular lactate import is necessary for CaMKK2 upregulation. (A-B)
Splenic NK cells from CaMKK2-eGFP reporter mice were cultured in normal media,
normal media containing 10 mM lactic acid, or normal media containing 10 mM sodium
lactate (Na lactate). Cells were also treated with 500 nM AZD3965 (AZD) or DMSO. Flow
cytometry was used to measure eGFP expression relative to the NM group at (A) 24 hours
in culture and (B) at 120 hours in culture. The raw fluorescence peaks at 120 hours are
shown. N=3, standard error shown. (C) Bone marrow-derived macrophages (BMDMSs)
were harvested from WT and CaMKK2 KO mice and differentiated in normal media with
M-CSF. Splenic NK cells were harvested from WT BL/6 females and cultured in heavily
buffered normal media with a fixed pH of 6.4 or 7.4 (“NM” lanes) or in heavily buffered
normal media with a fixed pH of 7.4 containing 10 mM lactic acid (“Lactic acid” lanes).
Various samples of lactic acid-cultured NK cells were simultaneously cultured with 2.5 uM
CC3240, 500 nM AZD3965 (AZD), 5 mM aCHC (aCHC), or DMSO vehicle. CaMKK2 and
the B-actin control were measured via Western immunoblotting on a 7.5% acrylamide gel
(45 ug protein per lane). (D) Splenic NK cells were harvested from WT and CaMKK2 KO
BL/6 females and cultured for 96 hours in 50% EO771 TCM, heavily buffered normal
media with a pH of 6.0, or heavily buffered normal media with a pH of 7.0. The total number
of live NK cells, normalized to the WT level, was measured via flow cytometry. N=2,
standard error shown.
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2.3 Discussion

2.3.1 Interpretation of results

CaMKK2 has been studied extensively in the context of tumor cells and myeloid
immune cells, but this enzyme was not previously known to play a role in NK cell immunity.
Our work demonstrates that a subset of CD11b* NK cells express CaMKK2 at baseline,
though this subset lacks a specific identity as CaMKK2 expression does not closely
correlate with common NK cell functional markers. CD11b* NK cells demonstrate a binary
pattern of CaMKK2 expression as reporter cells are either completely negative or distinctly
positive for eGFP. Thus, the mechanism(s) regulating CaMKK2 levels may involve a
“threshold effect” whereby exposure to a specific level of a stimulating factor increases
transcription, causing some cells to stochastically express the enzyme while others do
not. Upon exposure to tumor conditions, CaMKK2 is robustly expressed in all subsets of
NK cells, including immature CD11b" NK cells and NKT cells. Thus, a regulatory apparatus
is likely conserved across the extended NK cell family, enabling CaMKK2 transcription
when the proper stimulus is detected. CD11b* NK cells may simply be more sensitive to
this stimulus, explaining the mixed baseline expression. Increased CaMKK2 expression
is likely due to transcriptional upregulation rather than protein stabilization because the
eGFP reporter model shows the same increase as Western blots. Finally, CaMKK2
expression is not observed in any post-thymic T-cell subset, indicating that CaMKK2
modulation is specific to the NK cell lineage as other closely related lymphoid populations
never express this enzyme.

In vitro functional assays demonstrate that CaMKK2 expression improves the
general fitness of tumor-conditioned NK cells through a novel scaffold mechanism.
Ablation of CaMKK2 through genetic means or ligand-directed degradation increases

apoptosis and reduces viability in tumor-conditioned NK cells. CaMKK2 ablation also
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causes cell cycle quiescence, restricts proliferation, and reduces chemotaxis under tumor
conditions. However, CaMKK2 ablation does not affect the cytotoxic potency of individual
tumor-conditioned NK cells. Considering the mitochondria’s multifaceted role in regulating
apoptosis, cell cycle progression, and even chemotaxis, we hypothesized that CaMKK2
could be influencing NK cell fitness through mitochondrial regulation. However, CaMKK2
ablation has no effect on mitochondria mass, membrane potential, or reactive oxygen
species, which suggests a non-mitochondrial mechanism by which CaMKK2 influences
NK cell biology. In contrast to genetic ablation or ligand-directed degradation of CaMKK2,
competitive inhibition of this enzyme has no effect on tumor-conditioned NK cells,
indicating that CaMKK2 serves a unique scaffold function independent of its kinase
activity. The nature and implications of this scaffold function are discussed in greater detail
later in this section.

Metastasis studies consistently show increased metastatic progression in mice
with CaMKK2-deficient NK cells, establishing an important role for CaMKK2 in NK cell
tumor immunity. These results were repeated using three models of NK cell-intrinsic
CaMKK2 ablation and two different NK cell-sensitive tumor models, B16-F10 and
EO771f2™/, Tumor cells recovered from the lungs of mice with CaMKK2-deficient NK cells
showed significantly lower MHC | expression than WT controls, an immunoediting
phenotype consistent with reduced NK cell anti-tumor activity. Moreover, immune profiling
showed that total NK cell counts were significantly lower in the lungs of the CaMKK2-
deficient groups despite their larger tumor burdens, and the NK cells that were present
showed reduced viability and proliferative capacity. This in vivo immune profiling data is
consistent with the in vitro data generated using tumor-conditioned media. Even in fully
immune competent mice with several intact mechanisms of anti-tumor immunity, NK cell-
specific ablation of CaMKK2 led to increased metastatic burden. Extensive immune

profiling of lung tissue from this study failed to show changes in the infiltration or
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polarization of any immune populations besides NK cells, highlighting (1) the importance
of effector NK cell activity in controlling certain tumor types and (2) the importance of
CaMKK2 in preserving NK cell function.

Based on the data presented thus far, we posit that CaMKK2 expression reduces
metastatic progression by improving the fitness of NK cells within metastatic nodules, not
by increasing NK cell recruitment to tumors or by enhancing NK cell anti-tumor
surveillance in circulation. CaMKK2 is only expressed at appreciable levels in NK cells
exposed to tumor conditions for at least 72 hours, and peripheral NK cells isolated from
tumor-bearing mice showed no evidence of CaMKK2 upregulation in the eGFP reporter
model. Thus, NK cells in circulation should not express CaMKK2, and WT and CaMKK2
KO NK cells in circulation should not display any phenotypic differences, including their
ability to migrate to the tumor or mediate cytotoxic activity in circulation. Indeed, three of
the four metastasis studies showed a growing divergence between the WT and KO groups
as the metastatic tumors grew larger, with two of the studies developing differences in
metastatic burden only at the latest timepoint (Fig. 10B, 12C). These results are consistent
with our hypothesis that NK cells must be conditioned by an established tumor
environment before CaMKK2 is upregulated and begins to play an important role in NK
immunity. Moreover, in the EO771F™/ model, NK cells were intravenously injected 48
hours after the tumor cells, meaning that many tumor cells had already extravasated and
begun colonizing tissues by the time NK cells were introduced into the system. Thus, NK
cell activity against circulating EO771 cells is unlikely to explain the large differences in
metastatic progression between the WT and CaMKK2-deficient groups.

Although NK cell recruitment from the periphery to tumor nodules is unlikely to
explain the metastasis phenotype, impaired intra-tumoral migration may contribute to
increased metastatic growth in the CaMKK2-deficient groups. The in vitro migration assay

showed that CaMKK2 ablation impairs baseline migration and CCL4 chemotaxis in tumor-
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conditioned NK cells. These findings could translate to reduced infiltration of CaMKK2-
deficient NK cells into deep, less-vascularized portions of a tumor nodule. To test this
hypothesis in vivo, we could conduct immunohistochemistry staining on large lung nodules
recovered from mice with WT or CaMKK2-deficient NK cells, looking for reduced “deep
tumor” infiltration in the CaMKK2-deficient group. Given the current data, however, the
best explanation for differences in metastatic progression in the WT versus CaMKK2-
deficient mice involves the survival and proliferation of NK cells within the local tumor
environment.

CaMKK2 upregulation in tumor-infiltrating NK cells is driven by exposure to lactic
acid, an abundant tumor metabolite. We have shown that addition of lactic acid to normal
growth media is sufficient to increase CaMKK2 expression in a pure population of NK cells
in vitro. Furthermore, inhibition of the key MCT lactate import channels prevents CaMKK2
upregulation even in lactic acid-rich media, indicating that intracellular lactic acid import is
necessary for upregulation to occur. Sodium lactate does not substitute for lactic acid,
likely because a proton gradient is required to drive the critical MCT channels. We have
not identified the exact mechanism by which lactic acid alters CaMKK2 transcription, but
we have ruled out several possibilities. The need for intracellular lactic acid import negates
any role for the cell surface lactate receptor GPR81. Moreover, acidic media is neither
necessary nor sufficient to upregulate CaMKK2, negating indirect pH effects as the driver
of CaMKK2 modulation. As discussed earlier, lactic acid can directly alter transcription
through histone lactylation, HDAC inhibition, and HIFla activation, among other
examples. High concentrations of lactic acid could also alter cellular metabolism and
mitochondrial respiration rates, causing indirect effects on transcriptional state, though the
abundance of glucose in all in vitro experiments should prevent such a metabolic shift. In
any case, it will be difficult to further elucidate lactate’s specific mechanism given the wide
range of possibilities and our limited understanding of lactate’s multifaceted role in cellular
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biology. However, we have established lactic acid as the key driver of CaMKK2
upregulation, highlighting a novel adaptive mechanism by which NK cells respond to and

mitigate the deleterious effects of this ubiquitous tumor metabolite.

2.3.2 Translational implications

This work has significant therapeutic implications as it reveals potential liabilities
associated with inhibition of CaMKK2 and MCT1, while suggesting novel strategies for
enhancing NK cell immunity. We have previously shown that CaMKK2 inhibition has
beneficial effects in tumor cells and in TAMs'?, but the detrimental effects of LDD-
mediated CaMKK2 ablation on NK cells could attenuate these benefits. Importantly, we
did not observe any negative effects of competitive CaMKK2 inhibitors on NK cell function,
and we posit that it is specifically the loss of the CaMKK2 scaffold function that is
deleterious to NK cell immunity. Thus, competitive inhibitors of CaMKK2 may be clinically
preferable to LDDs in clinical applications where preservation of NK cell function is
essential. CaMKK2 LDDs have yet to be adapted for in vivo use, but when suitable
compounds become available, the relative efficacy of these two drug classes in NK cell-
sensitive mouse tumor models will be explored. In a similar manner, MCT1 inhibitors are
currently in clinical trials as cancer therapeutics!®, but this class of drugs may carry
liabilities similar to CaMKK2 LDDs. By blocking the accumulation of intracellular lactate in
NK cells, MCT1 inhibitors could reduce CaMKK2 upregulation, limiting the utility of this
class of drugs in NK cell-sensitive tumors. However, if MCT1 inhibitors are highly
successful at preventing lactic acid export from tumor cells, then the benefits of the drug
may outweigh the liabilities. AZD3965 is suitable for in vivo use, and it would be
straightforward to test whether MCT1 inhibition negatively effects the progression of NK

cell-sensitive metastatic tumors.
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NK cell transfusions are being investigated as a cancer therapy, and our findings
suggest that modification of these immune cells to constitutively express CaMKK2 may
confer proactive resistance to the toxic effects of the tumor environment. We found that
the human NK lymphoma cell line NK92, which is being explored clinically, already
expresses CaMKK2 at robust levels and is unlikely to benefit from enhanced expression
(Fig. 18A). Indeed, constitutive expression in NK92 cells may reflect the selective
advantages of improved survival and proliferation conferred by CaMKK2. However,
primary human NK cells are also used for allogeneic and autologous transfusions. Primary
NK cells have been modified via retroviral transfection to overexpress proteins beneficial
to anti-tumor activity, such as NKG2D and 1L15821°!, and CaMKK2 could be constitutively
expressed using the same techniques. Upon entering the tumor environment, NK cells
require time to fully activate defensive adaptations like the CaMKK2 pathway, creating a
window of high vulnerability. Constitutive CaMKK2 expression may confer protection in

this critical early entry period.

2.3.3 Ongoing work
2.3.3.1 Elucidating scaffold components and downstream pathways

Our work comparing CaMKK2 degraders and competitive inhibitors strongly
suggests that CaMKK2 is functioning as a scaffold in NK cells, and we are working to
elucidate the components of this scaffold complex and determine the affected downstream
pathways. The only known scaffold function for CaMKK2 is in hepatocellular carcinoma
(HCC) where CaMKK2 nucleates a complex containing CaMKIV and components of
mTOR, promoting tumor cell proliferation!?. The specific complex reported in HCC is
unlikely to mediate the effects seen in NK cells because its activity requires both the
scaffold and kinase functions of CaMKK2, whereas only the scaffold function is necessary

in NK cells. However, this work in HCC demonstrates that the mTOR complex can directly
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associate with CaMKK2. Given mTOR’s established role in regulating NK cell metabolism
and effector activity, we are investigating the effects of CaMKK2 expression on mTOR
activity. mTORCL1 directly phosphorylates S6 kinase (SK6), which in turn phosphorylates
several downstream targets, including S6 at Ser235/236.

If S6 phosphorylation is significantly altered by CaMKK2, we will determine
whether the changes in mTOR activity regulated by this enzyme are relevant to the
survival and proliferation phenotypes observed in NK cells. Changes in a signaling
pathway do not necessarily imply a causative role in the phenotype of interest. For
example, competitive CaMKK2 inhibitors reduce AMPK phosphorylation but have no effect
on NK cell survival and proliferation, which rules out a role for the AMPK pathway. If an
mTOR inhibitor such as everolimus can reverse or replicate the effects of CaMKK2
ablation on NK cell survival and proliferation, then we should be able to establish a cause-
and-effect relationship between mTOR and the CaMKK2- mediated phenotypes observed.
At that point, we would also need to confirm a physical association between mTOR and
CaMKK2. If mTOR activity is not affected by CaMKK2 expression or if we fail to
demonstrate an association between mTOR and CaMKK2, then we plan to conduct a
broader screen for proteins associated with CaMKK2 in NK cells. Specifically, we will
optimize an immunoprecipitation protocol to pull-down CaMKK2 from a pure population of

NK cells and identify associated proteins through mass spectrometry.

2.3.3.2 Tying CaMKK2 to human NK cell biology

Human and murine NK cells are quite similar, with analogous developmental
patterns, effector mechanisms, and functional markers. Thus, we expect our findings in
mice to translate to human biology. Interestingly, we found that the human NK cell
lymphoma line NK92 constitutively expresses robust levels of CaMKK2 (Fig. 18A),
confirming that human NK cell derivatives are capable of CaMKK2 expression. However,
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ligand-directed degradation of CaMKK2 with CC3240 had no effect on the survival,
proliferation, or activation of NK92 cells, even under stressful TCM conditioning (Fig. 18B).
CC3240 degrades about 75% of the CaMKK2 protein in NK92 cells (Fig. 18C), which is
similar to the reduction in primary mouse NK cells. Though clearly expressed in NK92,
CaMKK2 does not serve the purpose we expected based on our work with murine NK
cells. Tumor cells like NK92 undergo many rounds of mutation and selection, and perhaps
CaMKK2 expression was critical at an early stage of tumor development but became
unnecessary or redundant when additional pathways were mutated later in the
evolutionary process. Alternatively, CaMKK2 may simply play a different role in the NK92
line than in primary NK cells. Given the broad discordance between NK92 cells and
primary NK cells, we will focus on primary NK cells going forward.

Through clinical collaborations on projects unrelated to CaMKK2, our lab acquired
single cell RNA sequencing data for tumor-infiltrating human immune cells. Through
UMAP dimension reduction techniques, we were able to plot and analyze a diverse
repertoire of immune cells recovered from three primary human breast tumors, including
NK cell populations. The NK cell cluster was identified by high expression of Ncrl (NKp46)
mRNA, (Fig. 18D), and this cluster was then analyzed for evidence of CaMKK2
expression. The study was valid as CaMKK2 mRNA was observed in the macrophage
cluster, but very little CaMKK2 was detected in the tumor-infiltrating NK cells (Fig. 18E).
However, this study has several limitations, including the small sample size, limited NK
cell infiltration, relatively low sequencing penetrance, and unknown lactic acid
concentrations within the tumor environment. As discussed earlier, NK cell infiltration in
primary tumors is generally quite poor, and the small number of NK cells recovered from
these three specific samples may not have penetrated the tumor capsule or been exposed
to interior regions with pronounced lactic acid accumulation. Moreover, CaMKK2 detection
in the macrophage cluster is rather sparse, suggesting that the expression threshold for
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detection was quite high in this study. Going forward, we will conduct additional single cell
RNA sequencing analyses as more tumors become available, with a particular interest in
metastatic nodules. In the meantime, we may purchase primary human NK cells from a
vendor or acquire primary human cells from colleagues in the Duke Hematology
department. In either case, we will culture these cells in TCM from a human tumor line or

in lactic acid and use Western immunoblotting to detect CaMKK2 protein expression.
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Figure 18: The role of CaMKK2 in human NK cells is unclear. (A) NK92 cells were
cultured in normal growth media or 50% MDA-231 TCM for 96 hours, and CaMKK2 and
B-actin levels were measured using a Western immunoblot (7.5% acrylamide gel). WT
MDA231 and CaMKK2 KO MDA231 cells were run on the same Western. (B-C) NK92
cells were cultured in 50% MDA-231 TCM for 96 hours with CC3240 or a DMSO vehicle.
(B) Flow cytometry was used to determine viability, Ki67 expression, and Granzyme B
levels. N=2, standard error shown. (C) CaMKK2 and B-actin levels were measured using
a Western immunoblot (7.5% acrylamide gel). (D-E) Immune cells from three primary
human breast tumors were subjected to single cell RNA sequencing, and the resulting
data was concatenated and plotted using the UMAP dimension reduction technique. (E)
Cells expressing Ncrl (NKp46) mRNA were highlighted, and (F) cells expressing CaMKK2
MRNA were highlighted.
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2.3.3.3 Effects of CaMKK?2 ablation on peripheral NK cells

Most of our work up to this point has focused on tumor-infiltrating NK cells, not
peripheral NK cells in tumor-bearing animals. This is largely due to early experiments in
which tumor-bearing CaMKK2-eGFP reporter mice failed to show upregulation of
CaMKK2 in splenic NK cells. However, in two of the metastasis studies, we recovered NK
cells from spleens as well as tumors, and we were surprised to find a significant reduction
in total NK cell numbers in the spleens of the CaMKK2-deficient group (Fig. 19A-B). In
these studies, WT and KO splenic NK cells exhibited comparable levels of viability (Fig.
19A-B), implying that variations in total cell number are not driven by differences in
survival. Differences in proliferation rate may explain these results, but we cannot draw
any firm conclusions about proliferation because Ki67 staining was not performed. These
findings complicate our previous conclusion that only tumor-infiltrating NK cells upregulate
CaMKK2, and that the trafficking of peripheral NK cells into the tumor is not responsible
for the elevated rates of metastatic progression in CaMKK2 KO mice. Indeed, such
significant differences in peripheral NK cell numbers likely contribute to differences in

tumor growth rate.
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Figure 19: Tumor-bearing mice engrafted with CaMKK2-deficient NK cells have
fewer splenic NK cells. (A) NSG mice were intravenously administered B16-F10 tumor
cells and NK cells with tamoxifen-induced CaMKK2 ablation (ERT2+) or a WT control
(ERT2-). After 17 days, spleens were recovered from these mice, and the total number
and viability of splenic NK cells was measured using flow cytometry. N=6, standard error
shown. (B) NSG mice were intravenously administered B16-F10 tumor cells and WT or
CaMKK2 KO NK cells. After 15 days, spleens were recovered from these mice, and the
total number and viability of splenic NK cells was measured using flow cytometry. N=7-8,
standard error shown.

There are several possible explanations for these differences in splenic NK cell
counts, and for inconsistencies between the CaMKK2-eGFP reporter data and the
metastasis studies. First, the tumor-bearing reporter mice whose splenic NK cells showed
minimal eGFP expression were inoculated with subcutaneous primary tumors, not
metastatic tumors. Disseminated metastatic lesions may exert a much greater systemic
influence than a single, structurally superficial primary tumor. Thus, we will conduct a
metastasis study in CaMKK2-eGFP reporter mice to directly test whether splenic NK cells
upregulate CaMKK2. If CaMKK2 upregulation is observed in this study, then we must
determine what factors are responsible. We have shown that lactic acid exposure is
sufficient to increase CaMKK2 expression, but it is questionable whether systemic lactic
acid levels could rise high enough in tumor-bearing mice to trigger upregulation in the

spleen. However, we have not conducted a lactic acid titration curve to determine the

exact concentrations required to cause CaMKK2 upregulation. It is possible that relatively
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low levels of lactic acid trigger upregulation, levels that could be achieved systemically in
mice with advanced metastatic tumor burdens. Alternatively, a second tumor factor may
cause CaMKK2 expression, and unlike lactic acid, perhaps this second factor can act at
distal sites at low concentrations. This theoretical factor could directly influence CaMKK2
transcription, or it could work through the lactic acid mechanism. For instance, the factor
could alter the metabolism of peripheral NK cells to increase intracellular lactic acid (e.qg.
antagonize mitochondrial respiration), which in turn increases CaMKK2. In either case, we
will continue exploring the effects of tumor growth on CaMKK2 expression in peripheral
NK cells and determine whether differences in splenic NK cell counts contribute to the pro-

metastasis phenotype observed upon ablation of NK cell-intrinsic CaMKK2.
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3 LYPD3 as aregulator of ferroptosis

3.1 Background

Our overarching goal is to identify clinically translatable methods to modulate anti-
tumor immunity, with a particular focus on the CaMKK2 pathway in NK cells. However,
regulatory pathways in tumor cells can also be manipulated to undermine tumor defenses
and enhance anti-tumor immunity. Tumors are highly susceptible to ferroptosis, a unique
iron-dependent cell death mechanism driven by unrestricted accumulation of lipid
peroxides. Indeed, T cells and NK cells are able to “prime” tumor cells for ferroptosis by
releasing IFNy, which antagonizes critical anti-ferroptosis defenses such as those that
engage GPX4 and SCL7A11 (xCT)¥2. The tumor cell then proceeds to release damage-
associated molecular patterns such as HMGB1!%, which engages TLR4 in dendritic cells
to promote immune activation'®4. Moreover, heavily peroxidated membrane lipids promote
phagocytosis of tumor cell components by macrophages!®®, potentially boosting antigen
presentation and the adaptive immune response. Indeed, ferroptosis appears to share
many similarities with necrosis and pyroptosis in its tendency to expose inflammatory
factors and tumor antigens®®®. The effects of IFNy may be accentuated if combined with
additional ferroptosis enhancement strategies. Thus, there is significant interest in
identifying methods that allow specific activation of this cell death mechanism in tumor
cells, both to attenuate tumor cell survival and to broadly enhance anti-tumor immunity.

LY6/PLAUR Domain Containing 3 (LYPD3), known as C4.4A in humans, is a cell-
surface protein expressed in the suprabasal layers of squamous epithelia, especially
during early development®®’. Structurally, LYPD3 is a glycosylphosphatidylinositol (GPI)-
anchored protein that lacks transmembrane and intracellular domains!®®. Low levels of
LYPD3 expression are retained in the oral and esophageal epithelia, but the protein is

otherwise absent under normal physiological conditions, and the specific functions of this
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protein are unknown®’. However, LYPD3 is upregulated significantly in many squamous
carcinomas of the head and neck!®®, and this protein is often expressed ectopically in
squamous cell carcinoma and adenocarcinoma of the lung where it is associated with poor
prognoses?201 Two former graduate students in our lab, Kim Cocce and Taylor Krebs,
demonstrated that endocrine therapy-resistant luminal breast cancers are often
characterized by upregulation of grainyhead like transcription factor 2 (GRHLZ2), which
mediates upregulation of LYPD32°2, Thus, our lab initially focused on LYPD3 as a
therapeutic vulnerability in endocrine therapy-resistant breast cancers.

Our laboratory has generated a significant amount of data from studies that
explored the biology of LYPD3 in breast cancer. Using the human MCF7 and mouse
PY230 breast tumor lines, it was shown that LYPD3 is expressed at higher levels in more
aggressive tumors. WS8, an estrogen-independent MCF7 variant, exhibits greater LYPD3
expression than the MCF7 parent line, and TamR, a tamoxifen-resistant variant of WS8,
expresses even higher LYPDS3 levels (Fig. 20A). The 27-hydroxycholesterol (27HC)
metabolite normally suppresses tumor cell proliferation, but more aggressive tumors
develop resistance to these effects. Resistance to 27HC is also correlated with higher
LYPD3 expression in the PY230 model, but interestingly, this is only observed in tumors
cells that have been passaged through mice (Fig. 20B). These results suggest that LYPD3
provides a fithess advantage to cells in vivo. Using the Cancer Therapeutics Response
Portal (CTRP) from the Broad Institute, it was demonstrated across a variety of human
tumor cell lines that LYPD3 expression correlates with resistance to XCT inhibitors (Fig.
20C). xCT is a critical glutamate import channel that provides glutathione precursors to
the GPX4 anti-ferroptosis pathway. Thus, these data suggest that LYPDS3 plays a role in
preventing ferroptosis, either directly through the xCT/GPX4 pathway or through another
mechanism. This hypothesis was explored experimentally by generating an shRNA knock-
down system that reduces LYPD3 expression in PY230 cells by over 80% (Fig 20E).
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Using this modified cell line, it was shown that knock-down of LYPD3 increases sensitivity
to the GPX4 inhibitor RSL3 (Fig. 20D). Our group also acquired a monoclonal antibody
against human LYPD32% and demonstrated that this antibody, as a single agent, reduces
the growth of TamR xenograft tumors in mice (Fig. 20F). These findings highlight the
potential of LYPD3 as a therapeutic target and underscore the need to understand how
best to employ such an antibody as a therapeutic intervention.

We next undertook experiments to (1) probe the functional ties between
ferroptosis and tumor growth in LYPD3 knock-down models, and (2) define the
mechanisms underlying LYPD3 expression in tumor cells. Elucidating the mechanism by
which LYPD3 suppresses ferroptosis may inform the development of synergistic
combination therapies involving anti-LYPD3 monoclonal antibodies. Anti-LYPD3
treatments are especially promising as few healthy tissues express this protein, allowing
for highly targeted toxicity. | have been working in close collaboration with postdoc
Debarati Mukherjee to complete this story, with a particular interest in incorporating anti-

LYPD3 antibodies into immune-enhancing cancer therapies.
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Figure 20: Characterizing the role of LYPD3 in breast cancer. (A) Various derivatives
of the MCF7 cell line were analyzed for LYPD3 expression via Western immunoblot. (B)
PY230 cells were cultured with 27-hydroxycholesterol (27HC) until the cells resumed
proliferation. The parent PY230 cells were termed 27HC-sensitive (S), whereas the cells
able to grow in 27HC were termed 27HC-resistant (R). S and R cells were passaged
through mice and recovered from lung nodules. All these populations of PY230 cells were
analyzed for LYPD3 expression via Western immunoblot. (C) The Cancer Therapeutics
Response Portal, created by the Broad Institute, was used to correlate LYPD3 expression
with sensitivity to ferroptosis inhibitors and tyrosine kinase inhibitors across many tumor
lines. (D) PY230 cells were treated for 48 hours with 15 yM arachidonic acid and the GPX4
inhibitor RSL3, and total DNA content was measured using the FluoReporter dsDNA Kkit.
N=3, standard error shown. (E) PY230 cells were transfected with a control shRNA knock-
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down construct (shCtl) or one of two shLYPD3 knock-down constructs (A and B) and
assayed for LYPD3 expression via Western immunoblot. (F) Nu/nu female mice bearing
TamR xenograft tumors were injected twice weekly with 45 mg/kg anti-LYPD3 or IgG
control (intraperitoneal) and with 25 mg/kg fulvestrant or corn oil vehicle (subcutaneous).
N=10, standard error shown. Two-way ANOVA analysis showed significant differences
between the IgG control and all treatment groups between days 14 and 28. All data
presented in this figure were generated by Kim Cocce, Taylor Krebs, and Wen Liu, and
included with permission.

3.2 Results
3.2.1 LYPD3 ablation sensitizes metastatic tumors to ferroptosis

To definitively establish the role of LYPD3 in tumor ferroptosis resistance, we
conducted metastasis studies using mouse breast tumor lines. We adopted a lung
metastasis model because cells in this environment are subject to elevated oxidative
stress compared to subcutaneous primary tumors2°42%5_ Qur initial study used 27HC-
resistant PY230 cells recovered from mouse lungs, which display enhanced levels of
LYPD3 expression (Fig. 20B). These cells were modified to express luciferase and a
constitutive shRNA construct that targets either LYPD3 or a non-specific control
sequence. These tumor lines were injected via tail vein into nu/nu female mice, and the
animals were treated with daily injections of ferrostatin-1 or a vehicle control. Ferrostatin-
1 inhibits ferroptosis by directly scavenging the alkoxy radicals that cause lipid
peroxidation, a mechanism independent of all the established anti-ferroptosis pathways2%.
Minimal metastasis was observed in mice injected with shLYPD3 tumor cells in the
absence of ferrostatin, whereas mice injected with shControl cells exhibited a significant
metastatic burden by day 45 regardless of ferrostatin administration (Fig. 21A). Indeed,
by day 61, all but two mice in the shControl groups presented detectable metastases,
compared to only one mouse in the ferrostatin-free shLYPD3 group (Fig. 21B).
Importantly, ferrostatin administration in the shLYPD3 mice restored metastatic tumor
progression to the same level as the shControl groups (Fig. 21A-B). These results

demonstrate that LYPD3 expression plays an essential role in promoting the growth of
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PY230 metastatic tumor cells, but this role is only important when cells are vulnerable to
ferroptosis.

To repeat these findings with a second tumor line, we modified the 4T1 mouse
breast cancer line in the same manner described above. When propagated in nu/nu mice,
the shLYPD3 4T1 and shControl 4T1 cells showed rapid rates of metastatic growth, but
no significant difference was observed in metastatic burden by the humane endpoint on
day 14 (Fig. 21C). Concerned that the rapid growth rate could mask underlying differences
in ferroptosis vulnerability, we repeated the 4T1 metastasis study using syngeneic Balb/c
mice rather than the immune compromised nu/nu strain. While the rate of metastatic
progression decreased modestly in the Balb/c background, no differences were observed
between the shLYPD3 and shControl groups by day 20 (Fig. 21D). Thus, not all tumor

lines that express LYPD3 are highly reliant on this protein for in vivo ferroptosis protection.
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Figure 21: LYPD3 protects PY230 tumors, but not 4T1 tumors, from ferroptosis in
vivo. (A-B) 500k luciferase-expressing shCtl or shLYPD3 PY230 tumor cells were injected
via lateral tail vein into nu/nu mice. Mice then received daily intraperitoneal injections of 1
mg/kg Ferrostatin-1 or the normal saline vehicle control. (A) Luciferin bioluminescence
imaging was used to measure whole-body tumor burden over time, and (B) metastasis-
free survival was tracked. An IVIS signal of < 20,000 lumens/cm?/sec was counted as
“metastasis-free”. N=9, standard error shown. (C) 500k luciferase-expressing shCtl or
shLYPD3 4T1 tumor cells were injected via lateral tail vein into nu/nu mice. Luciferin
bioluminescence imaging was used to measure whole-body tumor burden 14 days post-
injection. N=9, standard error shown. (D) 500k luciferase-expressing shCtl or shLYPD3
4T1 tumor cells were injected via lateral tail vein into syngeneic balb/c mice. Luciferin
bioluminescence imaging was used to measure whole-body tumor burden 20 days post-
injection. N=10, standard error shown.

There are several important differences between the PY230 and 4T1 cell lines that
could explain these inconsistent results. LYPD3 levels on 4T1 cells are significantly lower
than on PY230, and the 4T1 cell line grows very quickly regardless of mouse model,
perhaps causing the tumor studies to end before cells have accumulated critical levels of

peroxidated lipids. Moreover, the 4T1 cells were not previously passaged through mice
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like the PY230 cells, a process that caused LYPD3 upregulation in PY230 and potentially
selected for a state of LYPD3 dependence. These factors are being closely considered in
the selection and development of additional cell lines for this project. We used the
CellMinerCDB database (NCI) to identify human tumor cell lines with high baseline levels
of LYPD3 expression, relatively slow growth rates, and a published history of tail vein
metastasis use. Using these criteria, we identified the KYSE-30 esophageal squamous
cell carcinoma line and the PC-9 non-small cell lung carcinoma line. We are focusing on
human cell lines for translational applicability, and these two cell lines are particularly
relevant given the high prevalence of LYPD3 expression in esophageal and lung cancers.
We transfected both cell lines with luciferase and are passaging them through nu/nu mice
to select for increased expression of LYPD3 in the same manner observed in PY230 cells.
Once recovered from these mice, the KYSE-30 and PC-9 cells will be transfected with a
Tet-inducible shLYPD3 knock-down construct and used for metastasis studies similar to
those conducted with the PY230 and 4T1 models.
3.2.2 IFNy exposure downregulates LYPD3 expression

Lymphocyte-derived IFNy has been shown to downregulate expression of the xCT
complex, priming tumor cells for ferroptotic cell death. Since LYPD3 has also been shown
to suppress ferroptosis, we investigated whether IFNy affects LYPD3 levels in a manner
similar to XCT. Specifically, we treated three LYPD3-expressing breast tumor lines with 10
or 100 ng/mL IFNy for 48 hours and assayed LYPD3 expression levels using a Western
immunoblot. Interestingly, IFNy stimulation significantly reduces LYPD3 expression
across all three cell lines (Fig. 22). These data suggest that either (1) the same IFNy-
driven transcriptional mechanism suppressing XCT expression also suppresses LYPD3,
or (2) there is a causative mechanism by which reduced LYPD3 leads to reduced xCT. As

a GPl-anchored protein, LYPD3 lacks a cytoplasmic domain and cannot directly mediate
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intracellular signaling. Thus, LYPD3 may regulates ferroptosis by directly interacting with,

and possibly stabilizing, other cell-surface proteins such as xCT.
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Figure 22: IFNy exposure downregulates LYPD3 expression. PY230 cells were
treated with 10-100 ng/mL murine IFNy or a BSA control (0 ng/mL) for 48 hours, and
LYPD3 expression was assayed using a Western immunoblot. TamR and BT474 cells
were treated with 10-100 ng/mL human IFNy or a BSA control (0 ng/mL) for 48 hours, and
LYPD3 expression was assayed using a Western immunoblot. Proteins were resolved on
a 7.5% acrylamide gel.

3.2.3 LYPD3 does not influence expression of cell-surface proteins
previously linked to ferroptosis

Given the concomitant decrease in xCT and LYPD3 expression upon IFNy
stimulation, we hypothesized that LYPD3 might suppress ferroptosis by stabilizing cell-
surface anti-ferroptosis proteins. The only known ligand of LYPD3 is AGR2, an ER-
localized chaperone that becomes dysregulated in many cancers and whose expression
correlates with tumor growth and metastasis?®’. However, AGR2 is not known to have any
signal-transducing functions, lending support to the protein stabilization hypothesis.
Besides xCT, there are several additional cell-surface anti-ferroptosis proteins, including
ferroptosis suppressor protein 1 (FSP1) and ferroportin (FPN). The xCT complex imports
cystine, which is converted to glutathione and used by GPX4 to neutralize lipophilic free
radicals. Similarly, FSP1 neutralizes free radicals by regenerating CoQH,, and FPN
selectively exports reduced iron, which is required for the Fenton chemistry that drives

lipid peroxidation?®®(Fig. 23A). We conducted Western immunoblots to determine whether
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LYPD3 knock-down affects XCT, FSP1, and FPN expression on PY230 and 4T1 tumor
cells. All three proteins were detected, but expression of these proteins was not correlated
with LYPD3 levels (Fig. 23B-C). Thus, LYPD3 is unlikely to suppress ferroptosis by
directly stabilizing cell-surface anti-ferroptosis proteins, though we have not ruled out a
role for LYPD3 in activating these proteins through direct binding. With the most direct

mechanism of action ruled out, we may need to investigate indirect mechanisms of action

such as signaling through an unknown ligand.
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Figure 23: LYPD3 ablation does not affect expression of cell-surface anti-
ferroptosis proteins. (A) The roles of ferroportin (FPN), ferroptosis suppressor protein 1
(FSP1), and GPX4/xCT in counteracting lipid peroxidation are depicted. (B-C) PY230 and
4T1 cell lines expressing constitutive shLYPD3 or shControl knock-down constructs were
analyzed via Western immunoblot for expression of LYPD3, FSP1, FPN, and xCT
(SLC7A11 subunit). 40 ug of protein was resolved on a 7.5% acrylamide gel (LYPD3,
FPN) or on a 10% acrylamide gel (FSP1, xCT).
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3.2.4 De novo LYPD3 expression is not seen in cell lines passaged in vivo
Considering how PY230 cells dramatically upregulate LYPD3 when passaged
through mice, we postulated that LYPD3-negative cell lines might spontaneously acquire
expression of this protein or select for rare cells which express high levels of LYPD3 when
passaged in vivo. It is possible that LYPD3 expression serves as a generalizable
ferroptosis protection mechanism necessary to upregulate or activate canonical anti-
ferroptosis pathways. To test this idea, we used four LYPD3-negative cell lines that are
well-validated tail vein metastasis models: the A7C11 mouse breast cancer line, the MDA-
231 human breast cancer line, and the YUMM1.7 and B16-F10 mouse melanoma lines.
These cell lines were injected into nu/nu mice via tail vein, lung nodules were harvested,
recovered cells were propagated in vitro, and Western immunoblotting was used to detect
LYPD3 expression. In total, we recovered cells from five A7C11 lung nodules, three MDA-
231 lung nodules, four YUMM1.7 lung nodules, and two B16-F10 lung nodules, but none
of the samples showed any level of de novo LYPD3 expression (Fig. 24A-C). Despite
being propagated in an in vivo environment with high oxidative stress for 31-37 days, these
cells did not gain LYPD3 expression. Thus, LYPD3 is not a generalizable mechanism
necessary for ferroptosis protection; rather, LYPD3 plays a critical role only in a subset of

tumor types.
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Figure 24: Do novo LYPD3 expression was not observed in any LYPD3-negative cell
lines passaged through mice. (A) 500k neomycin-resistant A7C11 tumor cells were
injected into the lateral tail vein of three WT BL/6 mice, and 37 days later, tumor cells were
recovered from five metastatic lung nodules and propagated in vitro under neomycin
selection. These recovered cells were analyzed for LYPD3 expression using a Western
immunoblot and compared to the parent A7C11 cell line (in vitro) and the PY230 positive
control. (B-C) 500k neomycin-resistant MDA-231, YUMML1.7, or B16-F10 tumor cells were
injected into the lateral tail vein of four nu/nu mice each, and 31 days later, tumor cells
were recovered from lung nodules and propagated in vitro under neomycin selection.
These recovered cells were analyzed for LYPD3 expression using a Western immunoblot
and compared to the proper parent cell line (in vitro) or the BT474 or 4T1 positive controls.

In all panels, proteins were resolved on a 7.5% acrylamide gel.

75



3.3 Discussion

3.3.1 Interpretation of results

Our work has demonstrated a novel function for LYPD3 in suppressing ferroptosis
in tumor cells. We have shown that LYPD3 expression correlates with tumor
aggressiveness and resistance to ferroptosis inhibitors in cancer cell lines. Moreover, we
have demonstrated experimentally that ablation of LYPD3 sensitizes PY230 cells to
ferroptosis both in vitro and in animal models of metastasis. Indeed, inhibiting ferroptosis
through an independent mechanism (ferrostatin-1), completely restores the growth of
LYPD3 knock-down metastases. IFNy exposure is known to reduce xCT expression in
tumor cells, priming tumors for ferroptotic cell death. Interestingly, we have shown that
IFNy also downregulates LYPD3 across at least three cell lines, suggesting a link between
LYPD3 and xXCT expression. However, an shRNA-mediated LYPD3 knock-down in two
cell lines failed to produce a concomitant reduction in XCT, undercutting any causative link
between LYPD3 and xCT expression levels. In a similar manner, LYPD3 expression
showed no correlation with FPN or FSP1, two additional cell-surface anti-ferroptosis
proteins. Thus, LYPD3 likely mediates ferroptosis protection through a hitherto
unidentified signaling mechanism.

Moreover, we have yet to identify a driver for ectopic LYPD3 expression in tumor
cells. Only a fraction of tumor cell lines express LYPD3, and these lines tend to increase
LYPD3 expression as they adopt more aggressive features or when exposed to protracted
oxidative stress (i.e. when passaged through mouse lungs), suggesting a critical anti-
ferroptosis function. This critical importance is illustrated by the metastasis study we
performed in which LYPD3 knock-down PY230 tumors completely fail to grow in most
mice. However, we found no evidence that LYPD3-negative cell lines gain expression of

this protein when exposed to intense oxidative stress. Together, these results suggest that
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LYPD3 is critically important for some tumors to survive ferroptosis but entirely irrelevant
to others, perhaps because redundant anti-ferroptosis pathways render LYPD3
unnecessary. Elucidating the mechanism by which LYPD3 regulates ferroptosis may shed
light on this dichotomy between LYPD3* and LYPD3" tumor lines.

3.3.2 Future directions and applications

Our current priority is to replicate the robust phenotypes observed in PY230 cells
using the KYSE-30 and PC-9 tumor lines. We will first demonstrate in vitro that shLYPD3
knock-down increases lipid peroxidation while decreasing cell survival, and we will then
proceed with metastasis studies to establish a ferrostatin-reversible reduction in tumor
growth upon shLYPD3 ablation. However, our ultimate goal is to elucidate the
mechanism(s) linking LYPD3 expression to ferroptosis and translate these insights into
novel therapeutic strategies. We have been unable to establish a link between LYPD3 and
the expression or stabilization of cell-surface proteins like xCT, but perhaps LYPD3
binding improves the activity of one of these proteins. Using small molecule inhibitors of
XCT, such as sorafenib or erastin, we can test whether the anti-ferroptosis effects of
LYPD3 are mediated through xCT activity. If LYPD3 indirectly activates intracellular
signaling pathways to modulate ferroptosis, then these effects should be observable in a
phospho-proteomics screen or an mRNA sequencing screen of shLYPD3 knock-down
tumor lines. Identifying the specific cell-surface LYPD3 ligand that transduces this signal
would be more challenging, but a mass spectrometry immunoprecipitation assay could
generate several candidates for further investigation.

Our work suggests several possible applications for anti-LYPD3 antibodies in
combination with other cancer therapies. Direct GPX4 inhibitors such as RSL3 and ML210
are associated with significant systemic toxicity?°®?1°, but combining these compounds
with anti-LYPD3 may enable a lower effective dose and reduced toxicity. Alternatively, if

LYPD3 is shown to support the GPX4/xCT pathway, then combining GPX4 inhibitors with
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anti-LYPD3 antibodies may produce a level of pathway inhibition not achievable with a
single agent. Moreover, spontaneous tumors tend to be highly heterogenous, and
subpopulations of tumor cells that express high levels of LYPD3 may be able to evade our
current slate of ferroptosis-inducing therapies, which includes GPX4 and xCT inhibitors.
Combining these therapies with anti-LYPD3 could prevent tumors from using the LYPD3
mechanism to escape ferroptosis-inducing compounds. Given the interplay between anti-
tumor immunity and ferroptosis, we are especially interested in combining anti-LYPD3 with
immune-activating treatments such as checkpoint inhibitors. Increased T cell and NK cell
activity in the tumor would translate to higher IFNy production, which could, in combination
with anti-LYPD3, produce a synergistic vulnerability to ferroptosis. Overall, this project
offers many exciting translational opportunities once we further establish the phenotype

and mechanism linking LYPD3 to ferroptosis.
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4 Conclusion

Our group has a longstanding interest in the role of CaMKK2 in cancer. In recent
years, we have elucidated a variety of pro-tumor roles for this enzyme when expressed in
tumor cells and myeloid immune cells, and we have worked with industry and academic
collaborators to develop CaMKK2-modulating compounds. My thesis project began as a
screen to identify CaMKK2 expression in non-myeloid immune cells in the tumor
environment, enabling a more complete understanding of how CaMKK2 inhibition impacts
tumor progression. This screen identified NK cells as a population of interest, and
subsequent studies revealed an important role for CaMKK2 in preserving the fitness of
tumor-infiltrating NK cells. These findings were highly intriguing for several reasons. First,
CaMKK2 expression is greatly enhanced by exposure to lactic acid in the tumor
environment, establishing a novel mechanism by which NK cells mitigate the effects of
this suppressive metabolite. This robust, built-in adaptive response suggests a specific
evolutionary advantage for preserving NK cell activity in lactate-rich environments.
Second, CaMKK2 exhibits a unique mechanism of action in NK cells, improving NK fitness
through a scaffold function independent of the AMPK pathway and mitochondrial
regulation. This finding expands our understanding of CaMKK2’s highly flexible and
multifaceted role in different cell types. Third, our findings underscore the need to carefully
dissect the mechanism of action not just for CaMKK2 inhibitors, but for novel cancer
treatments in general. CaMKK2 LDDs confer beneficial effects when acting in certain cell
types (i.e. macrophages and tumor cells) yet confer detrimental effects when acting in
another cell type (i.e. NK cells), and the overall effect of such a treatment will depend on
the relative abundance of each cell type and the importance of this pathway within each
population. Thus, therapies must be selected carefully based on the characteristics of

individual tumors.
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Our group originally became interested in LYPD3 as a vulnerability in endocrine-
therapy resistant breast cancer, but the project evolved into a broader study of LYPD3 as
a regulator of ferroptosis. We have established a causative link between LYPD3
expression and ferroptosis resistance, suggesting that LYPD3 antagonism would be a
novel mechanism to reduce tumor cell growth and enhance anti-tumor immunity.
Together, the LYPD3 project and the NK cell CaMKK2 project demonstrate the broad
range of pathways, both in immune cells and cancer cells, that can be modulated to
enhance anti-tumor immunity. Ongoing work on both projects will continue to yield
important insights in tumor biology and immunity, with many possible translational

implications.
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Appendix: Methods and Materials

A.1 Isolation and culture of primary NK cells

Spleens from WT or CaMKK2 KO BL/6 female mice aged 10-12 weeks were
harvested and crushed through a 40 um cell strainer into PBS+ 2% FBS. The EasySep
Mouse NK Cell Isolation Kit (StemCell Technologies, cat no. 19855) was used to isolate
NK cells through negative selection. NK cell purity was measured using an Accuri C6 flow
cytometer (BD Biosciences) to determine the percentage of purified cells expressing
CDA49b. The following antibodies were used: CD49b-PE (BioLegend, cat no. 103506) and
isotype control (Invitrogen, cat no. 12-4888-81). NK cells were cultured in either a 50/50
mixture of EO771 TCM and normal growth media, or normal growth media alone. Normal
growth media consists of RMPI 1640 containing 10% fetal bovine serum (FBS), 1 mM
sodium pyruvate, 0.1 mM non-essential amino acids, 10 mM HEPES, 2 mM L-glutamine,
55 uM 2-mercaptoethanol, and 100 units/mL Penicillin+ 100 pg/mL Streptomycin.
Experiments requiring pH stabilization used 25 mM HEPES and 25 mM PIPES in place of
10 mM HEPES. All reagents were purchased from Gibco. 100 ng/mL IL2 (PeproTech, cat
no. 212-12) and/or 100 ng/mL IL15 (PeproTech, cat no. 210-15) were added to the culture
media depending on the experiment. All cells were incubated in a humidified chamber at
37°C in a 5% CO2 atmosphere.
A.2 Cancer cell lines and growth media

EO771 is a murine breast tumor line acquired from the lab of Mark Dewhirst (Duke
University). A7C11 is a murine breast tumor line acquired from the lab of Jose Conejo-
Garcia (Moffitt Cancer Center). 4T1 is a murine breast tumor line purchase from ATCC.
BT-474 is a human breast tumor line also purchased from ATCC. EO771, A7C11, 4T1,
and BT474 were cultured in RPMI 1640 containing 10% FBS, 1 mM sodium pyruvate

(NaPy), and 0.1 mM non-essential amino acids (NEAA). B16-F10 is a lung-tropic murine
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melanoma line purchased from the Duke Cell Culture Facility. YUMM1.7 is a mouse
melanoma line purchased from ATCC. MDA-231 is a human breast cancer line also
purchased from ATCC. B16-F10, YUMML1.7, and MDA-231 were cultured in DMEM
containing 10% FBS, 1 mM NaPy, and 0.1 mM NEAAs. PY230 is a murine breast tumor
line purchased from ATCC and cultured in F-12K Nutrient Mixture, Kaighn’s Modification
(Gibco, cat no. 21127-022) containing 5% FBS and 0.1% of MITO serum extender. TamR
is a human breast tumor line derived from MCF7 cells (ATCC) through prolonged
exposure to tamoxifen. TamR cells were cultured in DMEM/F12 (1:1) Ham media (Gibco,
cat no. 11330-032) containing 10% FBS, 1 mM NaPy, 0.1 mM NEAAs, and 100 nM 4-OH-
tamoxifen. NK-92 is a human NK cell lymphoma line purchased from the Duke Cell Culture
Facility. These cells were grown in suspension in Minimum Essential Medium (Sigma, cat
no. M4526) containing 12.5% FBS, 12.5% horse Serum, 0.2 mM myo-inositol, 0.02 mM
folic acid, 2 mM L-glutamine, 0.1 mM B-Mercaptoethanol, and 5,000 units/mL human IL2
(BD Bioscience, cat no. 40043B). All cells were incubated in a humidified chamber at 37°C
in a 5% CO2 atmosphere.
A.3 Generation of tumor-conditioned media

One million EO771 or A7C11 tumor cells were plated on a 10-cm cell culture dish
in their standard RMPI growth media and incubated at 37°C. After exactly 72 hours, the
growth media was recovered from each plate, centrifuged at 2000 x g for 5 minutes to
remove debris, and the supernatant was frozen at -80°C.
A.4 Mouse strains

The CaMKK2-/- (KO) mouse strain was originally generated in the lab of Anthony
Means (Baylor College of Medicine)!®. These mice were backcrossed for five generations
to WT C57BL/6 mice (Jackson Labs) and have a genetic background that is at least 95%

C57BL/6. The [Tg(CaMKK2-eGFP)BL/6] reporter mouse line originates from the Mutant
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Mouse Regional Resource Center'®. This strain features the sequence of enhanced
green fluorescent protein (eGFP), followed by a polyadenylation sequence, inserted into
the mouse genomic bacterial artificial chromosome RP23-31J24 at the initiation codon of
the CaMKK2 gene. The Racioppi lab had backcrossed the original strain to Jackson Lab’s
WT BL/6 mice for 10 generations, generating the mice used in our studies.

NKp46-iCre mice were acquired from the lab of Joseph Sun (Memorial Sloan
Kettering Cancer Center) and were originally created by Eric Vivier (Centre d'Immunologie
de Marseille-Luminy). This strain features the Cre coding sequence preceded by an IRES
inserted into the 3'UTR of the NKp46 (Ncr1) sequence. These mice were bred with
CaMKK2 flox/flox mice to generate Ncrl-cre+/- CaMKK2 flox/flox experimental mice and
Ncrl-cre+/- CaMKK2 wt/wt controls. The CaMKK2 flox mice were originally generated by
the lab of Anthony Means (Baylor College of Medicine)°,

Tamoxifen-inducible ERT2-cre+/- CaMKK2 flox/flox mice (including ERT2-
negative controls) were generated by breeding CaMKK2 flox/flox mice (described above)
with UBC-Cre-ERT2 mice acquired from Jackson Labs (strain #007001). ERT2+ mice and
ERT2- controls were dosed with 2 mg tamoxifen citrate (Sigma-Aldrich, cat no. T9262) in
corn oil via oral gavage daily for one week, and splenic NK cells were harvested 5 days
after dosing ended.

The following mice were purchased from Jackson Labs as needed: WT C57BL/6
females (strain # 000664), NSG females (strain # 005557), and athymic nude females, or
nu/nu (strain # 002019).

A.5 CFSE proliferation assay

NK cell proliferation was measured via dilution of the anime-reactive CFSE dye.
Splenic NK cells were treated with 5 uM CellTrace CFSE (Invitrogen, cat no. C34554A) in
RMPI media+ 5% FBS for 5 minutes, washed twice with the same media, and cultured

under various conditions for 72 hours. CFSE fluorescence decreases by half with each
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round of cell division, enabling us to identify the proliferating fraction of NK cells via flow
cytometry. NK cells were gated as live CD45+/CD3-/NK1.1+/CD49b+ cells.
A.6 In vitro migration assay

NK cell migration was measured using a transwell migration assay. Splenic NK
cells that had been cultured under various conditions for 72 hours were counted, and
500,000 live NK cells were suspended in 100 pL of normal growth media and added to
the upper insert of a transwell migration chamber with 5 um pores (Corning, cat no. 3421).
600 pL of normal growth media containing O or 250 ng/mL CCL4 (BioLegend, cat no.
554602) was added to the lower chamber, and the migration plate was incubated at 37°C
for 3 hours. The Accuri C6 flow cytometer (BD Biosciences) was used to count the total
number of CD49b+ cells present in the lower chamber.
A.7 Invitro NK cytotoxicity assay

NK cell cytotoxic activity was measured via a co-culture with YAC1 tumor cells.
YAC1 cells, a canonical MHC I-negative target for NK cells, were cultured in RMPI 1640
containing 10% FBS, 1 mM sodium pyruvate, 10 mM HEPES, and 3.5 g/L D-(+)-glucose
(Sigma). The YACL1 cells were stained with CellTrace CFSE (Invitrogen, cat no. C34554A)
for quick identification on flow cytometry. YAC1 cells were counted using a microscope
hemocytometer chamber (Hausser Scientific), and 25,000 cells were added to each
internal well of a flat-bottom 96 well plate (Corning) in 75 L of their growth media. Splenic
NK cells that had been cultured for 72 hours under various conditions were counted, and
live NK cells were added to the YAC-1 cells at a ratio of 1:25, 1.5, 1:1, and 5:1 (NK:YAC1).
The volume of each co-culture well was topped up to 150 pyL with NK growth media. Three
biological replicates were carried out at each co-culture ratio. The NK cells and YAC1 cells
were incubated at 37°C for 4 hours, and cells were then stained with Live/dead stain and

anti-CD45-BV605 for flow cytometry analysis. YAC1 cells were identified as CD45-
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/ICFSE+. The dead fraction of YAC1 cells (positive live/dead staining) were represented
as a fraction of total YAC1 cells.
A.8 Flow cytometry

The following reagents were used to prepare NK cells for flow cytometry. Anti-
CD16/32 (Invitrogen, cat no. 14-0161-85) and anti-CD16.2 (BioLegend, cat no. 149502)
were used for Fc receptor blocking, and LIVE/DEAD Fixable Violet Dead Cell Stain
(Invitrogen, cat no. L34964) was used as a viability stain. NK cells were then stained with
a combination of cell-surface fluorophore-antibody conjugates in BD Horizon Brilliant
Stain, as listed in Table 2. NK cells were then permeabilized using eBioscience
Fixation/Perm solution (Invitrogen, cat no. 00-5123-43 and 00-5223-56) and stained with
some combination of intracellular fluorophore-antibody conjugates in Permeabilization
Buffer (Invitrogen, cat no. 00-8333-56). Cells were then fixed in BD Cytofix fixation buffer
diluted 1:4 (BD Bioscience, cat no. 554655). Flow cytometry data was collected on an
LSRFortessa X-20 (BD Biosciences) and analyzed using FlowJo software version 10.7.1.

Table 2: Flow cytometry antibodies

Target Fluorochrome Supplier Cat no.
AnnexinV AF488 Invitrogen A13201
CD45 BV605 Invitrogen 103139
CD49b BV650 BD Biosciences | 740496
NK1.1 AF700 Invitrogen 56-5941-82
CD3 PerCP/Cy5.5 |BD Pharmigen |560527
NKp46 BV711 BioLegend 137621
NKG2D FITC BioLegend 115711
Ly49c PE/Cy7 BiolLegend 108210
CD11b PE BioLegend 101208
cD27 BV786 BioLegend 124241
CCR5 PE Invitrogen 12-1951-81
CD24 BUV496 BD Horizon 612953
CD64 PerCP/Cy5.5 |BiolLegend 139308
IA/IE BV711 BD Horizon 563414
CD11c APC/Cy7 BD Pharmigen |561241
CD11b AF700 BioLegend 101222
Ly6G BV785 BioLegend 127645
Ly6C BV711 BiolLegend 128037
Granzyme B |AF647 BiolLegend 515406
Kie7 BUV395 BD Horizon 564071
CD206 FITC BioLegend 141710
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A.9 Western immunoblotting

The primary antibodies listed in Table 3 were used to detect the indicated proteins
through Western immunoblotting. Fluorescent secondary antibodies purchase from
Biotium were used for LI-COR imaging. Western blots were scanned using a LI-COR
Odyssey Classic fluorescence scanner and processed using LI-COR Image Studio
software, version 4.0.

Table 3: Primary antibodies for Western immunoblotting

Target Clone Supplier Cat no. Dilution
CaM Kinase Kinase 6/CaM Kinase |BD Transduction Labs 610544 1:1,000
B-actin AC-15 Sigma-Aldrich A1978 1:10,000
AMPKa Polyclonal Cell Signaling Technologies [2532 1:1,000
phospho-AMPKa (Thr172)|Polyclonal Cell Signaling Technologies |2531 1:1,000
LYPD3 (human) ERP9107 Abcam ab151709 1:1,000
LYPD3 (mouse) Polyclonal R&D Systems AF5567 1:500
xCT (SLC7a11) D2M7A Cell Signaling Technologies |[12691 1:1,000
Ferroprotin Polyclonal Novus Biologicals NBP1-21502 | 1:500
FSP1 Polyclonal Cell Signaling Technologies |24972 1:1,000

A.10 Creation of plasmid vector to knock-out MHC class |

The EQO771 cell line was engineered using CRISPR to knock-out both alleles of
the B2m locus, eliminating expression of the major histocompatibility complex class I. The
Lenti-Cas9-gRNA-GFP plasmid vector (Addgene plasmid #124770) was first modified to
contain two specific guide RNA (gRNA) sequences targeting the mouse 2m locus. This
plasmid was linearized via digestion with the BsmBI restriction enzyme, separated on a
1% agarose gel, and recovered using the QIAquick gel extraction kit (Qiagen, cat no.
28706X4). The following forward and reverse primer sets were annealed together through
gradual cooling from 95 degrees and then incubated with the linearized plasmid at room
temperature for 30 minutes in the presence of the T4 ligase:
B2M-1F: 5-CACCGAGTATACTCACGCCACCCAC-3
B2M-1R: 5-AAACGTGGGTGGCGTGAGTATACTC-3'

B2M-2F: 5-CACCGAGTCGTCAGCATGGCTCGCT-3
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B2M-2R: 5-AAACAGCGAGCCATGCTGACGACTC-3

5 ug of each ligated plasmid was incubated with 50 uL of Stbl3 homologous
recombination-deficient bacteria (ThermoFisher, cat no. 737303) on ice for 30 minutes.
The bacteria were then heat shocked at 42 degrees for 40 seconds, added to 300 uL of
SOC media, shaken at 37 degrees for 1 hour, and plated onto LB-Amp plates (100 ug/mL
ampicillin). The two plates were incubated for 24 hours at 37 degrees, and 5 colonies from
each plate were picked for a 24-hour expansion in 3 mL liquid LB-Amp media. The
QIAprep mini prep kit (Qiagen, cat no. 27106X4) was used to isolated plasmid DNA from
the 10 expanded bacteria colonies, and the samples were submitted to Eton Bio for
sequencing with the “hU6” universal primer set. Using the procedure described in A.11,
EO771 cells were transfected with the plasmid-cas9-gRNA constructs described above,
and EO771 cells with homozygous ablation of 32m were isolated using flow cytometry-
based cell sorting to select for GFP+, MHC I-negative cells.
A.11 Transfection of cell lines

Various cell lines were modified to express a Tet-inducible shRNA knock-down
construct or the luciferase enzyme, which enables bioluminescence imaging of tumor
burden. To generate lentivirus transfection vectors, HEK293T cells (ATCC) were grown to
40% confluency in DMEM containing 10% FBS, 1 mM sodium pyruvate, 0.1 mM non-
essential amino acids, and 2 mM L-glutamine. The following transfection mixture was
prepared for one 10 cm culture plate: 263 Opti-Mem, 17 uL FUGENE-6 (Promega, cat no.
E2692), 280 ng VSVG envelope vector (Addgene plasmid #8454), 2.8 ug PsPAX2
Lentivirus packaging vector (Addgene plasmid #12260), and 2.8 ug of the transfection
vector (e.g. luciferase, Tet-inducible shRNA, or Cas9/ f2mg-RNA). The transfection
mixture was incubated at room temperature for 30 minutes, added dropwise to the
HEK293 cells, and the plate was incubated at 37°C. 24 hours later, the media was

aspirated and replaced with the standard DMEM growth media containing 30% FBS. 24
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hours later, the lentivirus-containing media was recovered, filtered through a 45 um filter,
and frozen at -80°C. New DMEM growth media containing 30% FBS was added to the
plates, and this media was recovered and filtered in the same manner 24 hours later.

B16-F10 or EO771 cells were grown to 70% confluency in their standard growth
media. The lentivirus-containing media was diluted in an equal volume of tumor growth
media and added to the B16-F10 or EO771 cells. 24 hours later, the first round of
lentivirus-containing media was aspirated, and a second round of diluted lentivirus-
containing media was added. 24 hours later, the virus-containing media was replaced with
standard tumor growth media, and the cells were incubated for 48 hours. Transfected cells
were split across a six-well plate and cultured with various concentrations of neomycin
(Geniticin brand, Gibco, cat no. 3480) ranging from 50 ug/mL to 2000 pg/mL for 10 days.
The highest neomycin concentration that failed to kill all tumor cells was chose as the
optimal selection dose and expanded.
A.12 Tail vein metastasis studies

For NK cell studies, 6-7 week-old female NSG mice were purchased from Jackson
Labs and used as models of metastatic tumor growth. The NSG mice were randomized,
ear-punched for identification, and their chests shaved to improve bioluminescence signal.
Splenic NK cells were isolated from 10-12 week-old WT and CaMKK2 KO female mice
and cultured for 24 hours in NK cell growth media containing 100 ng/mL murine IL15.
250,000 live WT or KO NK cells were then injected into the lateral tail vein of NSG mice
in a volume of 100 uL Hank’s Balanced Salt Solution (HBSS, Gibco, cat no. 14025-092).
When using the B16-F10 model, 500,000 tumor cells were injected concurrently with the
NK adoptive transfer: NK cells and tumor cells were mixed immediately before injection in
a total volume of 100 uL HBSS per mouse. “No NK” control mice were injected with tumor
cells alone. Mice were discarded if the intravenous injection was not successful on the first

attempt. 200 units of murine IL2 suspended in 100 uL PBS was injected into the peritoneal
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cavity of every mouse (including controls) immediately after adoptive transfer of the NK
cells and every third day thereafter. When using the f2m-/- EO771 model, 300,000 tumor
cells were injected into the lateral tail vein 48 hours prior to adoptive transfer of NK cells
to prevent immediate clearance of blood-borne tumor cells.

Starting at day 10 and repeating every 3-4 days thereafter, all mice were
anesthetized with isoflurane and administered 100 uL luciferin substrate (Regis
Technologies, cat no. 1-360243-200) via retroorbital injection immediately prior to imaging.
Luciferase bioluminescence was measured using an IVIS Lumina XR optical imaging
system with an exposure time of 2-3 minutes. The signal intensity range was standardized
for all images collected in a particular session, and gates were drawn around any signal
visualized above the minimum threshold. The total signal intensity from each mouse
measured in lumens/sec/cm? was reported as “metastatic burden”. Signals emanating
from the tail were treated as primary injection-site tumors and excluded from the
“metastatic burden” summation. Studies were not blinded as this would require prohibitive
amounts of effort from colleagues otherwise uninvolved in the project.

Mice were euthanized and lungs were extracted for flow cytometry profiling of the
cellular populations. The lung tissue was mechanically pulverized in 5 mL DMEM+5% FBS
and then enzymatically digested by adding 1 mg/mL Collagenase A (Roche, cat no.
10103586001) and 200 units/mL DNAse | (Sigma, D5025-150KU) and incubated for 30
minutes in a 37°C shaker. Each sample was then passed through a 40 um cell strainer,
centrifuged down, and resuspended in 1-2 mL ACK lysis buffer (Gibco, cat no. A10492-
01) for 2 minutes to eliminate red blood cells. ACK lysis buffer was diluted in 10 volumes
of PBS, and cells were stained with a variety of fluorophore-conjugated antibodies for flow

cytometry analysis.
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A.13 Primary tumor studies

11-12 week-old CaMKK2-eGFP reporter mice were injected subcutaneously with
200,000 EO0771 tumor cells in 100 yL HBSS. Tumor size was measured every 3-4 days
using calipers, and upon reaching a volume of 1 cm?, mice were euthanized, and tumors
and spleens were extracted. Spleens were crushed through a 40 um cell strainer, RBCs
were lysed with ACK buffer, and splenocytes were stained for flow cytometry profiling.
Tumor cells were mechanically pulverized and digested with Collagenase A and DNAse
I, as described in the previous section, and stained for flow cytometry profiling.

A.14 Statistical analysis

Standard error of the mean is shown based on 2-3 biological replicates per
experiment. Microsoft Excel was used for statistical analysis. P-value was determined
using an unpaired Student’s t-test with a significance threshold of P<0.05 (*P<0.05,

**P<0.01, ***P<0.005).
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