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Abstract 

Calcium (Ca2+) is a known important second messenger. Calcium/Calmodulin 

(CaM) dependent protein kinase kinase 2 (CaMKK2) is a crucial kinase in the calcium 

signaling cascade. Activated by Ca2+/CaM, CaMKK2 can phosphorylate other CaM 

kinases and AMP-activated protein kinase (AMPK) to regulate cell differentiation, 

energy balance, metabolism and inflammation. Outside of the brain, CaMKK2 can only 

be detected in hematopoietic stem cells and progenitors, and in the subsets of mature 

myeloid cells. CaMKK2 has been noted to facilitate tumor cell proliferation in prostate 

cancer, breast cancer, and hepatic cancer. However, whethter CaMKK2 impacts the 

tumor microenvironment especially in hematopoietic malignancies remains unknown. 

Due to the relevance of myeloid cells in tumor growth, we hypothesized that CaMKK2 

has a critical role in the tumor microenvironment, and tested this hyopothesis in murine 

models of hematological and solid cancer malignancies.  

We found that CaMKK2 ablation in the host suppressed the growth of E.G7 

murine lymphoma, Vk*Myc myeloma and E0771 mammary cancer. The selective 

ablation of CaMKK2 in myeloid cells was sufficient to restrain tumor growth, of which 

could be reversed by CD8 cell depletion. In the lymphoma microenvironment, ablating 

CaMKK2 generated less myeloid-derived suppressor cells (MDSCs) in vitro and in vivo. 

Mechanistically, CaMKK2 deficient dendritic cells showed higher Major 
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Histocompatibility Class II (MHC II) and costimulatory factor expression, higher 

chemokine and IL-12 secretion when stimulated by LPS, and have higher potent in 

stimulating T-cell activation. AMPK, an anti-inflammatory kinase, was found as the 

relevant downstream target of CaMKK2 in dendritic cells. Treatment with CaMKK2 

selective inhibitor STO-609 efficiently suppressed E.G7 and E0771 tumor growth, and 

reshaped the tumor microenvironment by attracting more immunogenic myeloid cells 

and infiltrated T cells. 

In conclusion, we demonstrate that CaMKK2 expressed in myeloid cells is an 

important checkpoint in tumor microenvironment. Ablating CaMKK2 suppresses 

lymphoma growth by promoting myeloid cells development thereby decreasing MDSCs 

while enhancing the anti-tumor immune response. CaMKK2 inhibition is an innovative 

strategy for cancer therapy through reprogramming the tumor microenvironment.  
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1. Introduction  

Cancer is a collection of related disease in which abnormal cells undergo 

uncontrolled cell growth with potential to spread and invade to other parts of the body. 

It has tremendously impacted societies worldwide. Growing evidences has shown that 

during the cancer progression, cancer cells could induce an inflammatory and immune 

suppressive environment to impair the normal maturation and function of immune 

cells. (Bronte, 2009; Gabrilovich & Nagaraj, 2009; Schmid & Varner, 2010) (Coussens, 

Zitvogel, & Palucka, 2013) Calcium/Calmodulin dependent protein kinase kinase 2 

(CaMKK2) is a crucial kinase in the calcium signaling cascade. CaMKK2 has been 

reported to be involved in mediating cell differentiation, inflammation, and cancer 

progression in different studies. (Racioppi & Means, 2012) These characteristics make 

CaMKK2 a potential crucial regulator in the cancer microenvironment and a potential 

treatment target for cancer therapy. In this chapter, I am going to discuss the key 

concepts of CaMKK2 and cancer immune regulation, the recent updates of the field, and 

the rationale and research objectives of this dissertation.  

1.1 Myeloid Cells in Cancer 

Myeloid cells, including macrophages, monocytes, and dendritic cells, are a 

collection of hematopoietic cells differentiated from the common myeloid progenitors. 

(Gabrilovich et al., 2007) In effective antitumor immunity, antigen-presenting cells 
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(APCs), especially dendritic cells (DCs), are required to process and present tumor 

antigen to T cells, and thereby facilitating T-cell activation and eventually eliminating 

tumor cells. (Ali et al., 1993; Banchereau & Steinman, 1998) Thus, the 

immunostimulatory characteristics of mature APCs are important to bridge innate 

immunity and adaptive immunity together. However, under the cancerous condition, 

the balance of myeloid-cell differentiation and maturation is interrupted, leading to an 

accumulation of immature myeloid cells, increased number of monocytes and 

macrophages, and decreased number and function of matured dendritic cells in both 

mice models and human patients. (Almand et al., 2001; Gabrilovich, Ostrand-Rosenberg, 

& Bronte, 2012) (Kusmartsev & Gabrilovich, 2002) Instead of presenting tumor antigen 

and activating T-cell response, the immature myeloid cells have impaired immune 

function and therefore inhibit the T-cell response, ultimately creating an immune 

suppressive state to protect tumors.  

1.1.1 Myeloid Derived Suppressor Cells  

The suppressive function of some myeloid cells in infection was reported as early 

as 1970s and 1980s, but the term of myeloid-derived-suppressor cells (MDSCs) was not 

formally introduced until 2007. (Gabrilovich et al., 2007) In the past decade, a large 

amount of information and evidence have been accumulated concerning the biology, 

clinical relevance, and potential impact in various pathological conditions. (Gabrilovich 
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et al., 2012; Kusmartsev & Gabrilovich, 2002; Youn, Nagaraj, Collazo, & Gabrilovich, 

2008) 

Broadly defined, MDSCs are immature myeloid cells that are not commonly 

detected in physiologic conditions. However, MDSC have been found to accumulate in 

pathological conditions including severe or chronic inflammation, autoimmune diseases, 

transplantation, and cancers. (Gabrilovich et al., 2007) Distinct from the terminally 

differentiated cells including macrophages, DCs, monocytes or neutrophils, MDSCs 

include some myeloid progenitors and immature mononuclear cells and can suppress 

immune response. Based on morphology and phenotypes, MDSCs are categorized in 

monocytic MDSC (M-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs). (Youn 

et al., 2008) Although M-MDSC is considered more immune suppressive, PMN-MDSCs 

are more prevalent in cancer and severe infection conditions. In human, M-MDSCs are 

CD14+HLA-DR-/lo cells and PMN-MDSCs are CD14-CD11b+CD33+CD15+ cells. There is 

another population of MDSC in human defined as Lin-HLA-DR-CD33+, which is 

enriched by myeloid progenitors. Although these three catergories can be identified in 

cancer patients, there is no distinct marker to distinguish MDSCs specifically. (Damuzzo 

et al., 2015; Talmadge & Gabrilovich, 2013) 

MDSCs in mice are broadly identified as CD11b+Gr1+ cells and further 

categorized according to Gr-1 subgroup markers as monocytic MDSC (CD11b+Gr-1lo, or 
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CD11b+Ly6ChighLy6G-) and granulocytic MDSC (CD11b+Gr-1high, or 

CD11b+Ly6CloLy6G+). While both subsets of MDSCs can suppress immune responses, 

M-MDSCs are stronger at single-cell level, and can suppress both antigen-specific and 

nonspecific T-cell response using nitric oxide (NO) generation and suppressive 

cytokines. PMN-MDSCs can suppress only antigen-specific T-cell response by 

generating reactive oxygen species (ROS) to interfere the binding of peptides to MHC 

molecules, thus blocking T-cell function. In addition to suppressing T-cell function, 

MDSCs can also suppress the immune system by expressing arginase, inducible NOS 

(iNOS), COX2, and TH2 cytokines including TGF-β and IL-10. MDSCs can also induce 

Treg and suppress the function of NK cells and dendritic cells in cancer environment. 

(Ribechini, Greifenberg, Sandwick, & Lutz, 2010; Youn et al., 2008) 

MDSCs facilitating tumor growth has been confirmed in multiple cancer models 

in both human and mice. In most solid tumors including breast cancer, mesothelioma, 

colon cancer, hepatic cancer, renal cancer, and lung cancer, PMN-MDSCs are 

significantly expanded and associated with a poor prognosis; while M-MDSC is more 

prevalent in melanoma, multiple myeloma, lymphoma, and prostate cancer. (Diaz-

Montero et al., 2009; Filipazzi et al., 2007; Hoechst et al., 2008; Kusmartsev et al., 2008; 

Montero et al., 2012; Movahedi et al., 2008; Serafini, Mgebroff, Noonan, & Borrello, 2008; 

Veltman et al., 2010; Vuk-Pavlovic et al., 2010; Zhang et al., 2013; Solito et al., 2011) In the 
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cancer microenvironment, cancer cells and the stroma secrete various growth factors 

including granulocyte-macrophage CSF (GM-CSF), macrophage CSF (M-CSF), 

granulocyte CSF (G-CSF) to support the expansion of immature myeloid cells, while the 

abundant cytokines including IL-6, IL-1, IL-10, IFN-γ, TNF-α can further activate the 

suppressive function of MDSCs. (Damuzzo et al., 2015; Dolcetti et al., 2010) During the 

regulation of MDSC expansion and activity, the STAT transcription factor family 

especially STAT3, is considered as a critical factor by regulating arginase production 

through C/EBP and IFN regulatory factor pathway. STAT3 also prevents the 

differentiation of MDSCs into mature dendritic cells. (Nefedova et al., 2004) HIF-1α can 

regulate MDSC activity by upregulating iNOS and arginase. (Doedens et al., 2010) HIF-

1α can also up regulate the expression of programmed cell death ligand-1 (PD-L1) on 

myeloid cells, and faciliate their differentiation into tumor-associated macrophages 

(TAMs). (G. Liu et al., 2014; Shirato et al., 2009) Recent research also indicates that 

inflammatory mediators including high mobility group box 1 (HMGB1) and PPARγ also 

control MDSC function. (L. Wu, Wang, Qu, Yan, & Du, 2011)  

In return for the favorable environment generated by cancer cells, MDSCs 

support tumor growth and metastasis by directly interacting with tumor cells to induce 

stemness and increase survival, and also remodel the tumor microenvironment by 

suppressing immune killing and establishing pre-metastatic niches. MDSCs can secrete 
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VEGF and its analogues, and matrix metaloproteinases (MMPs) to induce angiogenesis, 

support tumor growth and facilitate metastasis. (Gabrilovich et al., 1996) MDSC-derived 

IL-6 has been found to induce tumor stemness in a breast cance mice model. The 

accumulation of MDSCs also recruits IL-17-producing T cells. (H. Zhang et al., 2015) The 

changes and potential mechanisms of MDSC-tumor interaction in different tumor 

models seem independent and may not by syngeneic to each other, adding to the 

complexity of controling MDSCs in tumors.  

Currently, the strategies to therapeutically target MDSCs include 1) eliminating 

MDSCs by chemotherapy; 2) deactivating MDSCs by targeting NO and ROS generation, 

and 3) skewing the myelopoeisis from MDSC accumulation to differentiation towards 

mature DCs and macrophages. (Marvel & Gabrilovich, 2015; Najjar & Finke, 2013) To 

eliminate MDSCs by chemotherapy, low dose of gemcitabine, cisplatin, 5-fluorouracil 

have been reported in murine models to delete MDSCs while preserving the T-cell 

functions. Immune therapies aiming to augment the vaccine-induced immune responses 

are underway in mice by using engineered peptides selectively targeting TRAIL 

receptors on MDSCs. Since ROS and NO are essential components in MDSC-mediated 

immune suppression, it is crucial to upregulate the expression of antioxidant enzymes or 

downregulate the expression and activity of arginase, iNOS and COX2. Tadalafil, the 

phosphodiesterase-5 (PDE-5) inhibitor, has been recently reported in a clinical trial of 
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head/neack cancer patients to efficiently reduced the circulating MDSCs, lowered iNOS 

and arginase expression, and increased the number of tumor-specific T cells. (Serafini et 

al., 2006) In the mouse cancer models, MDSCs have been reported to have a shorter life 

span compared to normal immature monocytes and neutrophils (Condamine et al., 

2014), and can be converted to dendritic cells and macrophages according to the 

environmental stimulation .  All-trans-retinoic acid (ATRA) that can help MDSCs 

differentiate into immunogenic DCs has been tested on renal cancer carcinoma patients 

and lung cancer patients.(Kusmartsev et al., 2008; Nefedova et al., 2007) Sunitinib 

inhibits STAT3 and other signaling pathways including VEGF and c-kit has been 

demonstrated efficiently in reducing MDSC level in renal cell carcinoma patients. (Ko et 

al., 2009) Skewing and re-educating MDSCs to immunogenic antigen-presenting cells 

may be a promising way to improve antitumor immunity in patients. 

Recent data depleting PMN-MDSCs in cancer patients question if PMN-MDSC 

eradication truly impacts tumor progression, and the strong ability of M-MDSC to 

expand and compensate the loss of PMN-MDSCs also makes the problem complex. 

(Damuzzo et al., 2015) It is more likely that the MDSCs induction is a dynamic process 

according to the pathological environment, and MDSCs suppress the immune system 

using multiple mechanisms throughout the progression of the diseases. As a result, 

using multiple strategies to target MDSCs may be necessary in cancer therapy.  



 

 

8 

1.1.2 Dendritic Cells 

Dendritic cells (DCs) are derived from bone marrow progenitors and migrate to 

all tissues especially the sites of potential antigen entry, to further differentiate and 

mature. The maturation of DCs is a complex process and can be activated by Toll-like 

receptors (TLRs), interferons (IFNs), and tumor necrosis factor receptor (TNF-R) family. 

The mature DCs can capture, process the antigens including invading microbes and 

abnormal tumor antigens to T cells, and further stimulate T-cell activation and clonal 

proliferation. (Banchereau et al., 2000; Steinman, 2001) This efficient antigen-presenting 

capability makes DCs the molecular sensor of the environment and links the innate and 

adaptive immune responses together. Besides T cells, mature DCs can also interact with 

NK cells and B cells for further activation and differentiation. However, antigen 

presentation mediated by immature DCs can induce T cell tolerance due to the lack of 

costimulatory signals. (Steinman, 2001) Thus, the maturation of DCs with proper 

costimulatory factors expression is crucial for effective T-cell activation and 

differentiation.   

DCs are categorized into different subsets according to their different 

differentiated stages, cell surface markers, and functions. Immature DCs (imDCs) with 

FLT-3 ligand expression are produced from CD34+ hematopoietic stem cells from bone 

marrow. (McKenna et al., 2000) In human, while the CD11c+CD1a+ imDCs developed 
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from common lymphoid progenitors (CLP) later differentiate to Langerhans cells in skin 

epidermis, CD11c+CD1a- imDCs developed from common myeloid progenitors (CMP) 

later differentiate to interstitial imDCs in skin dermis and other tissues. (Ito et al., 1999; 

Kadowaki, Antonenko, & Liu, 2001; Strunk, Egger, Leitner, Hanau, & Stingl, 1997) These 

two subsets have different phenotypes and functions. While Langerhans cells are strong 

at CD8 T-cell priming, interstitial DCs are more active in large-molecule antigen 

processing through macropinocytosis, IL-10 production, and B cell activation. The 

production and diversification of imDCs from CD34+ stem cells are considered as 

pathogen-independent and in a steady state. Besides imDCS, the DC precursors (pre-

DCs) including monocytes (pre-DC1) and plasmacytoid cells (pre-DC2) are also 

differentiated from hematopoietic stem cells. (Y. J. Liu, 2001) While imDCs have the 

recognizable morphology and moderate ability to stimulate T-cell activation and high 

mobility in culture, pre-DCs are more prone to regulate innate immunity against 

microbe infections. (M. Y. Liu, Xu, & Song, 2001; Y. J. Liu, 2001) Pre-DC1 and Pre-DC2, 

again, have distinct phenotypes and destinations. Pre-DC1 expresses the myeloid 

antigens including CD11b, CD11c, CD14 and CD33, and can differentiate into immature 

myeloid DCs (im-DC1) in culture with GM-CSF and IL-4, while Pre-DC2 are more 

lymphocyte-specific in mRNA level and can differentiate into im-DC2 while cultured 

with IL-3. When activated by CD40 ligand, DC1s can secrete large amount of IL-12 and 
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strongly mediate T-cell differentiation towards T helper type 1 (TH1) and cytotoxic T 

cells, while DC2 are more prone to induce TH2 responses and suppress CD8+ T cells by 

generating IL-10. (Y. J. Liu, Kanzler, Soumelis, & Gilliet, 2001) In mice, splenic DCs are 

separated into CD8a+CD11b- and CD8a-CD11b+. While the CD8+ DCs are tend to 

secrete IL-12, mediate TH1 response, cross-prime CD8+ T cells, CD8- DCs prefer to 

induce TH2 response. CD4 marker is later also found expressed on DCs. While the 

CD8+CD40- DCs prone to mediate TH1 response, CD8-CD4+ DCs and CD8-CD4- DCs 

are so far considered similar in function. Even though pre-DC1 and pre-DC2 have the 

potential to develop into TH1 or TH2 DCs, the differentiation is also affected by antigen 

encountering and cytokines environment including IFNs and TNF-a. Although CD4 and 

CD8 are lymphoid markers, they do not indicate the origin of peripheral DCs, but more 

functional difference between DC subsets. (Brasel, De Smedt, Smith, & Maliszewski, 

2000) 

DC maturation is a complex process. DC maturation is defined by the capability 

of DCs converting from antigen-capturing to antigen-presenting. The matured DCs 

express high level of antigen-presenting molecules (MHC I, MHC II) and costimulatory 

molecules (CD40, CD80, CD86, CD54), and release of large amount of IL-12 that can 

induce a Th1 immune response through STAT4 pathway and promotes the IFNγ 

secretion. (Banchereau et al., 2000; Banchereau & Steinman, 1998; Cella, Sallusto, & 
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Lanzavecchia, 1997; Fukao et al., 2001; Lanzavecchia & Sallusto, 2000) On the contrary, 

IL-10 is the cytokine secreted by immature DCs. IL-10 blocks the DC maturation and 

induces a Th2 immune response. Blocking IL-10 using functional antibody can facilitate 

DC maturation and increase IL-12 secretion. Once matured, DCs are insensitive to IL-10, 

by an unknown mechanism. (Corinti, Albanesi, la Sala, Pastore, & Girolomoni, 2001; 

Fukao et al., 2001; la Sala et al., 2001) Toll-like receptors (TLRs) are known as the crucial 

bridge between innate and adaptive immune responses. TLRs mediate DC activation 

and maturation through the NF-κB and MAP kinase pathway, up-regulating the 

expression of MHC and costimulatory molecules, and increasing the production of 

cytokines. All these factors are necessary to sustain the clonal expansion and 

differentiation of the newly activated T cells. The newly activated T cells can in turns 

drive DC maturation independently of TLRs or even specific antigens. (Ardavin, 

Amigorena, & Reis e Sousa, 2004)  

In the tumor environment, malignant cells can interact with different cells in the 

environment including macrophages, granulocytes and monocytes, fibroblasts, mast 

cells, T cells, epithelial and endothelial cells. All these cells can secrete diverse growth 

factors, chemokines, interleukins, and many other enzymes and small molecules to 

reshape the microenvironment into a chronic inflammatory status. The chronic 

inflammatory environment facilitates the tumor cell survival and proliferation, while 
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blunting the DCs’ function as the environmental sensor and monitor. (Coussens et al., 

2013) The exposure to cancer-derived factors such as thymic stromal lymphopoietin 

(TSLP) can also skew the DCs maturation in tumor microenvironment towards TH2-type 

inflammation, inducing more TH2 T cells and M2 macrophages and eventually a tumor-

friendly microenvironment. Therefore, facilitating DCs maturation and reprograming 

the DCs differentiation from TH2 to TH1 with increased T-cell costimulatory function 

would be a potential strategy for cancer therapy.  

1.2 Calcium/Calmodulin-Dependent Protein Kinase Kinase 2 
(CaMKK2) 

1.2.1 Calcium/Calmodulin-Dependent Protein Kinase Cascade 

Calcium (Ca2+) plays a pivotal role in cellular processes. In signal transduction, 

Ca2+ is a ubiquitous and essential second messenger that regulates many important 

pathways involving cell survival and apoptosis, proliferation, motility, secretion, and 

development. (Hook & Means, 2001) In mammalian cells, calcium level is strictly 

regulated. While the intercellular Ca2+ is released from bones and tightly controlled by 

the parathyroid hormones, the intracellular Ca2+ stores in mitochondria and the 

endoplasmic reticulum, and can be released during certain cellular events. The elevated 

intracellular Ca2+ can directly act on target proteins, or bind to various intracellular Ca2+-

binding proteins to further trigger the signaling cascades.  
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Calmodulin (CaM) is one of the major calcium signaling transducers. (Berridge, 

Bootman, & Roderick, 2003; Hook & Means, 2001) CaM is a highly conservative protein 

that acts as a primary Ca2+ receptor. It consists of four high-affinity Ca2+-binding motifs. 

Once bound to Ca2+, the conformational changes in CaM enables it to further interact 

with other Ca2+-directed targets including Ca2+/CaM-dependent protein kinases (CaMK). 

CaMKs are Ca2+/CaM-dependent Ser-Thr kinases with different ability to phosphorylate 

distinct substrates. Unlike the other family members, CaMKIII is the phosphorylase 

kinase and dedicated to the restricted repertoire as myosin light chain kinase (MLCK). 

Except CaMKIII, all the other members including CaMKI subfamily (α, β, γ, δ), CaMKII 

subfamily (α, β, γ, δ), CaMKIV, and CaMK kinase (CaMKK) family (α and β, also known 

as CaMKK1 and CaMKK2), are all multifunctional kinases with broad substrates. (Braun 

& Schulman, 1995; Hudmon & Schulman, 2002) The multifunction kinases are similar in 

homology and domain structures including a conserved N-terminal kinase domain, a 

central regulatory domain responding for auto-inhibition, and an overlapping CaM-

binding domain. Once CaMK binds to Ca2+/CaM complex, a conformational change 

occurs in the autoregulatory domain and releases the auto-inhibition.  

Despite the similarities in general structures and common regulation and 

activation, the CaMKs are functionally distinct from each other according to their 

specific distribution, subcellular localization, specific substrates, and regulation 
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mechanisms. While CaMKII can be fully activated only by binding to Ca2+/CaM 

complex, to fully activate CaMKI and CaMKIV still requires the phosphorylation of the 

activation loop threonine by the upstream Ca2+/CaM-dependent kinase CaMKK1 or 

CaMKK2. This forms the CaM-depndent kinase cascade. (Soderling, 1999; Tokumitsu, 

Enslen, & Soderling, 1995) As the goal of this dissertation research is to explore the role 

of CaMKK2 in regulating tumor microenvironment, the focus of the discussion will 

continue on the current known about the CaMKK2, its function on tumor and the 

environment, and the downstream signaling pathways in regulating cancer progression. 

1.2.2 Structure and Distribution of CaMKK2 

The Ca2+/CaM-dependent kinase kinase (CaMKK) family is known as the 

upstream kinases to activate CaMKI and CaMKIV. CaMKKs family includes two 

isoforms CaMKK1 and CaMKK2 encoded by Camkk1 and Camkk2 respectively. CaMKK1 

and CaMKK2 are 50% identical at amino acid level and both predominantly expressed 

in cytoplasm. (Fujiwara et al., 2015) Both these two enzymes are highest expressed in 

brain but in different subregions, moderate expressed in the testis, thymus, spleen, and 

low in some other cells and tissues. (Anderson et al., 1998) Other known downstream 

kinases of CaMKKs besides CaMKI and CaMKIV include AMP-dependent kinase 

(AMPK) and protein kinase B (PKB). (Hawley et al., 2005; Hook & Means, 2001; Hurley 

et al., 2005) In particular, AMPK is known as a ubiquitous energy sensor in all tissues, 
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and also a direct and physiological substrate of CaMKK2 that has the highest affinity to 

Ca2+/CaM.  

As reviewd by Racioppi and Means (Racioppi & Means, 2012), CaMKK2 is a 

highly conserved 66-68-kDa kinase that exists in rat, mouse, and human. Like other 

CaMK family members, CaMKK2 also has the unique N- and C-terminal domains, a 

regulatory domain with overlapping autoinhibitory and CaM-binding regions, and a 

central Ser/Thr-directed kinase domain. Although CaMKK2 shares the similarity of the 

kinase homology domain to other CaM kinases at the amino acid sequences level in 

cloned cDNAs, CaMKK2 is distinct with a unique 22-residue Pro/Arg/Gly-rich insert 

between the protein substrate motifs and the ATP-binding motifs. (Tokumitsu et al., 

1999) In human, CaMKK2 is on chromosome 12q24.2, over 40kb pairs. It has 18 exons 

with 17 introns. CaMKK2 major transcripts are generated by the last two exons that have 

the polyadenylation sites, or by alternative splicing of internal exons 14 and/or 16 

regulated by PKA and CaMKIV. (L. S. Hsu et al., 2001; Ishikawa et al., 2003) Human 

CaMKK2 gene is identified for the consensus DNA binding sequence for several 

transcription factors that are typically restrictedly expressed in stem cell progenitors. 

These transcription factors include Ikaros, GATA-binding factor 1 (GATA1), and Runt-

related transcription factor 1 (RUNX1). (Inoue, Shiga, & Ito, 2008; Tijssen et al., 2011; 

Zagami, Zusso, & Stifani, 2009) The prevalence of these transcription factors may 
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explain the restricted expression of CaMKK2 to some specific cell types, and its role in 

regulating neural development and hematopoiesis. (Kokubo et al., 2009; Teng, Racioppi, 

& Means, 2011) 

CaMKK2 is highly expressed in many areas of the brain including the olfactory 

bulb, hippocampus, dentate gyrus, amygdala, hypothalamus, and cerebellum, and at 

lower levels in testis, spleen and lung. (Anderson et al., 1998; Edelman et al., 1996; 

Tokumitsu et al., 1995) In some isolated murine cells including preadipocytes, 

embryonic fibroblasts, and hepatocytes, CaMKK2 is detectable. (Lin et al., 2015; Lin, 

Ribar, & Means, 2011) In adults outside the brain, CaMKK2 is found nearly exclusively 

in the hematopoietic stem cells, progenitors, and some myeloid cells. (Racioppi, 

Noeldner, Lin, Arvai, & Means, 2012; Teng et al., 2011) The expression of CaMKK2 is 

high in peritoneal macrophages and bone marrow derived macrophages.  

CaMKK2 was first discovered in brain and it plays critical roles in the 

development of neurons and brain physiology. CaMKK2 regulates hippocampal 

memory, especially the long-term memory formation, by activating the cAMP response-

element binding protein (CREB) and regulating the learning-induced neuronal 

cytoskeleton remodeling via the CaMKK/CaMI cascade. (Peters et al., 2003) 

CaMKK2/CaMIV/CREB signaling pathway is essential for granule cell precursors 

(GCPs) proliferation and migration, thus controls the cerebellar granule cell 
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development. (Kokubo et al., 2009; M. Sato, Suzuki, & Nakanishi, 2006; Sotelo, 2004; V. 

Y. Wang & Zoghbi, 2001) CaMKK2 interferes with the Ghrelin, an important hormone 

produced by the intestine that exerts a potent central orexigenic effect by acting on 

hypothalamic neurons to regulate various hormonal and nutrient signals, by interacting 

with its downstream signaling component AMPK. (Anderson et al., 2008; Morton, 

Cummings, Baskin, Barsh, & Schwartz, 2006) Other effects of CaMKK2 on brain 

functions includes regulating serotonin secretion by CaMKK2/CaMKIV/CREB pathway, 

and CaMKK2 is considered a schizophrenia susceptibility gene due to several highly 

disease-associated single-nucleotide polymorphisms (SNPs). (Atakhorrami et al., 2015) 

CaMKK2 has been reported to promote adipogenesis and hepatic glucose 

metabolism in response to overnutrition in obesity and diabetes. (Anderson et al., 2012) 

Comparing to WT mice with matched food consumption, CaMKK2-/- mice have more 

fat accumulation in physiological condition, yet are protected from overnutrient-

induced obesity, glucose intolerance and insulin resistance. CaMKK2 expression 

decreases as preadipocytes mature into adipocytes, indicating that CaMKK2 regulates 

preadipocyte differentiation. This will be further discussed in the later section about cell 

differentiation (Section 1.2.4). In hepatocytes, CaMKK2 participates in glucose 

metabolism by promoting gluconeogenesis and suppressing lipogenesis through the 

CaMK/CREB/HDAC5 pathway.  
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The role of CaMKK2 in regulating hematopoietic and immune cells is a recent 

discovery. (Teng et al., 2011) In hematopoietic cells, CaMKK2 is highly expressed in 

hematopoietic stem cells and the progenitors, and the expression gradually decreases as 

cells differentiate. This suggests that CaMKK2 may regulate hematopoietic 

development. The recent studies confirm that CaMKK2 and its substrate CaMKIV play 

an important role in HSC survival and maintenance, and granulopoiesis. This will be 

further discussed in the later section about CaMKK2-mediated cell differentiation 

(Section 1.2.4). In the differentiated immune cells, CaMKK2 is selectively expressed in 

macrophages, while CaMIV is found to regulate the activation and survival also in 

dendritic cells. (Illario et al., 2008) Besides, CaMKI is implicated as the regulator of TLR4 

singling pathway, which is crucial for dendritic cell activation. In addition to CaMKI 

and CaMKIV, AMPK is another downstream target of CaMKK2 and known as a 

regulator in the inflammatory response and macrophage activation. (Racioppi et al., 

2012; Sag, Carling, Stout, & Suttles, 2008) These evidence indicate that CaMKK2 may be 

a crucial regulator in the inflammatory responses. Following on the interest of this 

dissertation, the role of CaMKK2 in regulating immune cell development and 

inflammation will be further investigated in the following chapters.  
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1.2.3 Downstream Targets of CaMKK2 

CaMKI, CaMKIV, and AMPK are the well-characterized substrates of CaMKK2. 

CaMKK2 phosphorylates CaMKI and CaMKIV on their activation loop Thr residues to 

fully activate these kinases. (Soderling, 1999) The phosphorylation of CaMKIV also 

enables the translocation of the kinase into the nucleus and regulates gene transcription. 

AMPK is an additional direct and physiological substrate of CaMKK2. (Green, 

Anderson, & Means, 2011; Hurley et al., 2005) Unlike with CaMKIV, only the active 

conformation of CaMKK2 can bind to AMPK. Thus, even though CaMKK2 can have 

autonomous activity against CaMKI and CaMKIV by auto-phosphorylation, to activate 

AMPK it still requires Ca2+/CaM binding.  

1.2.3.1 CaMKs 

CaMKI and CaMKIV are both CaMKK2 downstream targets, which require 

CaMKK2 binding for full activation. (Soderling, 1999) Among all four isoforms, CaMKIα 

was the first to be identified and is also the most-well studied. (Picciotto, Czernik, & 

Nairn, 1993) CaMKI is broadly expressed in all tissues, but most of its biological 

functions are studied in neural system. CaMKK/CaMKI pathway is reported to regulate 

neuronal motility, neuronal branching, spine formation, and synaptogenesis. (Saneyoshi 

et al., 2008; Wayman et al., 2004; Wayman, Lee, Tokumitsu, Silva, & Soderling, 2008) 

Recent studies revealed the role of CaMKI in regulating cell cycle by activating 
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cyclinD/CDK4 during G1 to S transition. (Kahl & Means, 2004) CaMKI has been reported 

as a component in TLR4 signaling pathway where it regulates immune response in 

sepsis; however, more confirmatory studies are still needed. (X. Zhang et al., 2011) 

CaMKIV has been considered as an important transcriptional regulator. It has 

two isoforms, CaMKIVα and CaMKIVβ. (Sun, Means, LeMagueresse, & Means, 1995) 

CaMKIV is expressed only in specific tissues including some distinct regions of the 

brain, the thymus, testis, spleen, ovary, and certain immune cells. (Means, Ribar, Kane, 

Hook, & Anderson, 1997; S. L. Wang, Ribar, & Means, 2001) In brain, the CaMKK2-

CaMKIV cascade plays an important role in memory formation and cerebellar granule 

cell development. (Anderson et al., 1998; Kokubo et al., 2009; Ribar et al., 2000) In 

CaMKIV knock-out mice, HSCs are reported with significant defects in survival and 

proliferation, leading to the hematopoietic abnormal hyper-proliferation and exhaustion, 

which is resulted from the decreased levels of CREB phosphorylation and the related 

proteins. (Kitsos et al., 2005) These evidence show that CaMKK2/CaMKIV has an 

important role in HSC regulation. CaMKIV has been reported to regulate T-cell function 

through CREB-dependent pathway, and has been associated with the survival and 

activation of dendritic cells in inflammatory response. (Anderson, Ribar, Illario, & 

Means, 1997; Illario et al., 2008) 
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In general, CaMKK2/CaMKs plays important role in regulating neural 

development and function, however, its role in mediating immune responses warrants 

further investigation.  

1.2.3.2 AMPK 

AMPK is a direct and physiological downstream target of CaMKK2. It is known 

as a conserved central metabolic sensor that allows cross-talk between the cell 

metabolism and signaling networks. (Hardie, Ross, & Hawley, 2012; Mihaylova & Shaw, 

2011) AMPK is a heterotrimeric Ser/Thr kinase complex that has a catalytic α subunit 

and two regulatory β and γ subunits to make up to 12 different heterotrimers. These 

subunits exist in different isoforms to show tissue specificity, and contribute to different 

cell functions including cell growth, proliferation, differentiation in normal cells and 

tumor cells. (Fox, Phoenix, Kopsiaftis, & Claffey, 2013; Hawley et al., 2010; Xiao et al., 

2011) 

AMPK serves as an energy sensor at the cell level to restore energy homeostasis. 

During the metabolic stress condition such as hypoxia or glucose deprivation, ATP level 

is reduced while ADP and AMP amount increase. The direct binding of ADP and/or 

AMP to the AMPK γ subunit can lead to conformational changes that promote 

phosphorylation of Thr172 within the α subunit, leading to AMPK activation. (Hardie et 

al., 2012) The upstream Ser/Thr protein kinases of AMPK include tumor suppressor liver 
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kinase beta 1 (LKB1) and CaMKK2 (Hawley et al., 2005) While LKB1 activates AMPK 

during energy stress, CaMKK2 activates AMPK responding to the increased intracellular 

Ca2+ level regardless of the energy status and compensates the absent or mutated 

function of LKB1. (Hawley et al., 2005) The increased reactive oxygen species (ROS) is 

also reported to activate AMPK in an LKB1-independent way. Once activated, the 

AMPK can switch the energy balance from anabolic pathways to catabolic pathways to 

maintain energy homeostasis, or phosphorylate the transcription factors and 

coactivators to mediate cell growth and survival. (Vander Heiden, Cantley, & 

Thompson, 2009) AMPK can also initiate autophagy by activating serine/threonine-

protein kinase (ULK1), and increase mitochondrial biogenesis by activating peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)/SIRT1 pathway. 

(Mihaylova & Shaw, 2011) In most quiescent cells including DCs, macrophages, and 

unstimulated immune cells, oxidative metabolism is mainly used to generate ATP. 

(Pearce & Everts, 2015) However, in the rapidly proliferating mammalian cells including 

cancer cells and activated immune cells, AMPK is activated by glucose deprivation, and 

control the elevated aerobic glycolysis (Warburg effect) by switching the Warburg effect 

to the oxidative metabolism. (Faubert et al., 2013) 

While naive immune cells tend to use oxidative metabolism, activated immune 

cells in inflammation favors aerobic glycolysis. The activation of AMPK regulates 
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inflammation mainly by down-regulating glycolysis and promoting oxidative 

metabolism, thus steering the immune cells from pro-inflammatory to anti-

inflammatory phenotype. Exposing dendritic cells to LPS can results in a reduced 

AMPK phosphorylation besides DC maturation and increased glucose consumption, 

while knocking down AMPK or suppressing AMPK using 5-Aminoimidazole-4-

carboxamide ribonucleotide (AICAR) can enhance this phenomenon. (Krawczyk et al., 

2010) Similar data are seen in macrophages. When macrophages are exposed to LPS or 

fatty acid, AMPK is inactivated through Thr172 dephosphorylation.(Sag et al., 2008) 

Down regulating AMPK in macrophages when exposed to LPS can increase pro-

inflammatory cytokines secretion, while an AMPK mutant in active form leads to more 

anti-inflammatory cytokines.(Yang, Kahn, Shi, & Xue, 2010; Yang et al., 2012) The AMPK 

activating drug can suppress macrophages pro-inflammatory responses but not in 

macrophages with a mutated AMPK.(Jeong et al., 2009) Bone marrow derived 

macrophages from AMPK-β1 knockout mice with a decreased of AMPK activity are 

detected with reduced mitochondrial proteins and decreased fatty acid oxidation, while 

the pro-inflammatory markers are increased after stimulation.(Galic et al., 2011) These 

data demonstrate that by mediating changes in metabolism, AMPK is more likely to 

induce macrophages to polarize towards anti-inflammatory M2 phenotype rather than 

pro-inflammatory M1 phenotype. And this effect may also apply to dendritic cells 
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because of the similarity of metabolism and function between dendritic cells and 

macrophages. The ability for activated AMPK to promote myeloid cells polarization 

towards anti-inflammatory phenotype makes it a potential target cancer immune 

therapy. 

1.2.4 CaMKK2 in Cell Development 

The role of CaMKK2 in mediating cell development was initially investigated in 

neural system. In the hippocampus, CaMKK2/CaMKI cascade is required for forming 

the normal axonal growth cone morphology and outgrowth, regulating the dendritic 

arborization, and developing the spine and synapse. (Cao et al., 2011; Saneyoshi et al., 

2008) CaMKK2 deficiency could lead to the abnormal neuronal cytoskeleton modeling, 

and result in impaired memory formation. (Peters et al., 2003) In cerebellar 

development, CaKK2/CaMKIV pathway is essential for the granule cell precursors to 

cease proliferation in the external granule layer and subsequently migrate to the internal 

granule layer to form synaptic connections with Purkinje cells. (Kokubo et al., 2009; M. 

Sato et al., 2006; Sotelo, 2004)  

In bone remodeling, CaMKK2 inhibits the osteoblast (OBs) differentiation from 

mesenchymal stem cells (MSCs). (Cary et al., 2013; Pritchard et al., 2015) MSCs from 

Camkk2-/ mice have higher alkaline phosphatase positive OBs, and are more prone to 

differentiate into OBs even without the BM microenvironment. The intrinsic effect of 
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CaMKK2 ablation on MSCs result in the higher bone mass and more active OBs in 

Camkk2-/ mice. CaMKK2-CaMKIV-pCREB pathway and the inhibition effect of CaMKK2 

on PKA activation have been assumed to involve in the process. While promoting OBs 

activity, CaMKK2 ablation also impairs osteoclasts formation through the CaMKK2-

CREB-NFATc1 signaling cascade. These results indicate the intrinsic role of CaMKK2 in 

regulating of MSC differentiation into OBs and OCs, thus maintaining the balance of 

bone remodeling.  

CaMKK2 also regulates adipogenesis. (Y. Y. Chen, Lee, Hsu, Wei, & Tsai, 2012; 

Lin et al., 2011) Lost of CaMKK2 results in the excessive accumulation of white adipose 

tissue and enlarged adipocytes. The expression of CaMKK2 is detectable in 

preadipocytes, but not in mature adipocytes. During adiopogenesis, CaMKK2 

expression is markedly decreased, while the mRNAs encoding the early adipogenic 

genes CCAAT/enhancer binding protein (C/EBP) is increased. By activating AMPK to 

maintain preadipocyte factor 1 (Pref-1)-ERK-Sox9 signaling, the expression of CaMKK2 

in preadipocytes prevents the differentiation towards white adipocyte tissues.  

A recent report shows the role for CaMKK2 in restricting the commitment and 

differentiation of myeloid progenitors into the granulocytic lineage.(Teng et al., 2011) 

CaMKK2-/- mice have more common myeloid progenitor (CMP) cells with an accelerated 

granulopoietic phenomenon in the marrow. When transplanted to irradiated mice, the 
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donor cells from CaMKK2-/- mice increased the production of mature granulocytes in the 

marrow as well as in peripheral blood compared to donor cells from WT mice. In in vitro 

culture, CaMKK2-/- myeloid progenitors are more prone to form CFU-G colonies, and 

differentiate into Gr1+CD11b+ cells. Similar to adipogenesis, although CaMKK2 is 

detectable in HSC and CMP, it is down regulated as cell differentiate and no longer 

detectable in mature granulocytes. The fact that CaMKK2-/- myeloid progenitors 

expressed higher level of C/EBPα and PU.1 proteins may explain why CaMKK2 leads to 

the myeloid lineage commitment in HSCs and myeloid progenitors differentiation. 

Adding back functional CaMKK2 can reverse this phenomenon while none of its 

downstream targets, including CaMKI, CaMKIV, and AMPK, are responsible for this 

function. Thus, CaMKK2 is concluded to play a cell-intrinsic role in restricting 

granulocyte differentiation in myeloid progenitors independently of CaMK or AMPK. 

CaMKIV is another downstream target of CaMKK2 that has been studied in the 

hematopoietic process. (Kitsos et al., 2005) The CaMKIV pathway includes the 

phosphorylation of CREB and interaction with the CREB-binding protein and Bcl-2. It is 

also involved in regulating the survival and function of HSC, and the lifespan, 

differentiation, maturation and function of several mature hematopoietic cells including 

DCs, thymocytes, and T cells. These evidence indicate a broader role of CaMKIV in 

hematopoiesis. However, since most of the experiments are done with CaMKIV knock-
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out mice which have a severe hematopoiesis defect, it may not be a good model to 

illustrate the downstream effect of CaMKK2.  

1.2.5 CaMKK2 in Cancer 

The relation between CaMKK2 and cancer was initially studied in prostate 

cancer (PC). (Frigo et al., 2011; Massie et al., 2011) PC is one of the sex hormone-affected 

malignancies and is heavily regulated by the androgen receptor (AR) signaling pathway. 

The binding of the sex hormones including testosterone and dihydrotestosterone to the 

AR can drive this transcription factor to translocate into the nuclei and regulates the 

expression of genes that involve cell survival, cell growth, and metastasis. (Isaacs & 

Isaacs, 2004) Androgen-deprivation therapy (ADT) is an effective therapy for advanced 

PC patients. It can efficiently control the symptoms of the disease and decrease the 

cancer biomarker level of prostate-specific antigen (PSA). Similar to other 

chemotherapies, long-term exposure to ADT can induce refractory PC cells, resulting in 

castration-resistant prostate cancer (CRPC). (C. D. Chen et al., 2004) However, although 

the CRPCs are insensitive to ADT, the AR-mediated signaling is still found to be active 

within the cancer cells to maintain the cell survival and progression.  

While CaMKK2 is hardly detectable in normal prostate tissue, the increased 

expression of CaMKK2 is confirmed in PC samples in multiple independent clinical 

trials, and is further elevated along with disease progression. (Karacosta, Foster, 
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Azabdaftari, Feliciano, & Edelman, 2012; Karacosta et al., 2016; Massie et al., 2011; Shima 

et al., 2012) The increased expression of CaMKK2 is closely correlated with the advance 

stages of the malignancy and poor prognosis. By analyzing the AR-regulated genes in 

the androgen-sensitive LNCaP adenocarcinoma cell lines, CaMKK2 has been revealed to 

be a primary gene regulated by AR. CaMKK2 also has the androgen-responsive element 

(ARE) in its promoter, therefore its expression can be up-regulated by androgen 

stimulation, and controls the proliferation and metabolism of PC cells according to AR 

signals. (Nelson et al., 2002)  Various means such as blocking CaMKK2 with small 

interfering RNA (siRNA) or its pharmacological inhibition STO609, or blocking its 

downstream target protein AMPK, can prevent the androgen-driven migration and 

invasion of the PC cells. (Frigo et al., 2011; Karacosta et al., 2012; Massie et al., 2011) 

During the analysis the genomic sequencing of AR-regulated genes in two different PC 

cell lines, LNCap and VCap, AR was found to regulate the aerobic glycolysis and 

anabolic synthesis in prostate cancer cells by stimulating the expression of key anaerobic 

enzymes. This was meadiated by the CaMKK2-AMPK-mTOR pathway, but not the 

CaMKs-CREB pathway. (Frigo et al., 2011) These data point to CaMKK2 as the key 

player in regulating the metabolic changes in both hormone-sensitive PCs and CRPCs. 

In a later study, AR-dependent stimulation not only increase CaMKK2 expression in 

LNCap cells, but also promote CaMKK2 translocation from cytoplasm into the 
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perinuclear or nucleus to further increase the level of AR-regulated transcriptional 

activity and protein level to control cell cycle and proliferation. (Karacosta et al., 2012) 

Thus, AR and CaMKK2 together form a feedback cycle to promote PC cell growth and 

progression.   

Another important mechanism for CaMKK2-mediating PC progression is the 

activation of macrophages. By comparing the normal and the cancer-containing area of 

the prostate specimens from the same PC patients, macrophages infiltration has been 

found in cancer lesions in almost all the cancer samples, and the interaction between 

macrophages with the stroma cells has also been noted. (Luo et al., 2007; Nonomura et 

al., 2011; Zhu et al., 2006) Many publications have reported that CaMKK2 could trigger 

the activation of macrophages by regulating its downstream targets, CaMKI and AMPK 

in TLR signal cascade. (Racioppi et al., 2012) The inflammatory response benefits tumor 

growth by generating a unique ecosystem of hypoxia and accumulated cytokines that 

favors malignant cell growth. These inflammatory cytokines can also attract the myeloid 

progenitors and induce tumor-associated macrophages (TAMs), blunt the normal 

maturation and function of antigen presentation cells, as well as suppress T cell 

function. (Racioppi, 2013) Blocking CaMKK2 using its pharmacological inhibitor STO609 

can reduce the phosphorylation of CaMKI and AMPK, limit the macrophage activation 

in response to pathogen-associated or damage-associated molecule patterns (PAMPs 
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and DAMPs), thus attenuating the accumulation of inflammatory cytokines secreted by 

activated macrophages. (Karacosta et al., 2012) Recent research has also shown that 

CaMKK2 can be regulated by miRNA-224 in PC cell lines, indicating that CaMKK2 may 

be a crucial target regulated by multiple mechanisms to control the PC progression. (Fu 

et al., 2015) 

Besides PCs, the role of CaMKK2 in regulating other cancers has also been 

recently reported. In breast cancer, another sex hormone-regulated malignancy, 

CaMKK2/CaMKI has been found to facilitate the growth of  the MCF7 human cell line 

by activating the ERK pathway, and this effect can be blocked by STO-609. (Fox et al., 

2013; Rodriguez-Mora, LaHair, McCubrey, & Franklin, 2005; Schmitt, Abell, Wagner, & 

Davare, 2010) CaMKK2/CaMKs can also control MCF7 cell growth through interacting 

with the cell cycle progression, and acting as a downstream kinase of Purkinje cell 

protein 4/peptide 19 (PCP4/PEP19) to prevent MCF cell apoptosis. (Hamada et al., 2014) 

AMPK-mTOR pathway has been demonstrated as the key regulator in breast cancer 

progression. Although LKB1 is closely associated with AMPK activation in breast cancer, 

CaMKK2 is still considered an important regulator given its high affinity to AMPK, 

especially in the LKB1-deficient mutants. A very recent report also revealed the role of 

CaMKK2 in gastric adenocarcinoma. (Subbannayya et al., 2015) CaMKK2 expression 

was found 7-fold higher in human gastric tumor tissue in the quantitative proteomics 
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analysis, and confirmed in 94% of the gastric cancer cases by immunochemistry (IHC) 

labeling. Silencing CaMKK2 by using siRNA decreases AMPK phosphorylation and 

results in the decreased gastric cancer cell proliferation. Similar result has been observed 

in hepatocellular carcinoma (HHC). (Lin et al., 2015)  In human HHC samples, up-

regulation of CaMKK2 is confirmed by microarray and IHC, and the expression level of 

CaMKK2 is inversely correlated with patient survival. A higher expression of CaMKK2 

has been found in all eight hepatic cancer cell lines tested in the study. Loss of CaMKK2 

function through gene ablation or pharmacological inhibition can inhibit hepatic cancer 

growth. And this effect is mediated by CaMIV/mTOR/S6K pathway rather than AMPK.  

All these data show that CaMKK2 is likely to be a central metabolic regulator 

controlling metabolism, cancer cell growth and progression in various cancers. 

1.3 STO-609 

STO-609 is a selective and cell-permeable inhibitor of CaMKK through ATP 

competition. STO-609 can selectively inhibit the activities of both CaMKK1 and 

CaMKK2, but no significant effect on down stream kinases including CaMKI and 

CaMKIV. (Tokumitsu et al., 2002) The sensitivity of CaMKK2 to the compound is ~5 

folds higher than that of CaMKK1. This difference is caused by a single amino acid 

substitute in these two isoforms – Val269 in CaMKK2, and Leu263 in CaMKK1. 

(Tokumitsu, Inuzuka, Ishikawa, & Kobayashi, 2003) Because of the specificity of STO-
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609 to CaMKK2 and the established CaMKK2-AMPK pathway, STO-609 has been often 

used to identify the role of AMPK in different cancer models. STO-609 has been tested to 

suppress tumor growth in cell lines and mice models of prostate cancer, colon cancer, 

breast cancer, and hepatic cancer. The use of STO-609 in mice also increases bone mass 

by regulating the differentiation of osteoblast and suppressing osteoclast as describe 

before.(Cary et al., 2013; Pritchard et al., 2015) 

1.4 Lymphoma 

Lymphoma is a malignancy of lymphocytes. Because of the wide distribution of 

lymph tissue all through the body, lymphoma can theoretically begin anywhere. 

Hodgkin lymphoma and non-Hodgkin lymphoma (NHL) are two main types of 

lymphoma and can occur in any age. While Hodgkin lymphoma is more lymphocytic 

origin and more uniform, NHL has many different types that form from different types 

of white blood cells. The treatment and the prognosis of lymphoma depend on the type 

and stage of the diseases. The conventional treatment includes chemotherapy, 

radiotherapy, immunotherapy, and even surgery. (Arulogun, Hertzberg, & Gandhi, 

2016; Multani, White, & Grillo-Lopez, 2001; Xu & Fedoriw, 2016) Although primary 

central nervous system lymphoma (PCNSL) is rare, lymphoma can sometimes migrate 

to the central nervous system (CNS) and forms secondary CNS lymphoma (SCNSL). 

(James L. Rubenstein, 2013; B. L. Liu, Cheng, Zhang, Zhang, & Cheng, 2009; Schmitz & 
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Wu, 2015) The CNS lymphomas in general are hard to treat and prone to relapse. In 

some types of lymphomas, dendritic cells (DCs) are found to accumulate in the lesion, 

and the immature DCs are linked to the progression of diseases. (C. L. Berger et al., 2002; 

Martin-Martin et al., 2015; Romano et al., 2015; Y. Sato et al., 2015; Schlapbach et al., 

2010; Tadmor, Fell, Polliack, & Attias, 2013) Several clinical trials infused dendritic cells 

pulsed with tumor lysates in vitro into patients to stimulate T-cell response. These DC 

vaccines with increased DC function have been shown to efficiently control lymphoma 

progression. (Maier et al., 2003; Suehiro et al., 2015; Timmerman et al., 2002) Immune 

checkpoint molecules including program death-1 (PD-1) and its ligand PD-L1, and 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are also found increased in 

various lymphoma patients and animal models. (Armand, 2015a, 2015b; F. J. Hsu & 

Komarovskaya, 2002) In the recent clinical trials, PD-1 blockades have been shown as a 

substantial therapeutic activity in refractory Hodgkin’s lymphoma, diffuse large B-cell 

lymphoma, and other hematopoitic malignancies. (Ansell et al., 2015; Armand et al., 

2013; R. Berger et al., 2008; Villasboas & Ansell, 2016; Westin et al., 2014)  

1.5 Research Objective 

Based on the evidence above, we can conclude that CaMKK2 and its downstream 

targets are most likely involved in regulating the cellular metabolism in different cancer 

cells, mediating inflammation, and inhibiting several cell types differentiation. However, 
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the cross-talk between these elements in cancer microenvrionment has not been 

investigated. For example, the role of CaMKK2 in cancers is only studied within cancer 

cells but not the microenvironment. The studies of CaMKK2/AMPK mediated 

inflammation are based on LPS-induced models or infection models, while whether the 

phenomenon also exists in cancer is unknown. The inhibitory effect of CaMKK2 on cell 

differentiation is studied in knock-out mice in physiological condition, yet no 

information available if CaMKK2 is also involved in the distorted immune cells 

maturation in a malignancy. From the point of view of immunology, cancer can be 

considered as a chronic disease with the following characteristics: 1) cells exhibiting 

abnormal cellular metabolic status, 2) the presence of an inflammatory environment, and 

3) suppressed immune cell differentiation and activation. CaMKK2 has been implicated 

to mediate every part of these three elements. Thus, the role of CaMKK2 in cancer 

progression may have been under-appreciated. Furthermore, the current evidences of 

CaMKK2 in cancers are only derived from solid tumor models. The role of CaMKK2 in 

hematopoietic malignancies has not yet been investigated.  

To advance the knowledge of CaMKK2 in tumor microenvironment, especially 

in lymphoma, we use E.G7 cell line, a commonly used murine lymphoma cell line, as 

our cancer model, to study the microenvironment changes especially myeloid cell 

differentiation and function under cancer circumstance. We hypothesize that CaMKK2 
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has a major role in shaping a tumor-protective microenvironment by suppressing 

myeloid cell development and function. In Chapter 3, we use two different in vivo 

lymphoma models in CaMKK2-/- mice to show that CaMKK2 regulates lymphoma 

growth through the myeloid compartment. In Chapter 4, we further investigate the 

mechanism how CaMKK2 impacts myeloid cell development and function in 

lymphoma. To prove that the impact of CaMKK2 on tumor growth and 

microenvironment is not lymphoma-specific, we validate the data in other two tumor 

models including breast cancer and myeloma in Chapter 5, and using the CaMKK2 

inhibitor STO-609 on lymphoma and breast cancer to suppress cancer growth in Chapter 

6. In the last chapter, we conclude that CaMKK2 regulates lymphoma progression by 

reshaping the cancer environment, and discuss the future study direction for CaMKK2 

as a potential target in cancer immune therapy.   
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2. Experimental Procedures 

2.1 Methods for Establishing in vivo Lymphoma Model in 
CaMKK2 Mice  

2.1.1 E.G7 Cell Culture 

E.G7 cells were purchased from American Type Tissue Culture Collection 

(Rockville, MD, USA). E.G7 cells are derived from EL4 C57BL/6 (H-2 b) mouse 

lymphoma cell line EL4 and stably transfected with OVA expressing plasmid. E.G7 cells 

were further stably transfected with GFP-Luciferase expressing plasmid by Dr. Yiping 

Yang’s lab. Cells were cultured in RPMI 1640 (Gibco, MA, USA) supplied with 4.5g/L 

glucose (Sigma-Aldrich, MO, USA), 2mM L-glutamine, 1.5g/L sodium bicarbonate, 

10mM HEPES, 1.0mM sodium pyruvate (all from Gibco, MA, USA), 0.05mM 2-

mercaptoethanol, 0.4mg/ml G418 (Sigma-Aldrich, MO, USA), and 10% fetal bovine 

serum (Hyclone, MA, USA). Cells were kept in humidified 37°C CO2 incubator.  

2.1.2 Mice 

C57BL/6 mice were purchased from the Jackson Laboratory (CA, USA). Wild-

type (WT) and CaMKK2 global knock-out (Camkk2-/-) mice were generated as described 

(Anderson, Ribar, 2008) and back-crossed to C57BL/6 for more than 7 generations. 

Tg(Camkk2-EGFP)DF129Gsat mice were originally provided by the Mutant Mouse 

Regional Resource Centers (MMRRCC) and back-crossed to C57BL/6 for more than 7 

generations. (Gong et al., 2003) In general, this transgenic strain has the coding sequence 

for enhanced green fluorescent protein (EGFP) inserted into the mouse genomic 
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chromosome at the ATG transcription initiation codon of the CaMKK2 gene. Thus, the 

expression of the EGFP reporter is driven by the CaMKK2 gene. LysMCre+;CaMKK2fl/fl 

and its genotype control LysMCre+;CaMKK2+/+ were generated by crossing B6.129P2-

Lyz2tm1(cre)Ifo/J mice from the Jackson Laboratory with CaMKK2lox/lox mice. All the mice 

were used between 8-16 weeks, with gender and age matched in experimental groups 

and control groups. The animals were housed in Duke University animal facilities under 

a 12 hour light/12 hour dark cycle with food and water ad libitum provided. All animal 

care and experimental procedures were approved by National Institute of Health and 

Duke University Institutional Animal Care and Use Committee, and in compliance with 

the guidelines. 

2.1.3 Intracranial Tumor Model 

The intracranial tumor model was generated with the help of Dr. David Synder. 

In brief, 1×104 E.G7 cells were suspended in 25µl 10% methylcellulose and 

stereotactically implanted into the right caudate nucleus of the brain 8-12 weeks 

CaMKK2 WT and KO mice as previously described. (Sampson et al., 1999) Mice were 

monitored by physical examination every other day and bioluminescence imaging each 

week. The moribund mice with severe hunching and decreased activity were sacrificed.  

2.1.4 Flank Tumor Model 

1×105 E.G7 cells were suspended in 100 µl PBS and implanted subcutaneously to 

the right side flank of the mice. Tumors were monitored using bioluminescence imaging 
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each week. Tumor sizes were measured with calibrator every 3-4 days and calculated as: 

Length × Width × Width /2. In some experiments 5×105 cells were used as indicated. 

Mice were sacrificed when tumor reached 2 cm3. 

2.1.5 ELISpot Analysis 

CaMKK2 WT and KO mice were injected with E.G7 cells subcutaneously to 

generate tumor models. On day 21, mice were sacrificed and the spleens were removed 

using sterilized scissors. Single-cell splenocyte suspension was generated as previously 

described. 5×105 splenocytes were suspended in 200 µl complete DMEM media with 10% 

FBS as described before and seeded into mouse IFN-gamma ELISpot kit (R&D, MN, 

USA). OVA protein was added at 1mg/ml as stimulator. Cells were cultured in a 

humidified incubator with 5% CO2 for 24 h, and reactions were processed as instructed. 

The plate was read using a CTL-ImmunoSpot® S6 FluoroSpot Line (Cellular Technology 

Ltd, OH, USA) and the data was analyzed with ImmunoSpot software (Cellular 

Technology Ltd, OH, USA).  

2.1.6. Tumor Component Analysis 

2.1.6.1 Tumor Pathology Staining 

Tumor-bearing mice were sacrificed in CO2 chamber. The tumors were removed 

using sterilized sectioning scissors and forceps. The tissues were fixed in formaldehyde 

and further embedded in paraffin. The slides were cut at 7µm and stained with H&E 

and examined under microscope.  
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2.1.6.2 Tumor Digestion 

The removed tumors were further minced with a surgical scalpel. The tissue 

were added to 5ml HBSS w/ Ca2+ and Mg2+ (ThermoFisher Scientific, MA, USA) supplied 

with collagenase 2 mg/ml and DNase 0.1 mg/ml (Roche, Basel, Switzerland) in 

gentleMACS C tubes and dissecting with gentleMACS dissociator (Miltenyi, Bergisch 

Gladbach, Germany). The samples were incubated in 37°C for 15min and passed 

through the 70 µm cell strainers (Coring, NY, USA). Cells were washed twice in PBS w/ 

2% FBS before staining. 

2.1.6.3 Flow Cytometry Analysis 

For myeloid cells staining, 5×106 cells were incubated with FITC anti-mouse 

CD11c, PE anti-mouse/human CD11b, PE-Cy7 anti-mouse Ly6G, APC anti-mouse F4/80 

(all from BioLegend, CA, USA), PerCpCy5.5 anti-mouse Ly6C, Fixable Viability Dye 

eFluor® 450 (eBioscience, CA, USA) at 4°C for 15min in dark and washed with PBS w/ 

2% FBS. The stained cells were analyzed using a BD FACSCanto flow cytometer (BD, NJ, 

USA). Data is analyzed using FlowJo (TreeStar, OR, USA).    

2.1.7 In Vivo Bioluminescence Imaging 

A fresh stock solution of D-Luciferin (Perkin Elmer, MA, USA) was diluted in 

DPBS at 30mg/ml and filtered sterilize through 0.2µm filter. Each mouse was injected 

with 100µl stock solution intra-peritoneally 10-15min before imaging. Mice were 

anesthetized with isoflurane (Butler-Schein, OH, USA) and shaved with a shaving 
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trimmer (Wahl, IL, USA) and imaged with IVIS Lumina XR (Perkin Elmer, MA, USA) 

for 1min. Image was analyzed with IVIS Lumina LivingImage Software (Perkin Elmer, 

MA, USA).   

2.1.8 T-Cell Depletion Treatment 

CaMKK2 KO mice were injected peritoneally with anti-mouse CD8 monoclonal 

antibody or its IgG isotype (BioXCell, NH, USA) each at 200µl at the concentration of 

1mg/ml at 4 days and 1 days before tumor inoculation, and every 3 days after tumor cell 

injection. The effect of CD8 depletion was monitored by flow cytometry using 50µl 

peripheral blood staining with APC anti-mouse CD8, APC-Cy7 anti-mouse CD45.2 

(Biolegend, CA, USA) at the same time. The mice were injected with 1×105 E.G7 cells to 

the right flank subcutaneously on day 0. The tumor size was monitored with a 

calibration every 3-4 days. Tumor volume was calculated as indicated before. The 

experiment was terminated when the tumor reached 2 cm3.   

2.1.9 STO-609 Treatment 

STO-609 was purchased from TORIS Bioscience (Bristol, UK). The C57BL/6 mice 

were purchased from the Jackson Laboratory (CA, USA). The mice were inoculated with 

5×105 E.G7 cells to the right flank subcutaneously on day 0. On day 7, the tumor growth 

was measured using bioluminescent imaging. All the mice with visible tumor under 

luciferin detection were randomized into STO-609 treatment group or DMSO control 

group. The mice were injected peritoneally with 200µl STO-609 at concentration of 
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20mM or DMSO as control every 3-4 days for two weeks. The tumor size was monitored 

using a calibrator every 3-4 days. The experiment was terminated when the tumor 

reached 2 cm3.  

2.2 Methods for Establishing Other in vivo Cancer Models in 
CaMKK2 Mice  

2.2.1 E0771 Breast Cancer Cell Line and Breast Cancer Model 

E0771 mouse breast cancer cell line was purchased from ATCC. Cells were 

cultured in RPMI-1640 (Gibco, MA, USA) supplied with 2mM L-glutamine, 1.5g/L 

sodium bicarbonate, 1.0mM sodium pyruvate (all from Gibco, MA, USA), and 8% fetal 

bovine serum (Hyclone, MA, USA). Cells were kept in humidified 37°C CO2 incubator. 

Cells were passed at 70% confluence.  

For tumor inoculation, cells were detached from the flasks using 0.25% trypsin-

0.53mM EDTA solution. Cells were washed with PBS and resuspended in plain PBS at 

the concentration of 2×106 cells/ml. For each female mouse, 2×105 cells in 100µl cell 

suspension were injected subcutaneously into the first breast fat pat on the right. Tumor 

growth was measured using a calibrator every 3-4 days. Mice were sacrificed when the 

tumor reached 2cm3. 

For STO-609 treatment, the same strategy and procedure was used as in mice 

inoculated with E.G7 lymphoma cells. For tumor component analysis, the mice with 

tumor were sacrificed in CO2. Tumors were dissected and digested and stained for flow 

cytometry analysis as described before. 
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2.2.2. Vk*Myc Myeloma Cells and Myeloma Model 

Vk*Myc myeloma cells were precious gift from Dr. Marta Chesi. The generation 

and characteristics of the cells were described in publication. (Chesi et al., 2008) Tumor 

cells were purified using Ficoll (Cedarland, Ontario, Canada) from the spleens of 

C57BL/6 mice that were inoculated with myeloma cells and showed detectable M-spike. 

For tumor inoculation, 5×105 cells were injected through tail vein into each mouse. 

Peripheral blood was collected from maxillary sinus every week since Week 4. Serum 

was collected from the blood by high speed centrifuging, and gamma immunoglobulin 

was detected using protein electrophoresis and staining (Helena Laboratories, Texas, 

USA). Mice were monitored every day and sacrificed when become moribund.  

2.3 Methods for Establishment of in vitro Lymphoma-Exposed 
Cell Model with Cells Derived from CaMKK2 Mice  

2.3.1 Generating Bone Marrow Derived Dendritic Cells 

The CaMKK2 WT and KO mice were sacrificed in a CO2 chamber and sterilized 

with 70% alcohol. The femur and tibia bones were removed using the sterilized 

sectioning scissors and forceps and further crunched in 5ml PBS with 2% FBS and 2mM 

EDTA using a ceramic molar. The liquid was further passed through a 70µm cell 

strainers (Coring, NY, USA) to form the single cell suspension. After spinning down the 

cells, the erythrocytes were lysed using the red blood cell lysis buffer (Biolegend, CA, 

USA) followed by two washes in PBS with 2% FBS and 2mM EDTA. The cells were 

seeded to 6-well plates (Coring, NY, USA) at 5×106 per well in 5ml DMEM (Gibco, MA, 
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USA) supplied with 10% FBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 10mM 

HEPES, 1.0mM sodium pyruvate (all from Gibco, MA, USA), 10% fetal bovine serum 

(Hyclone, MA, USA), 10nM recombinant mouse GM-CSF and 10nM recombinant mouse 

IL-4 (both from Biolegend, CA, USA), and with or without 50% E.G7 supernatant. The 

media was half-changed on day 3. The floating cells were collected on day 5 for flow 

cytometry analysis and further enriched by anti-mouse CD11c Microbeads (Miltenyi, 

Bergisch Gladbach, Germany). The cells with the purity > 85% were used. In some 

experiments as indicated, the cells were stained with FITC anti-mouse CD11c, PE anti-

mouse/human CD11b (Biolegend, CA, USA). Double positive cells were sorted with BD 

FACS Aria II cell sorter (BD, NJ, USA).  

2.3.2 Generating Myeloid Derived Suppressor Cells 

Bone marrow cells were prepared as described before. Cells after RBC lysis were 

seeded to 6-well plates (Coring, NY, USA) at 1×106 per well in 5ml DMEM (Gibco, MA, 

USA) supplied with 10% FBS, 2mM L-glutamine, 1.5g/L sodium bicarbonate, 10mM 

HEPES, 1.0mM sodium pyruvate (all from Gibco, MA, USA), 10% fetal bovine serum 

(Hyclone, MA, USA), 40nM recombinant mouse GM-CSF and 40nM recombinant mouse 

IL-6 (Biolegend, CA, USA), and with or without 50% E.G7 supernatant. The supernatant 

was half-changed on Day 3. The floating cells were collected on Day 5 and enriched by 

anti-mouse Gr-1 Microbeads (Miltenyi, Bergisch Gladbach, Germany). The cells with the 

purity > 90% were used. In some experiments as indicated, the cells were stained with 
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APC anti-mouse Gr-1, PE anti-mouse/human CD11b (Biolegend, CA, USA). Double 

positive cells were sorted with BD FACS Aria II cell sorter (BD, NJ, USA).  

2.3.3 Coculture of BMDC and T cells 

2.3.3.1 Primary Cell Separation  

BMDCs were prepared as described. T cells were separated from spleens of 

C57BL/6 mice. The spleens were removed using sterilized sectioning scissors and 

smashed with the end of the plugs from the 1.5ml syringes on a 70µm cell strainers 

(Coring, NY, USA). Cells were flushed into 50ml centrifuge tubes (BD falcon, MA, USA) 

using PBS with 2% FBS and 2mM EDTA. After spinning down the cells, the erythrocytes 

were removed using the red blood cell lysis buffer (Biolegend, CA, USA) followed by 

two washes. The T cells were further enriched using the Pan T Cell Isolation Kit II 

(Miltenyi, Bergisch Gladbach, Germany). A fraction of BMDCs and T cells were stained 

with FITC anti-mouse CD11c or FITC anti-mouse CD3 (Biolegend, CA, USA) 

respectively, and detected by flow cytometry for enrichment purity. BMDCs with 

CD11c+ purity > 90% and T cells with CD3+ purity > 95% were used.  

For antigen-specific T cells, C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT1) or B6.Cg-

Tg(TcraTcrb)425Cbn/J (OT2) mice (the Jackson Laboratory, ME, USA) at 8-16 weeks 

were used as T-cell donors. T cells were enriched as described above and further stained 

with PE Mouse Vα2 TCR rat anti-mouse mAb (Invitrogen, CA, USA), and APC anti-
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mouse CD4 or CD8 mAb (BioLegend, CA, USA) accordingly. The double-positive cells 

were sorted with the BD FACS Aria II cell sorter (BD, NJ, USA).  

2.3.3.2. T-cell CFSE Labeling  

After two washings in PBS with 2% FBS and 2mM EDTA, 1×107 T cells were 

resuspended in 1 ml plain PBS with 2µM CFSE (MitoSciences, OR, USA) and incubated 

in 37°C for 20 min. 35ml RPMI with 10% FBS were subsequently added to the cells and 

incubated for another 10min. After the incubation, the cells were washed twice in 2% 

FBS and 2mM EDTA. Cell number was determined.  

2.3.3.3 Seeding of Cells  

1×105 CFSE-labeled T cells and 2×104 BMDCs were seeded into 96-well plates 

(Corning, NY, USA) with 200µl complete DMEM media with 10% FBS as described 

before. Purified NA/LE hamster anti-mouse CD3e (BD Biosciences, CA, USA) was added 

to the culture media at 0.1 ug/ml. 

For antigen-specific T cells, OVA 245-261 or OVA 323-339 peptide (Invivogen, 

CA, USA) was added accordingly to the culture media at 0.01ug/ml.  

For IL-12 neutralizing experiment, purified NA/LE rat anti-mouse IL-12 

(p40/p70) (BD Pharmingen, CA, USA) was added to the culture media at 0.2 ng/ml.  

 Cells were cultured in humidified incubator with 5% CO2 for 24 h, 48 h, or 72 h 

as indicated in different experiments and further analyzed using flow cytometry.   
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2.3.4 Cytokine Secretion Analysis 

After 24 h of coculturing, 100 µl supernatant was carefully collected to a new 96-

well plate. The plate was sealed with an adhesive seal (BioRad, CA, USA) and stored in  

-20 °C. The supernatant was analyzed with MILLIPLEX® MAP Mouse 

Cytokine/Chemokine Magnetic Bead Panel (EMD Millipore, Darmstadt, Germany) using 

Luminex® (Luminex, TX, USA).  

2.3.5 Flow Cytometry  

2.3.5.1 Myeloid Cells Staining  

For MDSC and BMDC, only floating cells were collected. 1×106 cells were spun 

down in BD Falcon round-bottom polysterene tubes (BD, NY, USA). The cell pellet was 

incubated with 50µl PBS with 2% FBS with FITC anti-mouse CD11c, PE anti-

mouse/human CD11b, PE-Cy7 anti-mouse Ly6G, APC anti-mouse F4/80, APC-Cy7 anti-

mouse I-A (all from BioLegend, CA, USA), PerCP Cy5.5 anti-mouse Ly6C, and Fixable 

Viability Dye eFluor® 450 (eBioscience, CA, USA) at 4°C for 15min. Cells were washed 

once with 2ml PBS with 2% FBS and fixed with 200µl 1.5% PFA in 4°C till analysis.  

2.3.5.2 Costimulatory Factor Staining 

Cells were treated as indicated above and stained with FITC anti-mouse CD80, 

PE anti-mouse CD274, PE-Cy5 anti-mouse CD40 (all from eBioscience, CA, USA), PE-

Cy7 anti-mouse/human CD11b, APC anti-mouse CD86, and APC-Cy7 anti-mouse 
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CD11c (all from BioLegend, CA, USA). Cells were fixed in 200µl 1.5% PFA in 4°C till 

analysis.  

2.3.5.3 T Cells Staining  

All the cells from 96-well plates were collected to flow tubes and spun down. The 

cell pellets were stained with PerCp-Cy5.5 anti-mouse CD69, APC anti-mouse CD8a, 

APC-Cy7 anti-mouse CD4 (Biolegend, CA, USA), PE-Cy7 anti-mouse CD25, and Fixable 

Viability Dye eFluor® 450  (eBioscience, CA, USA) at 4°C for 15min. Cells were further 

penetrated using the FoxP3 staining buffer set (eBioscience, CA, USA) as instructed and 

stained with PE anti-mouse/human FoxP3 (Biolegend, CA, USA). Cells were fixed in 

200µl 1.5% PFA in 4°C until analysis. 

2.3.5.4 Cell Analysis  

The stained cells were analyzed using a BD FACSCanto flow cytometer (BD, NJ, 

USA). Flow-Count Fluorospheres (Beckman Coulter, CA, USA) were added to the 

sample for absolute count measurement. Data was analyzed using FlowJo (TreeStar, OR, 

USA).    

2.3.6 Cytospin and Staining 

MDSCs were generated as described. On Day 5, the floating cells were carefully 

collected and enriched by anti-mouse Gr-1 Microbeads (Miltenyi, Bergisch Gladbach, 

Germany). The enriched MDSCs were washed twice in plain PBS, resuspended at the 

concentration of 2×104 cells/200µl in complete RPMI supplied with 50% FBS, and 
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carefully added to the assemblied cuvettes with mounted slides. The cells were spun 

down at 500rpm for 5min. The slides were carefully detached from the cuvettes, dried in 

air for 30min and followed by 4% paraformaldehyde (PFA) fixation for another 30min at 

room temperature. The slides were stored in plain PBS at 4°C until the Giemsa staining 

(Sigma-Aldrich, MO, USA) was performed as instructed. 

2.4 Methods for Molecular Biology 

2.4.1 Western Blot 

To generate dry cell pellets, cells were spun down in Eppendorf tubes at 2000 

rpm for 10min with supernatant carefully removed. The cell pellets were stored at -80°C. 

To generate cell lysate, Halt Protease Inhibitor Cocktail and M-PER Mammalian Protein 

Extraction Reagent (both from ThermoFisher Scientific, MA, USA) were added to the 

dry pellets as instructed. The lysate was sonicated (QSonica, CT, USA) and spun down 

at 14,000 rpm for 10 min. The supernatant was carefully taken and aliquoted to clean 

Eppendorf tubes. SDS 10× loading buffer was added to the lysate and boiled at 85°C for 

5min. 50µl sample was added to each well of the Mini-PROTEAN® TGX™ Precast Gels 

(Bio-Rad, CA, USA) and run in SDS Tris/Glycine buffer (ThermoFisher Scientific, MA, 

USA) at 120V. The protein was transferred to 0.2µm nitrocellulose membrane using 

Trans-Blot® Turbo transfer system (Bio-Rad, CA, USA). The membrane was blocked in 

Odyssey TBS blocking buffer (LI-COR Biosciences, NE, USA) at room temperature for 

30min and incubated in the first antibody at 4°C for overnight. All the first antibodies 
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were monoclonal, and used at 1:1000 dilution in the blocking buffer except anti-β actin 

at 1:5000. The first antibodies used are listed: purified mouse anti-CaM kinase kinase 

(BD Biosciences, CA, USA), anti-S6 ribosomal protein (54D2) mouse mAb, anti-acetyl-

CoA carboxylase (C83B10) rabbit mAb, anti-phosphor-ACC (Ser79 D7D11) rabbit mAb, 

anti-phosphor-p38 MAPK (T180/Y182 D3F9) rabbit mAb, anti-phosphor-AMPK alpha 

(T172 40H9) rabbit mAb, anti-AMPK alpha (F6) mouse mAb, anti-β actin mouse mAb 

(all from Cell Signaling, CA, USA). After the incubation, the membranes were washed 3 

times in TBST (Cell Signaling, CA, USA) for 5 min, and further incubated in secondary 

antibodies anti-mouse IgG Alexa Fluor 680 (Invitrogen, CA, USA) or anti-rabbit IgG 

IRDye800 conjugated (Rockland Immunochemicals, PA, USA) accordingly at 1:5000 

dilution at room temperature for 30 min, followed by 3 washes with TBST for 5min. The 

image was taken using Odyssey CLx (LI-COR, NE, USA) and analyzed using 

ImageStudio (LI-COR, NE, USA).  

2.4.2 Real-Time Quantitative RT-PCR Assay 

Cell pellets were generated as described before. RNA was extracted using 

RNeasy Mini Kit (Qiagen, Hilden, Germany) and checked for quality using a NanoDrop 

2000c (Thermo Scientific, DE, USA). To synthesize first-strand cDNA, RNA sample was 

mixed with 10× DNaseI buffer and DNaseI at room temperature for 30min and then 

with 25mM EDTA at 65°C for another 10min; Oligo(dT) primer and dNTP mix were 

added and incubated at 72°C for 10min, and eventually with 5× first strand buffer, DTT, 
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RNaseOut ribonuclease inhibitor and MLV reverse transcriptase (all reagents from 

Invitrogen, CA, USA) at 37°C for 50min and subsequently 70°C for 15min. Quantitative 

real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad, CA, USA) with 

respective primers and cDNA and run by the CFX96 Real-Time System (Bio-Rad, CA, 

USA). 

Table 1: Primer sequences for real-time PCR assay 

Camkk2-Fwd 5’-CATGAATGGACGCTGC-3’ 

Camkk2-Rev 5’-TGACAACGCCATAGGAGCC-3’ 

Mouse GAPDH-Fwd 5’-CGACTTCAACAGCAACTCCCACTCTTCC -3’ 

Mouse GAPDH-Rev 5’-TGGGTGGTCCAGGGTTTCT TACTCCTT-3’ 

LysMCre-Fwd 5’-CCCAAGAAGAAGAGGAAGGTGTCC-3’ 

LysMCre-Rev 5’-CCCAGAAATGCCAGATTACG-3’ 

PCG-1α-Fwd 5’-TCACCCTCTGGCCTGACAAATCTT -3’ 

PCG-1α-Rev 5’-TTTGATGGGCTACCCACAGTGCT -3’ 

 

2.4.3 RT2 Profiler PCR Arrays 

CaMKK2 WT and KO BMDCs were generated from individual mice (n=5) and 

pooled during the generation of cell pellets. RNA was extracted using RNeasy Mini Kit 

followed by DNase clean-up using a RNase-Free DNase Set (Qiagen, Hilden, Germany) 

and checked for quality using a NanoDrop 2000c (Thermo Scientific, DE, USA) before 
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proceeding to reverse transcription. cDNA was generated using RT2 First Strand Kit 

(Qiagen, Hilden, Germany) as instructed, and further mixed with RT² SYBR Green qPCR 

Mastermix (Qiagen, Hilden, Germany) and evenly distributed to the 96-well plate of RT² 

Profiler™ PCR Array Mouse AMPK Signaling (Qiagen, Hilden, Germany). The reaction 

was performed using the CFX96 Real-Time System (Bio-Rad, CA, USA). The data was 

uploaded to the web resource the GeneGlobe Data Analysis Center (Qiagen, Hilden, 

Germany) for analysis.      

2.5 Statistical Analysis 

Statistical analysis was performed using Prism GraphPad (GraphPad Software, 

Inc. CA, USA) or Excel (Microsoft, WA, USA). For survival studies, Mantel-Cox test was 

used. For tumor size and bioluminescent measurement, two-way ANOVA test was 

used. For flow cytometry, real-time quantitative RT-PCR assay, and cytokine detection 

analysis, student’s t test was used to compare between two groups. Level of significance 

was set at P < 0.05. Bar graphs represent mean ± SEM.  
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3. The Role of CaMKK2 in Regulating Lymphoma Growth 

3.1 Introduction 

CaMKK2, an important kinase that regulates the calcium/camodulin kinase 

cascade, has been reported to regulate cancer progression in different cancer models 

including prostate cancer (PC), breast cancer, colon cancer, and hepatic cancer. In these 

cancer cells, CaMKK2 expression was elevated. It serves as a key player to regulate the 

cancer cell metabolic status and thus sustain the cancer cell survival and proliferation. 

Another important role of CaMKK2 in cancer is mediating macrophage 

activation to reshape tumor microenvironment. In human PC samples, macrophages 

have been noted to infiltrate in the tumor and interact with stromal cells. CaMKK2 can 

suppress the activation of macrophages thus inhibiting the inflammatory response. 

Therefore, CaMKK2 generates a tumor-protective microenvironment with enriched anti-

inflammatory cytokines to sustain tumor growth and induces tumor-associated 

macrophages.  

Lymphoma is one of the most common hematopoietic malignancies. It is the 

cancer of lymph tissue that may occur in any part of the body and involves patients of 

all age. Although most types of the lymphoma occur outside of the central nerve system 

(CNS), lymphoma can occur primarily in the CNS or metastasis to the CNS. CNS 

lymphoma is relatively hard to treat because of the special location. Clinical evidences 

and animal models have shown the important role of dendritic cell function in 
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modulating lymphoma progression, indicating that lymphoma may be highly 

dependent on the microenvironment. Since the focus of CaMKK2 related research in 

cancer has hitherto been limited to solid tumor cells, here we use E.G7 lymphoma cell, a 

commonly used EL4-derived murine lymphoma cell line, as our model. By injecting 

E.G7 cells subcutaneously or intracranially into CaMKK2 ablation mice, we mimic the 

different lymphoma models and study how CaMKK2 changes the tumor 

microenvironment to impact lymphoma progression. 

3.2 Result 

3.2.1 CaMKK2 ablation suppresses lymphoma growth in vivo 

Subcutaneously injecting E.G7 cells into mice is a conventional murine 

lymphoma model. In our experiments, E.G7 1×105 were injected subcutaneously into the 

right flank of WT and CaMKK2-/ -(KO) mice. The tumor growth was monitored by 

measuring the size with calibrators, and bioluminescent imaging every week. In the WT 

mice, the tumors were palpable since Day 7 and gradually increased in size (Figure 1, 

Panel A) and in luciferin photon count (Figure 1, Panel B), while in CaMKK2-/ - mice the 

tumors maintained statistically smaller (P=0.001) with lower photon counts (P=0.002). 

The mice were sacrificed when the tumors reached 2 cm3 as required in animal protocol. 

By Day 32, bioluminescent image was performed on the remaining mice. The image 

showed that the tumors were growing vigorously in WT mice, but only one still 
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detectable in CaMKK2-/- mice (Figure 1, Panel C). This result indicates that CAMKK2 

ablation efficiently suppresses lymphoma in subcutaneous injection model. 

 

 

Figure 1: Tumor growth of mice with E.G7 subcutaneous injection 

WT and CaMKK2-/- mice (n=10) were injected with E.G7 1×105 s.c. in the flank. A). The 
tumors were measured every 3-4 days. P=0.001. B). Bioluminescent imaging was 
monitored every week. Photon count was calculated by software. P=0.001. C). 
Bioluminescent image of mice on Day 32. 

 

The lack of tumor in CaMKK2-/- mice could be caused by tumor engraftment 

failure, or rejection after successful engraftment. To discriminate these two possibilities, 

tumor tracing for early time points is deemed necessary. In subcutaneous flank model, 

bioluminescent imaging was performed every 3-4 days after tumor injection (Figure 2). 
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It appears that in the first two weeks, tumors in CaMKK2-/- mice were detectable and 

growing, although slower than those in the WT group. After two weeks, while 

continuous tumor growth was observed in WT mice, the tumor growth in CaMKK2-/- 

mice gradually suspended and even began to shrink. Bioluminescent imaging not only 

demonstrated the different growth patterns of E.G7 cells in WT and CaMKK2-/- mice, but 

also confirmed the successful engraftment of tumor in CaMKK2-/- mice. The gradual 

tumor shrinkage in CaMKK2-/- mice after the initial two weeks suggests the potential 

tumor rejection mediated by immune system. 

 

Figure 2: Bioluminescent imaging of mice with E.G7 subcutaneous injection 

WT (n=4) and CaMKK2-/- mice (n=5) were injected with E.G7 1×105 s.c. and followed up 
by bioluminescent imaging every 3-4 days. The tumors in WT group grew larger 
gradually, while the tumors in CaMKK2-/- group appeared around Day 7-14 and gradually 
shrinked and disappeared afterwards. 
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As previously stated, lymphoma can occur or migrate to CNS to form CNS 

lymphoma, which is usually refractory to conventional lymphoma treatment, resulting 

in high mortality. Unlike the subcutaneous flank model in which CaMKK2-expressing 

adjacent parenchymal cells are absent, CaMKK2 is highly expressed in neurons in CNS 

system. Thus, this intracranial model of lymphoma will be a helpful means to 

investigate whether CaMKK2-enriched parenchymal cells have an impact on lymphoma 

growth.  

 
 

 

Figure 3: CaMKK2 Mice with E.G7 intracranial injection 

WT and CaMKK2-/- mice (n=10) with 1×104 E.G7 cells intracranial injection were 
monitored every other day. A) Curve to show mice with posture changes. Most WT mice 
show abnormal posture from day 10-20 after injection. B) Survival curve. Mice were 
sacrificed when showing moribund. Data was pooled from two individual experiments. 
Log-rank (Mantel-Cox) Test was used for analysis. P<0.0001. 
 
 

To answer this question, we used the intracranial lymphoma model. 1×104 E.G7 

cells suspended in 25µl methylcellulose were injected into the right caudate nuclei of WT 

and CaMKK2-/- mice. The mice were monitored by physical examination every other day. 
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Similar to the subcutaneous injection model, in WT group, mice start to show abnormal 

gesture and movement including hunching, circling, paralysis, decreased appetite and 

body weight loss from 10 days after injection (Figure 3, Panel A). Most WT mice were 

sacrificed before 25 days after injection when they were moribund (Figure 3, Panel B). 

Comparing to WT mice, only 1 in 10 CaMKK2-/- mice with E.G7 intracranial injection was 

sick and needed to be sacrificed before the end of the experiment (Figure 3). The 

difference of tumor growth in WT and KO is statistically significant (P<0.0001).  

To better monitor the tumor growth, weekly bioluminescent imaging was 

performed on all mice. With the help of imaging, intracranial tumors were clearly shown 

in WT group on Day 21, yet not in CaMKK2-/- mice (Figure 4, Panel B). On Day 21, the 

photon count of luciferin signal was significantly different (P<0.001) between the two 

groups (Figure 4, Panel A). These findings corroborate the conclusion in the intracranial 

tumor model, indicating that CaMKK2 expression in parenchymal cells does not impact 

lymphoma progression. The significant difference of tumor growth in the WT and 

CaMKK2-/- mice is more likely due to the systemic effect mediated by CaMKK2.  

Considering that CaMKK2 is also expressed in macrophages and some hematopoietic 

progenitors, it is likely that the CaMKK2-ablation impacts the immune responses to 

suppress the growth of lymphoma. 
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Figure 4: Bioluminescent imaging of mice with E.G7 intracranial injection 

WT and CaMKK2-/- mice (n=10) were injected with 1×104 E.G7 cells i.c. and monitored 
by bioluminescent imaging every week. A). The photon count was calculated by imaging 
software. The difference in photon count between two groups was significant on Day 21. 
P<0.001. B. Bioluminescent image of mice on Day 21. 
 
 

3.2.2. CaMKK2 ablation in myeloid cells is sufficient for lymphoma 
suppression 

CaMKK2 has been reported to express in macrophages and regulates 

granulocyte development. To further verify if CaMKK2 regulates lymphoma 

development through myeloid cells, LyMCre mice were crossed with CaMKK2fl/fl mice 

to generate mice with conditional CaMKK2 ablation in myeloid lineage, 

LyMCre+;CaMKK2fl/fl.  
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Figure 5: E.G7 tumor growth in mice with myeloid lineage CaMKK2 ablation 

E.G7 1×105 was injected subcutaneously into LysMCre+;CaMKK2fl/fl mice (n=10) and the 
genotype littermates control LysMCre+;CaMKK2+/+ mice (n=8). Tumor size was 
monitored every 3-4 days. Similar to E.G7 in CaMKK2-/- mice, tumor growth 
LysMCre+;CaMKK2fl/fl mice were significantly suppressed comparing to that in WT mice. 
P=0.0004. 

 

 

According to literature, LysMCre mice are specific and highly efficient murine 

model for Cre-mediated deletion of loxP-flanked target genes in myeloid cells. It has 

been reported to have 83-98% deletion efficiency in mature macrophages, almost 100% 

in granulocytes, and 16% partial deletion in CD11c+ splenic dendritic cells in double 

mutant mice. (Clausen, Burkhardt, Reith, Renkawitz, & Forster, 1999) The 

LyMCre+;CaMKK2fl/fl mice and the genotype control LyMCre+;CaMKK2wt/wt were 

challenged with E.G7 cells 1×105 subcutaneously, and monitored every 3-4 days. Tumor 

sizes were significantly smaller in LyMCre+;CaMKK2fl/fl mice compared to the genotype 
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control litermates. (Figure 5) The tumor growth curve in LyMCre+;CaMKK2fl/fl mice and 

the genotype control were similar to the ones in WT and CaMKK2-/- mice. Given that 

CaMKK2 ablation in myeloid cells is sufficient for lymphoma suppression, our finding 

indicates that CaMKK2 regulates lymphoma growth through the myeloid compartment. 

 
 

3.2.3. CD8 T-cell ablation reverses lymphoma suppression in 
CaMKK2-/- mice.  

Myeloid cells, especially dendritic cells and MDSCs, can impact anti-tumor 

immunity through regulating T-cell function. T cells, especially CD8 T cells, can be 

activated by antigen presenting cells (APCs) such as mature DCs to proliferate, expand, 

and differentiate into memory T cells or effector cells including cytotoxicity T 

lymphocytes (CTLs) thus control tumor progression. CTLs are generally CD8+ cells, and 

CD8 CTLs  have been proven to be essential for anti-tumor immunity. (Gajewski, 

Schreiber, & Fu, 2013; Janeway CA Jr, 2001; Toes, Ossendorp, Offringa, & Melief, 1999) 

To investigate whether T cells participate in CaMKK2-mediated lymphoma growth, we 

depleted CD8 cells in tumor-bearing mice. Anti-mouse CD8 monoclonal antibody (mAb) 

was injected into CaMKK2-/- mice 4 days and 1 day before tumor inoculation, and every 

3-4 days after the tumor injection, as indicated in Figure 6. The comparable amount of 

IgG isotype was used in control group at the same time. 
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Figure 6: in vivo CD8 depletion strategy 

E.G7 1×105 was injected subcutaneously into CaMKK2-/- mice on Day 0. The arrows 
show the days to inject anti-CD8 mAb or its IgG isotype control i.p.. Generally, the 
injection for CD8 depletion was performed 4 days and 1 day before, and every 3 to 4 
days after the tumor inoculation. 
 

 

To determine the efficiency of CD8 cell depletion, CD8% in peripheral blood was 

monitored by flow cytometry at different time points (Figure 7). Before mAb injection, 

CD8% in CD45+ cells in the peripheral blood was comparable in the mAb treatment 

group and control group. After 1 does of injection, CD8% in the control group still 

maintained at ~10%, while the percentage in the treatment group dropped to less than 

1%. The difference was statistically significant (P<0.0001). As the injections continue, 

CD8% remained low in treatment group after tumor inoculation, whereas the 

percentage was comparable to day -5 in control group (P<0.01). CD8 cells in antibody 

treatment group were successfully depleted. 

 

 



 

62 

 

Figure 7: CD8 depletion confirmed by flow cytometry 

Peripheral blood from mice with anti-CD8 depletion and controls was taken on day -5 
(before depletion antibodies injection), day -1 (after first-dose antibodies depletion, 
before E.G7 injection), day 4 (after E.G7 injection). CD8% was determined by flow 
cytometery. Student t test was used for statistical analysis. Before the CD8 depletion, 
the CD8% was comparable between the treatment group and control group (p value 
shows no significance). After antibody injection, the CD8 cells were successfully 
depleted on day -1 (p<0.0001) and day 4 (p<0.001). n=5. 
 

 

After two doses of mAb or isotype control injection, E.G7 1×105 were injected s.c. 

into CaMKK2-/- mice on Day 0. Tumor size was measured every 3-4 days. During the 

experiment, 1/5 of the mice in control group died of accident and was censored. 

Consistent with the previous experiments with identical tumor dose in CaMKK2-/- mice, 

the tumors in untreated control group and isotype IgG control group were not 

detectable or remain at very small sizes. However, the tumors in the group with anti-
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CD8 mAb treatment develop vigorously (Figure 8) and led to significant differences in 

the tumor growth pattern (P<0.0001).  

 

 

 

Figure 8: CD8 depletion reverses tumor growth suppression in CaMKK2-/- mice 

CaMKK2-/- mice injected with E.G7 1×105 were monitored every 3-4 days. The mice with 
no antibody treatment or IgG isotype injection had no or few tumor growth. The tumors in 
the mice with anti-CD8 depletion were significantly larger than the controls (p<0.0001).   

 
 
 

3.3 Conclusions 

By injecting E.G7 cells intracranial or subcutaneously into WT and CaMKK2-/- 

mice, we successfully observed the effect of CaMKK2 ablation on lymphoma growth in 

two different animal models using the same lymphoma cell line. In both intracranial 

model and the flank injection model, lymphoma tumor growth was sufficiently 

suppressed in CaMKK2-/- mice. The primary difference between the flank injection model 
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and the intracranial injection model is the expression of CaMKK2 in parenchymal cells – 

i.e. high CaMKK2 expressed in neurons, while absent in the flank. The similarity of 

tumor growth curves in two models indicates that rather than the CaMKK2 expressing 

parenchymal cells, CaMKK2 impacts tumor growth by other CaMKK2-expressing cells, 

and regulating these cells may provide a new way to suppress CNS lymphoma.  

CaMKK2 has been reported to express in macrophages and other myeloid cells. 

By injecting E.G7 cells into LysMCre+;CaMKK2fl/fl mice in which CaMKK2 was 

specifically ablated in myeloid lineage, we observed the similar tumor growth curves as 

in CaMKK2 global WT and KO mice. This result suggests that CaMKK2 ablation 

regulates tumor growth through myeloid cells. To further illustrate if CaMKK2 ablation 

in myeloid cells impacts anti-tumor immunity through T cells, we used anti-CD8 

monoclonal antibody to deplete CD8 cells in CaMKK2-/- mice and challenged the mice 

with E.G7 cells. While there was very limited tumor growth in the CaMKK2-/- mice with 

no treatment or IgG isotype control, the tumor suppression in CaMKK2-/- mice was 

reversed after CD8 cells depletion. This finding further confirms that CaMKK2 regulates 

lymphoma growth by interfering the interaction of myeloid cells and T cells to suppress 

T-cell anti-tumor immunity. 

In this chapter, we uses two different lymphoma injection models in two 

different mice strains to confirm that CaMKK2 ablation suppress lymphoma 

progression. CaMKK2 expression in myeloid cells plays a crucial role in lymphoma 
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growth by interfering T-cell immunity. In the next chapter, we will further investigate 

the underlying mechanism on how CaMKK2 impacts myeloid cell and T-cell interaction 

in lymphoma microenvironment.  
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4. The Role of CaMKK2 in Regulating Myeloid-Cell 
Development in Lymphoma Environment 

4.1 Introduction 

In the last chapter we demonstrate that CaMKK2 expression in myeloid cells 

facilitate lymphoma progression by interfering T-cell anti-tumor immunity. In cancer 

environment, myeloid cells were crucial in mediating anti-tumor immunity. On one 

hand, antigen-presenting cells (APCs) especially mature dendritic cells (DCs), are 

known important to process and present tumor antigen to T cells, stimulate T-cell 

activation and clonal expansion, and augment T-cell anti-tumor effect. On the other 

hand, tumor-associated macrophages (TAMs) can trigger inflammatory responses to 

sustain the tumor survival and proliferation, as well as blunt the T-cell immunity. 

Moreover, the accumulation of immature myeloid cells secret suppressive and anti-

inflammatory cytokines to impair T-cell function and induce regulatory T cells (Treg). 

These cells were later termed as myeloid-derived suppressor cells and there is increasing 

evidence for their T-cell suppressing function.  

The inhibitory effect of CaMKK2 in mediating cell differentiation and maturation 

has been confirmed in bone remodeling, adipogenesise, and granulopoiesis. Upon the 

depletion of CaMKK2 in hematopoietic stem cells and myeloid progenitors, the cells 

show an intrinsic tendency to commit and differentiate into mature granulocytes. We 

wished to interrogate whether CaMKK2 exerts a brake-effect in cancer environment to 

suppress myeloid cells from maturation.  
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CaMKK2 is reported as an essential regulator in macrophage-induced 

inflammation. In macrophages, the loss of CaMKK2 leads to impaired cytokine 

secretion, morphological changes, and phagocytosis when activated by LPS. These 

effects are caused by the uncoupling of TLR4 cascade, resulting in the failure to recruit 

and phosphorylate PYK2, ERK, Jun, AKT, and NFκB. Moreover, AMPK, a direct 

downstream target of CaMKK2, also mediates inflammation upon phosphorylation, 

regulates the cellular metabolism, and inhibits the maturation of dendritic cells and 

macrophages towards a TH1 phenotype.  

Based on all these evidence, we hypothesize the CaMKK2 can suppress myeloid 

cell development in lymphoma microenvironment; thereby inducing MDSCs and 

impairing the dendritic cell function to stimulate T cells. During this process, AMPK is 

likely to be involved as the downstream target. To test this hypothesis, we generated 

bone marrow derived dendritic cells (BMDCs) in vitro from WT and CaMKK2-/- mice 

exposed to E.G7 supernatant, to observe the cell maturation under tumor exposing 

environment. Coculture of BMDCs with T cells was used to monitor T-cell stimulation 

function. AMPK pathway was interrogated in BMDCs to explore the potential 

mechanism. Eventually, we analyzed the myeloid cell compartment in WT and CaMKK2-

/- E.G7 tumor bearing mice. From these experiments, we sought to reveal how CaMKK2 

mediates myeloid cell development and function in the lymphoma microenvironment.  
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4.2 Results 

4.2.1. CaMKK2 ablation facilitates myeloid cells maturation 

4.2.1.1 CaMKK2 ablation limits MDSC generation in vitro 

Since the E.G7 tumor growth is suppressed in CaMKK2-/- mice, it is difficult to 

determine the causal effect of the changes of myeloid cells in CaMKK2-/- mice in terms of 

tumor suppression. To generate a comparable tumor-exposing environment, we used in 

vitro generated MDSCs from mouse bone marrow to study how CaMKK2 impacts 

myeloid cells development. 

 To induce in vitro MDSCs, bone marrow cells from CaMKK2 EGFP reporter mice 

were cultured in the complete DMEM media with 10% FBS (D-10) supplied with GM-

CSF and IL-4, with or without 50% E.G7 supernatant added. The media was half-

changed carefully at Day 3. The floating cells were collected and analyzed by flow 

cytometry on Day 5. As shown in Figure 9, E.G7 supernatant successfully induced more 

CD11b+GR1+ MDSCs compared to that of the control with D-10 media only. (Figure 9, 

Panel A and B) These MDSCs were EGFP+, indicating that CaMKK2 promoter was 

active. The same method was applied to generate MDSCs from WT and CaMKK2-/- mice 

with the present of E.G7 supernatant, and the cells were analyzed using the same gating 

strategy. (Figure 9, Panel C) The percentage of MDSCs generated from CaMKK2-/- mice 

was lower compared to that of WT (P<0.05), suggesting that CaMKK2 ablation limits 

MDSC generation in vitro in the present of E.G7 supernatant.  
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Figure 9: CaMKK2 promoter is active in in vitro MDSC induced by E.G7 
supernatant. 

Cells from CaMKK2-EGFP reporter mice marrow were cultured in vitro with cytokines 
with or without 50% E.G7 supernatant for 5 days. Cells were collected and analyzed by 
flow cytometry on Day 5. A). Flow cytometry layout shows E.G7 supernatant induced 
more CD11b+GR1+ MDSCs compared to D-10 media alone. The CD11b+GR1+ cells 
were EGFP+. B) Histogram for CD11b+GR1+ cells induced by D-10 and E.G7 
supernatant. n=2. The experiment was repeated once. C). CD11b+Gr1+ MDSCs 
generated from WT and CaMKK2-/- mice marrow with 50% E.G7 supernatant. CaMKK2-/- 
marrow generated less MDSCs compared to WT. (P<0.05) n=3. The experiment was 
repeated twice.  
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Figure 10: CaMKK2-/- marrow generates less MDSCs in vitro 

Cells from WT and CaMKK2-/- mice marrow were cultured in vitro with cytokines GM-
CSF and IL-4 (G/4), with or without 50% E.G7 supernatant, for 5 days. Cell medium was 
half-changed on Day 3. Cells were collected and analyzed by flow cytometry on Day 5. 
The flow panel showed the gating strategy for M-MDSC (Ly6ChighLy6Gdim) and G-MDSC 
(Ly6CdimLy6Ghigh). Cell numbers were normalized by flueroscent microbeads. In both 
conditions with or without E.G7 supernatant, the absolute cell counts of both M-MDSC 
and G-MDSC were lower in the cells generated from CaMKK2-/- marrow compared to 
WT. (P<0.05) 

 

We further analyzed the different components in CD11b+GR1+ MDSCs by 

staining the cells with Ly6C, Ly6G and I-A. Similar to the result of CD11b+GR1+ 

MDSCs, the absolute number of both Ly6ChighLy6Gdim (M-MDSC) and Ly6CdimLy6Ghigh 

(G-MDSC) in the cells generated from CaMKK2-/- mice were lower compared to that of 

WT (Figure 10. P<0.05) in both conditions with or without E.G7 supernatant, suggesting 

that less MDSCs were generated from CaMKK2-/- marrow. The cells generated from 
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CaMKK2-/- mice also had lower percentage of CD11b+Ly6G+ total events compared to 

that of WT (Figure 11. P<0.05). Further analysis of these cells showed that the percentage 

of CD11b+I-A+ was significantly higher in CaMKK2-/- cells compared to the WT ones 

(Figure 12, P<0.01), indicating that the CaMKK2-/- MDSCs were more matured and 

differentiated.  

 

 
Figure 11: CaMKK2-/- marrow generates less CD11b+Ly6Ghi MDSCs 

Cells from WT and CaMKK2-/- mice marrow were cultured in vitro with 50% E.G7 
supernatant and cytokines in the media for 5 days. Cell medium was half-changed on 
Day 3. Cells were collected and analyzed by flow cytometry on Day 5. The percentage of 
CD11b+Ly6Ghi was lower in cells generated from CaMKK2-/- marrow compared to WT. 
(P<0.05) 
 

 

Considering the presence of progenitors at different hematopoietic stages in the 

bone marrow, we further selected sorted KSL cells for culture. The cells were sorted as 
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previously described, and seeded to 96-well plates with 50% E.G7 supernatant and 

cytokines, cultured for 5 days, and analyzed by flow cytometry. Similar to the cells 

generated from whole bone marrow, cells generated from CaMKK2-/- KSL also had 

higher CD11b+I-A+ expression. (Figure 13) This result again confirms that stem cells 

with CaMKK2 ablation have the intrinsic inclination towards myeloid cells maturation.  

 

 
 

Figure 12: in vitro generated CaMKK2-/- myeloid cells have higher percentage 
of CD11b+I-A+ cells 

Cells from WT and CaMKK2-/- mice marrow were cultured in vitro with 50% E.G7 
supernatant and cytokines in the media for 5 days. Cell medium was half-changed on 
Day 3. Cells were collected and analyzed by flow cytometry on Day 5. Myeloid cells 
generated from CaMKK2-/- mice have higher percentage of CD11b+I-A+ double positive 
cells (P<0.01). 
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Figure 13: Myeloid cells generated from CaMKK2-/- HSC have higher CD11b+ 
I-A+ percentage 

HSCs sorted from WT and CaMKK2-/- marrow were placed in 96-well plates and cultured 
with 50% E.G7 supernatant and cytokines. Myeloid cells generated from CaMKK2-/- HSC 
have higher CD11b+I-A+ percentage. For cell number limitation, only two wells were 
seeded for each genotype. The experiment was repeated once.  
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4.2.1.2. CaMKK2 ablation limits MDSC generation in tumor bearing mice 

To further examine the role of CaMKK2 in myeloid development, we 

investigated MDSC generation in tumor-bearing mice. WT and CaMKK2-/- mice were 

challenged with E.G7 1×105 subcutaneously. The mice were sacrificed after 14 days. 

Splenocytes were stained for myeloid cell markers after RBC lysis as previously 

described. As detected in CD11b+ myeloid compartment, tumor challenged WT mice 

had about 60% Ly6GhighLy6Cdim cells, while CaMKK2-/- mice only had 10-20% (Figure 14). 

Significantly less Ly6GhighLy6Cdim cells were accumulated in the spleen pf CaMKK2-/- 

tumor-bearing mice (P<0.001). In light of the fact that Ly6GhighLy6Cdim cell (ganulocytic 

MDSC) is the most proliferated MDSC compartment, this result indicates that CaMKK2 

ablation suppresses MDSC proliferation and accumulation in lymphoma environment. 

 

Figure 14: CaMKK2 ablation limits MDSC generation in vivo 

WT and CaMKK2-/- mice challenged with E.G7 1×105 were sacrificed on day 14. 
Splenocytes from these mice were stained for flow cytometry. WT tumor-bearing mice 
have significant higher Ly6GhiLy6Clow MDSC cells accumulation in the spleen comparing 
to CaMKK2-/-  mice (p<0.001). n=5. Repeated 3 times.  
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4.2.2 CaMKK2 is expressed in dendritic cells 

To further investigate how CaMKK2 impacts myeloid cells in the lymphoma 

microenvironment, we first verified the expression of CaMKK2 in myeloid cells. 

CaMKK2-EGFP reporter mice were used to trace the CaMKK2 promoter activity in 

different cell compartment. Dendritic cells have been known as important APCs to 

stimulate T cells in immunity. We first tested DCs in spleen. The splenocytes from 

CaMKK2-EGFP reporter mice were separated and stained for flow cytometry analysis. 

The mature dendritic cells, which were gated as CD11b+CD11c+I-A+, were EGFP+ 

(Figure 15), indicating that CaMKK2 reporter is active in splenic dendritic cells. 

 

Figure 15: The CaMKK2 promoter is active in splenic CD11c+ DCs  

Splenocytes of CAMKK2-EGFP reporter mice were stained for myeloid cells. Most of the 
mature dendritic cells (CD11b+ CD11c+ I-Ahigh) were EGFP+, indicating that CaMKK2 
promoter is active in splenic dendritic cells.  
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To identify the expression of CaMKK2 in different DC subsets, we further gated 

the splenic DCs to three different subsets according to their differentiation stages: 

CD11b+CD11cint as dendritic cell progenitor (DCp), CD11b+CD11c+ as conventional 

dendritic cells (cDC), CD11b-CD11c+ as plasmatoid dendritic cells (PDC). (Figure 16, 

Panel A) EGFP expression was found to be highest in DCp, while in cDC and PDC 

showed relatively low EGFP expression (Figure 16, Panel B, C). EGFP signal 

significantly lowered as the dendritic cells matured from DCp to I-A+ DCp (P<0.01), and 

further from cDC (P<0.001) and PDC (Figure 16, Panel D). This finding indicates that the 

CaMKK2 promoter activity is developmentally regulated in DC subsets as DCs 

differentiate. In DCp population, CaMKK2 promoter was highly activated. As the DCp 

matures, I-A was expressed, while CaMKK2 promoter activity was significantly 

decreased. In more differentiated dendritic cells such as cDC and PDC, CaMKK2 

promoter activity was found relatively low. This result suggests that CaMKK2 plays a 

more important role in dendritic cell development and differentiation, rather than 

regulation of mature dendritic cell function.  

Since in vitro DC generation provides a more efficient way to generate tumor-

exposed DCs, we decided to use in vitro DC for further mechanism studies. We first 

selected CaMKK2-EGFP reporter mice to confirm CaMKK2 promoter activity in in vitro 

DCs. Bone marrow cells from CaMKK2-EGFP reporter mice were collected and cultured 

in 6-well plates with 50% E.G7 supernatant and cytokines as decribed in previous 
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section. Cells were cultured for 5 days and detected with flow cytomery. As shown in 

Figure 17, CD11b+CD11c+ bone marrow derived dendritic cells (BMDCs) comprised 

roughly 75-90% of the live cells. Comparing to the cells generated from C57BL/6 mice 

(negative controls, shown in blue), the BMDCs generated from EGFP mice had positive 

EGFP expression, suggesting that CaMKK2 reporter was active in BMDCs.  

 

Figure 16: CaMKK2 promoter activity is developmentally regulated in DCs. 

Splenic dendritic cells from CaMKK2-EGFP mice were further gated to different subsets 
of DCs according to the expression level of CD11b and CD11c. A) Gating of DC 
subsets. Dendritic cell progenitors (DCp) are CD11b+CD11cint. Conventional dendritic 
cells (cDC) are CD11b+CD11c+. Plasmacytoid dendritic cells are CD11b-CD11c+. B) 
DCp cells gated as CD11b+CD11cintCD4-CD8- have high EGFP expression. Most of 
these cells were EGFP bright. C) Comparing EGFP expression in different subset of 
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DCs. DCp has the brightest EGFP expression, while cDC and PDC were relatively dim.  
D) EGFP level in different DC subsets. EGFP has highest expression in DCp, and 
gradually lower down in I-A+ DCp (P<0.01) and cDC (P<0.001). PDC has limited EGFP 
expression. 

 

 

 

 

Figure 17: CaMKK2 promoter is active in bone marrow derived dendritic cells  

This figure demonstrates the gating of BMDCs. BMDCs was induced from CaMKK2-
EGFP reporter mice. The last plot shows that the CD11b+CD11c+ cells from the reporter 
mice express high EGFP (the red histogram). Cells from C57BL/6 were used as 
negative control (the blue histogram).  
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  Figure 18: CaMKK2 is expressed in BMDCs  

BMDC from CaMKK2 WT mice express CAMKK2. A) Immunoblot of BMDC. WT BMDC 
have clear CaMKK2 bands, while CaMKK2-/- BMDC do not. B) Quantitative RT-PCR of 
BMDC. CaMKK2 mRNA level in WT BMDC was significantly higher than BMDC 
generated from CaMKK2-/- mice (P<0.0001). 
 

 

To further validate the expression of CaMKK2 in WT and CaMKK2-/- BMDCs, we 

applied the same method to generate BMDC from CaMKK2 WT and CaMKK2-/- mice. 

Nonadherent cells were carefully collected on Day 5 to generate cell pellets. Western blot 

with anti-mouse CaMKK2 antibody successfully detected CaMKK2 expression in WT 

BMDC but not in CaMKK2-/- BMDC (Figure 18, Panel A). Quantitative realtime RT-PCR 

showed a significantly higher level of CaMKK2 mRNA in WT BMDC than that of 

CaMKK2-/- BMDC (Figure 18, Panel B. P<0.0001). Both western blot and real-time PCR 

confirmed CaMKK2 expression in BMDCs.  
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4.2.3 CaMKK2-/- DCs lead to enhanced T-cell stimulation 

4.2.3.1 CaMKK2-/- dendritic cells present higher CD11c+I-A+ percentage 

 

 

Figure 19: The percentage of CD11c+I-A+ is higher in BMDCs generated from 
CaMKK2-/- marrow. 

Dendritic cells were induced from bone marrow of WT and CaMKK2-/- mice (n=4) in vitro 
with E.G7 supernatant and cytokines.  Cells from CaMKK2-/- marrow have higher 
CD11c+I-A+ percentage (P<0.001).  
 
 
 

During dendritic cell maturation, the expression of MHCs molecules and T-cell 

costimulatory factors (e.g. CD40, CD80, CD86) is up-regulated. To further study how 

CaMKK2 ablation impacts DC maturation and function in the lymphoma environment, 

we generated BMDC from CaMKK2 WT and CaMKK2-/- mice in vitro with 50% E.G7 

supernatant and cytokines. Cells were analyzed with flow cytometry on Day 5. Similar 
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to myeloid cells generated in vitro, BMDCs from CaMKK2-/- mice have higher percentage 

of CD11c+I-A+ in CD11b+ compartment (Figure 19. P<0.001), indicating enhanced 

dendritic cell maturation. 

4.2.3.2 CaMKK2-/- dendritic cells have higher co-stimulatory factors expression 

The expression of costimulatory factors on in vitro BMDCs was also assayed. 

Unlike the difference in splenic DCs between WT and CaMKK2-/-mice, BMDCs from WT 

and CaMKK2-/- mice have no difference in costimulatory molecule expression (Figure 20, 

Panel A). However, when 1×104 BMDCs were co-cultured with 1×105 T cells for 24 hours 

in the present of anti-CD3 antibody, CaMKK2-/- BMDCs have significantly higher 

expression of CD40 (P<0.01) and CD86 (P<0.001) compared to WT BMDCs (Figure 20, 

Panel B). The difference of costimulatory factors expression before and after interacting 

with T cells suggests that CaMKK2 ablation in BMDC increases the response ability of 

DC to T cells and may stimulate better T cells proliferation and function.  

To verify this hypothesis, 50µl supernatant from the coculture wells was 

carefully collected at 24h for cytokine detection by MILLIPLEX® MAP Mouse 

Cytokine/Chemokine Magnetic Bead Panel using Luminex. Among many other detected 

cytokines, IFN-γ and IL-12 are two major cytokines that relate to dendritic cells and T-

cell activation. As expected, the concentration of IFN-γ and IL-12 were higher in the 

coculture of CaMKK2-/- BMDC with T cells (Figure 21). IL-12 can be secreted by dendritic 

cells and is a powerful signal to stimulate T-cell activation. IFN-γ on the contrary, is 
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mainly secreted by T cells, and considered as a T-cell activation marker. IFN-γ can also 

further enhance the DC function. The increased level of IL-12 and IFN-γ in CaMKK2-/- 

BMDC with T-cells coculture strongly suggests that BMDC with CaMKK2 ablation 

better stimulates T-cell activation, which in turn enhances BMDC function. 

 

 

Figure 20: BMDC from CaMKK2-/- marrow have higher co-stimulatory factors 
expression after interacting with T cells. 

Flow cytometry on BMDC from WT and CaMKK2-/- before and after interacting with T 
cells. A). BMDC from CaMKK2 WT and CaMKK2-/- mice (n=4) at day 5. CD40 and CD86 
expression level have no difference between WT and CaMKK2-/-. B). BMDC 1×104 

coculture with T cells 1×105 for 24 hours. BMDCs were mixed from 4 mice as indicated. 
The culture was triplicated. CaMKK2-/- BMDC had significantly higher expression of 
CD40 (P<0.01) and CD86 (P<0.001) comparing to WT BMDC.   
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Figure 21: Cytokine secretion analysis in supernatant from coculture of BMDC 
with T cells. 

BMDC 1×104 coculture with T cells 1×105 with anti-CD3 mAb in the media. At 24 hours, 
100µl supernatant was carefully removed from each well and detected for cytokine 
secretion by Luminex. The wells were triplicated. From the wells T cells cocultured with 
CaMKK2-/- BMDCs, IFN-γ and IL-12 concentration were higher comparing to WT wells 
(P<0.05).  
 

  

At the same time, we also stimulated the BMDCs with LPS to test if CaMKK2-/- 

BMDCs have better function. BMDCs 1×105 from WT or CaMKK2-/- were seeded into 96-

wells and stimulated with LPS for 24h. Supernatant was carefully collected and the 

cytokine secretion was analyzed by the Luminex platform. Most of the cytokines (G-

CSF, TNF, IL-12p40, IL-6, IL-1, IL-15, IL-18) and chemokines (CCL2, CCL3, CCL4, CCL5, 

CXCL1, CXCL2, CXCL10) were higher in CaMKK2-/- wells comparing to those in WT. 

(Figure 22) This result suggests a better maturation of DCs with stronger response to 

LPS stimulation. 
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Figure 22: Cytokine secretion analysis in supernatant from BMDCs stimulated 
with LPS. 

BMDCs 1×105 generated from WT and CaMKK2-/- mice (n=3) were exposed to LPS in 
the media in triplicate. At 24 hours, 100µl supernatant was carefully removed from each 
well and detected for cytokine secretion by Luminex. After LPS stimulation, most of the 
cytokines and chemokines secreted by CaMKK2-/- BMDCs were higher than WT. Error 
bar indicates standard error of the mean. * P<0.05. ** P<0.01. *** P<0.001.  
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Figure 23: CaMKK2 ablation BMDC better stimulates T-cell activation 

BMDC 1×104 coculture with T cells 1×105 with anti-CD3 mAb for 72 hours. T cells were 
pre-stained with CFSE. In Panel A CD4 cells were seeded and in Panel B CD8 cells 
were seeded. Both CD4 and CD8 T cells with BMDC from CaMKK2-/- mice have higher 
percentage of CD25+CFSEproliferated cells, which means that BMDC from CaMKK2-/- 

better stimulates T-cell activation. T cells alone were used as negative control. 
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Figure 24: T cells cocultured with CaMKK2-/- BMDCs better express T-cell 
activation marker CD69, which can be blocked by anti-IL-12 mAb 

BMDC 1×104 coculture with T cells 1×105 for 72 hours. With BMDC from CaMKK2-/-mice, 
both CD4 and CD8 CD25+CFSE proliferated cells had higher CD69 MFI compared to 
cells cocultued with WT BMDC. (P<0.001 for CD4, P<0.01 for CD8, respectively) Adding 
anti-IL-12 antibody in the culture decreased the CD69 expression on T cells interacted 
with CaMKK2-/- BMDCs. (P<0.001 for CD4, P<0.01 for CD8, respectively) 
 
 

To test if CaMKK2 ablation affects the ability of BMDC in T-cell activation, 

BMDC were cocultured with T cells that had been pre-stained with CFSE. BMDC 1×104 

and T cells 1×105 were cocultured with anti-CD3 antibody for 72 hours. T cell 

proliferation was monitored by flow cytometry tracing CFSE dilution. CD25 was used as 

a T-cell activation marker. After 72 hours of culture, most of the CD4 and CD8 cells 

proliferated, as shown by CFSE dilution (Figure 23, Panel A and B). However, in these 

proliferating cells, the ones interacting with CaMKK2-/- BMDC have higher CD25+ 

expression (Figure 23, Panel C. P<0.01). The proliferating CD25+ cells were further 
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analyzed with CD69, another T-cell activation marker. Again, both CD4 and CD8 cells 

cocultured with CaMKK2-/- BMDCs have higher CD69 expression (Figure 24. P<0.001 for 

CD4 cells, P<0.01 for CD8 cells).  

 

 

 Figure 25: The proliferated CD25+ cells are FoxP3 negative  

BMDC 1×104 coculture with T cells 1×105 for 72 hours with anti-CD3 mAb in the media. 
The CD25+CFSEproliferated cells were stained for FoxP3 to identify Treg cells. Cells 
from coculture wells with both CAMKK2 WT and CaMKK2-/- have low FoxP3 expression, 
indicating these cells were activated T cells but not Treg cells. T cells cocultured with 
BMDC without anti-CD3 mAb were used as positive control for FoxP3 staining.  
 
 
 

Considering that IL-12 is crucial for T-cell activation, and CaMKK2-/- BMDCs 

secrete higher level of IL-12 when interacting with T cells, we added anti-IL-12 

neutralizing antibody into the coculture system, hoping to reverse the T-cell activation.  

As shown in Figure 24, although in the presence of anti-IL-12 mAb, the CD69 expression 

on T cells interacted with CaMKK2-/- BMDCs was still higher compared to that with WT 
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ones (P<0.001 for CD4, P<0.0001 for CD8, respectively), it was significantly decreased 

comparing to the ones activated by CaMKK2-/- BMDCs without anti-IL-12 mAb  (P<0.001 

for CD4, P<0.01 for CD8, respectively). This evidence indicates that CaMKK2-/- BMDCs 

better activate T cells because of the elevated secretion of IL-12, and this advantage can 

be blocked by neutralizing IL-12 using antibody.   

Since CD25 is also a marker for regulatory T cells, the proliferated CD4+CD25+ 

cells were further stained for FOXP3 intracellular staining. Comparing to the quiescent T 

cells from coculture without anti-CD3 mAb stimulation, the BMDC cocultred T cells 

with anti-CD3 mAb stimulation were FoxP3 negative (Figure 25), indicating that the 

proliferating CD25+ cells were not Treg cells.  

To investigate whether CaMKK2 -/- BMDCs impact the antigen-dependent T-cell 

activation, OVA peptide (SIINFEKL) was chosen to stimulate BMDCs cocultured with 

OT-1 T cells. Splenocytes from OT-1 mice were enriched by R&D anti-mouse CD3 T-cell 

enrichment columns, and followed by MACS magnetic CD4 depletion. The CD8 cells 

were pre-stained with CFSE and cocultured with BMDCs with SIINFEKL peptide with 

the final concentration of 10 ng/ml in media. At 72 hours, the percentage of 

CD25+CFSEdim and CD69+CFSEdim were detected higher in T cells cocultured with 

CaMKK2-/- BMDCs compared to the ones with WT BMDCs (Figure 26). This result 

further solidates the fact that CaMKK2-/- BMDCs are more potent to stimulate T-cell 

antigen-dependent activation. 
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Figure 26: CaMKK2-/- BMDC better stimulates OT1 T-cell activation 

BMDC from WT and CaMKK2-/- mice 2×104 cells were cocultured with 1×105 OT-1 T 
cells with the presence of titrated SIINFEKL peptide at 10ng/ml for 72h. All wells were 
triplicated. OT-1 T cells were analyzed for proliferation by CFSE and activation by CD25 
and CD69 flow cytometry. The percentage of CD25+CFSEdim and CD69+CFSEdim were 
higher in T cells cocultured with CaMKK2-/- BMDC, indicating CaMKK2-/- BMDC can 
better stimulates OT-1 antigen-dependent activation. 
 

To compare the basic level of costimulatory factors on dendritic cells, splenocytes 

from normal WT and CaMKK2-/- mice were stained for costimulatory factors and 

analyzed by flow cytometry. As illustrated in Figure 27, in the CD11b+CD11c+ 

compartment, CaMKK2-/- splenic DCs had higher CD80 (P<0.0001) and CD40 (P<0.05) 

expression than those of WT splenic DCs. We also analyzed I-A expression and PD-L1 

expression in the splenic DCs. Not surprisingly, CaMKK2-/- splenic DCs have higher I-A+ 

percentage. This result corroborates the finding of BMDCs from WT and CaMKK2-/- mice. 
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The CaMKK2 WT splenic DCs also have higher PD-L1 expression (Figure 28). The 

collective flow cytometry results suggest that CaMKK2-/- dendritic cells have better 

ability for antigen presentation and T-cell stimulation.  

 

 

Figure 27: in vivo DCs have higher co-stimulatory factors expression in normal 
CaMKK2-/- mice 

Flow cytometry of splenic dendritic cells from normal CaMKK2 WT (n=4) and CaMKK2-/- 

mice (n=4). CaMKK2-/- DCs have significantly higher CD80 (P<0.0001) and CD40 
(P<0.05) expression. 
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Figure 28: Surface marker expression indicates DC compartment from 
CaMKK2-/- have better T-cell stimulation function 

Flow cytometry of spleen dendritic cells from normal CaMKK2 WT (n=4) and CaMKK2-/- 

mice (n=4). A higher percentage of I-A+ DCs and lower percentage of PD-L1+ DCs were 
found in CaMKK2-/- mice. (P<0.05)  
 

Considering the various abilities of different DC subsets to stimulate T cells, we 

are interested to investigate the splenic DC subsets of CaMKK2 WT and CaMKK2-/- mice 

at baseline. The splenocytes from CaMKK2 WT and CaMKK2-/- mice were stained for 

anti-mouse CD11b, anti-mouse CD11c, anti-mouse I-A, anti-mouse CD4 and CD8. The 

conventional DC (cDC) was gated as CD11b+CD11c+. The cDCs were further gated as 

CD4+ cDC, CD8+ cDC, and double-negative (DN) cDC (Figure 29). Similar to the 

myeloid cells cultured in vitro, the splenic cDC from CaMKK2-/- mice had higher I-A 

expression (P<0.05). When the cDC were further gated into CD4 and CD8 subsets, CD4+ 

cDCs and DN cDCs in CaMKK2-/- mice also had higher I-A expression (P<0.05). 
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Moreover, the DC subsets in CaMKK2 WT and CaMKK2-/- mice were also slightly 

different. While CaMKK2-/- mice had more CD4+ cDCs (P<0.01), the WT mice had more 

DN cDCs (P<0.001). This result may indicate that the differentiation and maturation of 

dendritic cells are different in CaMKK2 ablated mice, leading to changes in immune 

functions.  

 

 

Figure 29: DC subsets in CaMKK2 WT and CaMKK2-/- tumor-bearing mice 

Splenic DCs from CaMKK2 WT and CaMKK2-/- mice were analyzed by flow cytometry. In 
CD11b+CD11c+ conventional DC population and CD11b+CD11c+CD4+ DC population, 
the I-A expression was higher in CaMKK2-/- cells compared to WT cells (P<0.05). There 
were more CD4+ cDCs in CaMKK2-/- mice (P<0.01), while CD8-CD4- cDCs were more 
dominant in WT mice (P<0.001). n=7. 
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Finally, to confirm that the CaMKK2-ablated environment enhances anti-tumor 

activity, WT and CaMKK2-/- mice were challenged with E.G7 cells subcutaneously and 

sacrificed at Day 21. After cell separation, 5×106 splenocytes from the tumor-bearing 

mice were seeded into ELISpot plate precoated with anti-mouse IFN-γ antibody and 

cultured with OVA protein at 1mg/ml for 24h. ELISpot assay was performed as per 

instructions from the manufacturer. Even though there were a low number of spots, the 

wells with cells from CaMKK2-/- mice had doubled the number of detected spots 

comparing to WT wells (Figure 30) and the difference is statistically significant (P<0.05). 

Given that E.G7 cells express OVA protein, using ELISpot to detect antigen-specific T 

cells against OVA protein can demonstrate the T-cell immunity towards E.G7 cells in 

tumor-bearing mice. However, since OVA is not a major antigen that drives tumor 

rejection, the amount of OVA antigen-specific MHC complexes on DCs (one hundred or 

less per cells) and the OVA antigen-specific T-cell clones frequency (~1/100,000 or less) 

were very limited.(Banchereau et al., 2000) Here we input 5×105 cells/well with OVA 

peptide and culture for 24h. The low frequency of antigen-specific cells in general may 

explain the sparse IFN- γ positive cells in both genotypes of tumor bearing mice. And 

the difference in result of ELISpot indicates that CaMKK2 ablation mice have better anti-

tumor T-cell immunity. 
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Figure 30: Splenocytes from CaMKK2-/- EG7 tumor-bearing mice have higher 
IFN-γ secretion comparing to WT 

CaMKK2 WT and KO mice (n=4) were challenged with EG7 tumor cells subcutaneously. 
The mice were then sacrificed at day 21. The splenocytes were mixed to 1 sample each 
genotype, and seeded to the ELISpot plate precoated with IFN-γ antibody at the 
concentration of 5×105 cells/well and cultured for 24h with 1mg/ml OVA protein. The 
wells were triplicated. Wells with cells from CaMKK2-/- mice have more spots detected 
comparing to WT wells (P<0.05). 

 

WT 

 

KO 



 

95 

4.2.4 AMPK pathway is involved in CaMKK2-mediating myeloid cell 
development  

 CaMKK2 has been known to phosphorylate 3 downstream kinases: CaMKI, 

CaMKIV, and AMPK. Among these three kinases, AMPK is widely expressed in 

different tissues and considered to have the highest affinity to CaMKK2. To investigate 

the molecular mechanism of CaMKK2 in regulating immune cells, we first use RT2 PCR 

array to analyze AMPK pathway in BMDCs from CaMKK2 WT and CaMKK2-/- mice. 

Compared to WT BMDCs, there was 4.11-fold decrease for Camkk2, 2.82 fold decrease 

for Camkk1, and 2.36 fold decrease for Ppargc1a, and 2.47 fold increase for Acacb in 

CaMKK2-/- BMDCs (data not shown). This result was further confirmed by quantitative 

real-time PCR. However the transcription level of Ppargc1a and Acacb were very low.  

Western blot was later used to detect the expression of some crucial proteins in 

AMPK pathway. The cell number was determined and normalized before generating 

cell pellets. Proteins from 2×105 cells were denatured and added to each lane. The 

membranes were duplicated, and blotted with anti-mouse total ACC, anti-mouse 

phosphor-ACC, anti-mouse total AMPK, anti-mouse phosphor-AMPK, anti-mouse S6, 

anti-mouse phospho-S6, and beta-actin was used as loading control (Figure 31). All the 

signals were normalized to actin. As calculated, the protein level of total AMPK, total S6 

and total ACC were comparable in WT and CaMKK2-/- BMDC, however, p-AMPK 

(P<0.001) and p-ACC (P<0.05) were significantly lower in CaMKK2-/- BMDC, while p-S6 

(P<0.05) was higher (Figure 32). ACC is a direct downstream target of AMPK and an 
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indicator of AMPK activity, while S6 is a remote target in AMPK-mTOR pathway. The 

changes of the phosphorylation of these two downstream emzymes in BMDCs illustrate 

that AMPK is involved in CaMKK2-mediated tumor immunity.  

 

 

Figure 31: Immunoblots shows AMPK pathway changes in BMDC 

BMDCs were generated from individual CaMKK2 WT and CaMKK2-/- mice (n=3). Cell 
number was normalized before generating cell pellets. Western blog was performed and 
incubated with antibodies of key proteins in AMPK pathway. Β-Actin was used as 
loading control.  
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Figure 32: Quantification of AMPK pathway immunoblot 

Histograms of BMDC immunoblot quantification. The total proteins of AMPK, S6, and 
ACC were all comparable between CaMKK2 WT and CaMKK2-/-. But CaMKK2-/- BMDCs 
have significantly lower expression of phosphor-AMPK (P<0.001) and phosphor-ACC 
(P<0.05), and higher expression of phosphor-S6 (P<0.05). n=3. All proteins normalized 
to β-Actin. 
 

 

4.3 Conclusions 

In this chapter, we used both in vitro and in vivo models to illustrate that 

CaMKK2 ablation facilitates myeloid cells maturation and limits MDSC accumulation. 

By using CaMKK2-EGFP reporter mice, we first show that CaMKK2 reporter was active 



 

98 

in splenic dendritic cells, yet the promoter activity was decreased as DCs differentiated. 

In BMDCs, CaMKK2 was expressed confirmed by reporter activity, western blot, and 

quantitative real-time RT-PCR.  CaMKK2-/- BMDCs had higher I-A expression, better 

responsed to LPS stimulation, and expressed higher level of T-cell costimulatory 

molecules after being cocultured with T cells.  In the presence of T cells, CaMKK2-/- 

BMDCs also secreted higher level of IL-12, better induced T-cell IFN-γ secretion, and 

better stimulated antigen dependent and non-dependent T-cell activation. At baseline 

level, CaMKK2-/- splenic DCs have higher I-A percentage and lower PD-L1 percentage, 

and higher expression level of CD80 and CD40. In tumor bearing mice, the DC subsets 

in WT and CaMKK2-/- mice were different, yet I-A expression was still higher in CaMKK2-

/- DCs. By using ELISpot, it was confirmed that splenocytes from CaMKK2-/- tumor 

bearing mice had higher IFN-γ secretion towards OVA protein. These collective 

evidence indicate that CaMKK2 ablation regulates DC differentiation in lymphoma 

environment, facilitates DC maturation and enhances DC stimulatory function, and 

therefore better stimulates T-cell anti-tumor activity.   

As a downstream target of CaMKK2, AMPK regulates fatty acid oxidation, 

mitochondrial biogenesis and oxidative metabolism. Western blot shows that AMPK 

phosphorylation was inhibited in CaMKK2-/- BMDCs, and phosphorylation of the 

downstream targets of AMPK including ACC and S6 were also altered. Based on this 

information we could conclude that AMPK is involved in CaMKK2-mediated BMDC 
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differentiation. Further functional assays are needed to confirm the mechanism how 

AMPK impacts DC functions in CaMKK2 abaltion microenvironment.  
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5. The Role of CaMKK2 in Other Tumor Models 

5.1 Introduction 

In the previous two chapters, we have illustrated that CaMKK2 regulates 

lymphoma progression by suppressing myeloid cell maturation, resulting in MDSC 

accumulation and impaired DC function. Although different strains of mice were used, 

E.G7 was the only cell line that we tested for the lymphoma model. To exclude the 

possibility that the CaMKK2-environment effect is cell-line specific, we used different 

cancer models to repeat the tumor growth experiment. 

Multiple myeloma is a hematopoietic malignancy caused by abnormal plasma 

cells accumulating in the bone marrow. The excessive plasma cells secrete the 

monoclonal protein that can be detected by serum protein electrophoresis. In mice, 

primary multiple myeloma model is established in Vk*Myc mutation mice. The Vk*Myc 

myeloma cells are then purified from the mice with detectable monoclonal 

gammopathy, and propagated in healthy mice through tail vein injection.  

E0771 is a commonly used murine breast cancer cell line. Although CaMKK2 has 

been reported to regulate the tumor growth in some breast cancer cell lines, it is 

unknown whether CaMKK2 impacts the breast cancer microenvironment. Hence, we 

here used E0771 as the solid tumor model to investigate how CaMKK2 regulated the 

tumor microenvironment.  
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5.2 Results 

5.2.1 CaMKK2 regulates myeloma progression 

 

 

Figure 33: WT and CaMKK2-/- mice with myeloma cell injection 

WT and CaMKK2-/- mice were injected with Vk*Myc myeloma cells 5×106 i.v.. Mice were 
monitored for survival every other day. Serum was collected to monitor M-spike every 
week. A) Image of a gel to show M-spike. M-spike at 6 weeks after injection was 
detected from CaMKK2 WT mice serum using protein electrophoresis, but invisible in 
CaMKK2-/- mice. B) Survival curve of WT and CaMKK2-/- mice (n=10) after myeloma cell 
injection. Most of the WT mice die between Day 45-56, while all the mice in CaMKK2-/- 
group survive (P=0.015).  
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Fig. 3. Vk12598 myeloma does not engraft in 
CaMKK2-/-mice. 10^5 Vk12598 myeloma cells were 
inoculated i.v. in wild-type (WT) and CaMKK2-/- mice. 
(A) SPEP was performed on mouse bled at 5 weeks. 
The position of the albumin is indicated, and brackets 
show the different globulin components of the serum. 
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Vk*Myc myeloma cells were purified from spleens of Vk*Myc mice with 

detectable monoclonal gammopathy.(Chesi et al., 2008) 5×106 Vk*Myc cells were injected 

into WT and CaMKK2-/- mice through tail vein injection. The mice were monitored every 

other day and bled to test for monoclonal gammopathy every week. The monoclonal 

band in the serum, also called M-spike, appeared in WT group around 42 days after 

injection, however not in CaMKK2-/- mice (Figure 33, Panel A). After 45 days, most of the 

WT mice with myeloma injection died because of myeloma, whereas 100% of the 

CaMKK2-/- mice survived up to 100 days. (Figure 33, Panel B) The difference is significant 

(P=0.015). Similar to E.G7 lymphoma, CaMKK2 ablation environment also suppresses 

myeloma development.  

5.2.2 CaMKK2 regulates breast cancer progression 

Considering myeloma and lymphoma were both hematopoietic malignancies, 

we further selected a solid tumor model to test the role of CaMKK2 ablation in tumor 

growth. 2×105 E0771 murine breast cancer cells were injected into the first fat pad of WT 

and CaMKK2-/- females. The tumor size was measured every 2-3 days. Similar to the 

previous observations, the tumors developed gradually in the WT mice, while the 

tumors grew at a much slower pace in CaMKK2-/- mice. (Figure 34. P=0.04) The same 

result was noted in LysMCre+;CaMKK2+/+ and LysMCre+;CaMKK2fl/fl mice (Figure 35. 

P=0.009), indicating that CaMKK2 ablation in myeloid lineage is sufficient to suppress 

breast cancer growth. 
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Figure 34: E0771 tumor growth in CaMKK2 mice 

CaMKK2 WT and CaMKK2-/- female mice (n=10) were injected 2×105 E0771 cells s.c. 
into the fat pad of the first nipple on the right side. Tumor size was monitored every 2-3 
days. The tumor growth was significantly faster in WT comparing to CaMKK2-/- mice 
(P=0.04).  
 

LysM-Cre Mice w/ E0771: Tumor Size

0 7 10 14 17
0

500

1000

1500

2000
Cre+;+/+
Cre+;fl/fl

  P=0.009

Days

tu
m

or
 v

ol
um

e/
m

m
3  

 

Figure 35: E0771 tumor growth in mice with myeloid lineage CaMKK2 ablation 

2×105 E0771 cells were injected s.c. into the breast fat pads of female 
LysMCre+;CaMKK2fl/fl mice and the genotype control littermates LysMCre+;CaMKK2+/+ 
mice (n=8). Tumor size was monitored every 2-3 days. The tumor growth in 
LysMCre+;CaMKK2+/+ mice was significantly faster than in LysMCre+;CaMKK2fl/fl mice 
(P=0.009).  
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5.3 Conclusions 

In this chapter, we used two different cancer models- multiple myeloma cells 

and breast cancer cells, inoculated into WT and CaMKK2-/- mice, and obtained similar 

tumor suppression pattern to E.G7 cells in CaMKK2-/- mice. The tumor suppression 

pattern of breast cancer progression in LysMCre+;CaMKK2fl/fl mice again confirms that 

CaMKK2 mediates tumor growth by regulating myeloid cells, as with lymphoma model. 

We now could conclude that the impact of CaMKK2 on cancer microenvironment is 

exerted through myeloid cells, and this phenomenon is not cell-line specific, but 

universal for lymphoma, multiple myeloma, and breast cancer. CaMKK2 is a crucial 

immune mediator and potential target in the general cancer immunity. In the next 

chapter, we are going to discuss the use of pharmaceutical inhibitor of CaMKK2 as a 

cancer therapy. 
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6. STO-609 as a Potential Immune-Regulating Treatment for 
Cancers 

6.1 Introduction 

STO-609 is a selective inhibitor for CaMKKs. The efficiency of STO-609 towards 

CaMKK2 is 5-fold higher than that to CaMKK1. In most studies involving CaMKK2 or 

AMPK, STO-609 is often used in vivo or in vitro to suppress CaMKK2-AMPK pathway, 

thus validating the participation of CaMKK2 or AMPK. In cancer studies, STO-609 has 

been tested in prostate cancer, breast cancer, colon cancer, gastric cancer, and hepatic 

cancer for its capability in regulating cancer cell survival and proliferation. Based on the 

reported effect of STO-609 on other cancers and the role of CaMKK2 in regulating tumor 

microenvironment, we here seletected STO-609 as a potential treatment for lymphoma, 

in the hope that it could suppress CaMKK2 thus reshaping the tumor 

microenvironment, and leading to possible tumor suppression. 

6.2 Results 

6.2.1 STO-609 suppresses lymphoma and breast cancer progression 
in vivo 

STO-609 was tested on E.G7 lymphoma model to determine if CaMKK2 

pharmaceutical inhibitor could suppress tumor growth. E.G7 5×105 were injected to 

C57BL/6 mice subcutaneously 10 days before the start of treatment. On Day 0, the mice 

were screened with bioluminescent imaging to confirm tumor implantation, and 

randomized into the STO-609 treatment group and DMSO vehicle control group 
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according to their tumor signals. The mice with tumors were then received peritoneal 

injection of 200µl 20mM STO-609 or DMSO as vehicle control every 2-3 days. Tumor size 

was measured at the same time. As shown in Figure 36, lymphoma growth was 

significantly suppressed after STO-609 (P<0.0001), compared to the ones with vehicle 

control. (Figure 36) The same phenomenon was also observed in C57BL/6 female mice 

injected with E0771 breast cancer cells (Figure 37). In both lymphoma and breast cancer 

models, STO-609 effectively suppressed tumor growth. These results collaborate the 

previous findings in mice with CaMKK2 ablated.  

 

 

Figure 36: Efficacy of STO-609 on E.G7 lymphoma 

C57BL/6 mice injected with E.G7 5×105 were inoculated 10 days before treatment and 
tumor implantation was confirmed by bioluminescent imaging on day 0 of treatment. 
Mice were randomized into DMSO control group (n=9) and STO-609 treatment group 
(n=6). 20mM STO609 or DMSO control were injected i.p. every 2-3 days. Tumor size 
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was monitored. The tumor volumes were significantly different between STO-609 
treatment group and DMSO control group (P<0.0001).  
 

 

 

Figure 37: Efficacy of STO609 on E0771 breast cancer 

E0771 2×105 were injected into the first fat pat on the right side in C57B/6 female mice 7 
days before STO-609 treatment. 20mM STO-609 or DMSO vehicle control were injected 
i.p. every 2-3 days. Tumor size was monitored. The tumor volumes were significantly 
different between STO609 treatment group and DMSO control group (P<0.05). 
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T cells were also significantly higher (P<0.01) in STO-609 treated group when compared 

to the control group (Figure 38). The increased percentage of PD-1+ cells in T cells after 

STO-609 treatment (P<0.01) also indicates that the accumulated T cells were activated 

(Figure 38). These changes suggest that STO-609 changes the tumor microenvironment 

by facilitating the myeloid-cell maturation and increasing the T-cell infiltration.  

 

Figure 38: STO609 treatment reprograms the tumor microenvironment. 

C57B/6 mice with E0771 tumors were treated with STO609 or vehicle every 3-4 days. 
The tumors were digested and the cell component was analyzed by flow cytometry when 
the mice were sacrificed. After STO609 treatment, there was increased percentage of 
CD3+ T cells (P<0.01), CD8+ T cells (P<0.01) and CD4+ T cells (P<0.05) in the STO609 
treated tumors. The percentage of PD1+ T cells (P<0.01) and Ly6C+I-A+ cells (P<0.05) 
were also increased.  
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6.3 Conclusion 

By injecting STO-609, the CaMKK2-selective inhibitor, into the C57BL/6 mice 

with lymphoma or breast cancer, we successfully suppressed the tumor growth as 

hypothesized. The similarity of tumor growing curves between the ones generated from 

CaMKK2 WT and KO mice and the ones from STO-609 treated C57BL/6 mice strongly 

suggests that STO-609 suppressing tumor growths by inhibiting CaMKK2. The analysis 

of STO-609 treated breast tumors component also showed the changes of tumor 

microenvironment with increased T-cell infiltration and better myeloid maturation.  

 Unlike the previous published studies that had mainly focused on the role of 

CaMKK2 pathway inside the tumor cells or the direct effect of STO-609 on tumor cells, 

our study reveled the CaMKK2-mediated regulation of tumor microenvironment. 

CaMKK2 inhibition in tumor microenvironment increases anti-tumor immunity by 

facilitating myeloid cells maturation and T-cell accumulation.  The impact of STO-609 on 

different tumors also reveals its trememdous potential as an immune regulator in future 

cancer treatment. 
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7. Discussion and Future Perspectives 

7.1 Summary of findings 

CaMKK2, as a crucial regulator in calcium-signaling, energy metabolic sensor, 

and inflammation mediator, has been discussed in many publications and briefly 

reviewed in the first chapter of this dissertation. All the previous CaMKK2-related 

studies focus on solid tumors and the role of CaMKK2 as a signaling kinase in malignant 

cells. Considering that CaMKK2 also mediates other cell activities including 

differentiation and inflammation (Racioppi, 2013; Racioppi et al., 2012; Teng et al., 2011), 

we believed that the role of CaMKK2 in cancer progression is underappreciated. In this 

dissertation, we used E.G7 lymphoma cell line in different in vivo and in vitro models 

with CaMKK2 ablation or inhibition to study how CaMKK2 impacts lymphoma 

microenvironment. For the first time we revealed that CaMKK2 facilitates lymphoma 

progression by inhibiting myeloid cells maturation, promoting MDSC generation, and 

suppressing dendritic cell functions, thus reshaping the lymphoma microenvironment. 

There are several crucial findings in our research that advanced the knowledge in this 

field.  

First, instead of mediating tumor cells growth as reported before, CaMKK2 

reshapes the tumor microenvironment. In Chapter 3, we injected E.G7 subcutaneously in 

the flank or intracranially in the brain of the WT and CaMKK2-/- mice. The tumor cells 

were successfully engrafted in both genotypes (Figure 2); however, the progression in 
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the later phase was suppressed in CaMKK2-/- mice. (Figure1, Figure 3) There was no 

difference between the intracranial model and the flank model, indicating that CaMKK2 

does not regulate tumor cells through the expression in parenchymal cells, but through a 

more systemic mechanism, for example, impacting the immune system. This hypothesis 

was confirmed by the lymphoma suppression in LyMCre+;CaMKK2fl/fl mice, a strain that 

CaMKK2 is specifically ablated in the myeloid lineage. (Figure 5) Using anti-CD8 cell 

depletion could reverse tumor suppression in CaMKK2-/- tumor-bearing mice. (Figure 8) 

These findings correlate the previous report of CaMKK2 expression in several immune 

cells including macrophages, and can regulate macrophages activation and induce 

TAMs. (Racioppi et al., 2012) Our results further confirmed that CaMKK2 regulates 

myeloid cell development. CaMKK2 ablation limits MDSC generation in vivo and in vitro 

in the lymphoma microenvironment (Figure 9-14).  We also demonstrated that CaMKK2 

is expressed in splenic DCs and in vitro generated BMDCs (Figure 15-18). Considering 

that DCs are the most important APCs in the myeloid compartment to stimulate T-cell 

function, this information may provide a new aspect to understanding how CaMKK2-

mediated tumor progression. 

Second, in addition to adiopogenesis and granulopoiesis, we proved that 

CaMKK2 also regulates dendritic cell differentiation and maturation through AMPK 

pathway. Compared to WT BMDCs, BMDCs generated from CaMKK2-/- bone marrow in 

the presence of E.G7 supernatant were more maturated by showing higher percentage of 
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I-A+, costimulatory factor expression, and IL-12 secretion when stimulated by T cells or 

LPS. By analyzing the splenic DC subsets from CaMKK2-EGFP mice, we found that 

CaMKK2 promoter was active in the splenic CD11c+ DCs, and the promoter activity was 

developmentally decreased as the DCs matured - while CaMKK2 expression was high in 

DC progenitors, it was dramatically decreased once DCs matured with upregulated I-A 

expression; CaMKK2 reporter activity was very low in conventional DCs and 

plasmacytoid DCs. This information suggests that CaMKK2 is important in regulating 

DC differentiation, but less in regulating the mature DC functions.  

The same phenomenon has also been observed in the previous studies in 

adipogenesis and granulopoiesis. During adipogenesis, CaMKK2 is expressed in 

preadipocytes but not in mature adipocytes. CaMKK2 ablation or inhibition in 

preadipocytes enhances th differentiation of preadipocytes into mature adipocytes by 

reducing preadipocyte factor 1 and Sox9, thus increases the expression of C/EBPβ and 

C/EBPδ, and resulting in accelerated adipogenesis. AMPK is the downstream signaling 

pathway in this regulation. (Lin et al., 2011) Similar to adiposity regulation, CaMKK2 

expression is high in hematopoietic stem cells and myeloid progenitors, but gradually 

decreases and eventually becomes undetectable as granulocytes differentiate and 

mature. CaMKK2 ablation results in increased CMP number and accelerated 

granulopoietic phenotype in the marrow.  In bone marrow transplantation and in vitro 

induction, CaMKK2-/- progenitors have the intrinsic tendency for granulocytic fate 
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commitment and differentiation. Although C/EBPα and PU.1 expressions are elevated in 

CaMKK2-/- myeloid progenitors, the inhibitory effect of CaMKK2 in granulocytic 

differentiation is independent of the conventional targets including AMPK, CaMKI, and 

CaMKIV. (Teng et al., 2011) Our finding of CaMKK2 expression in splenic DCs 

correlates the CaMKK2 expression with the changes in both adipogensis and 

granulopoiesis. This piece of data further supports that CaMKK2 mediates cell lineage 

commitment, differentiation, and maturation. And this phenomenon is likely to be 

universal instead of being limited to specific cell types.  

Furthermore, we found that the AMPK phosphorylation was significantly lower 

in CaMKK2-/- BMDCs. Along with the decreased in phosphor-AMPK, the 

phosphorylation of AMPK’s downstream targets such as ACC and S6 were also 

changed. Unlike ACC that is directly phosphorylated by AMPK, S6 phosphorylation is a 

marker for mTORC1 activity and therefore is an indirect downstream target of AMPK. 

These changes implicates that CaMKK2 ablation inhibits AMPK phosphorylation and 

enhances mTOR activity, which may change the metabolism status inside the BMDCs.  

Third, CaMKK2-mediated tumor suppression may be universal. To eliminate the 

possibility of the E.G7 cells in CaMKK2-/- mice were eradicated as a cell-line specific 

incidence, we used Vk*Myc myeloma cells and E0771 breast cancer cells as additional 

cancer models. Similar to the E.G7 cells, both myeloma cells and breast cancer cells were 

suppressed in the CaMKK2-/- mice, indicating that the CaMKK2-mediated tumor 
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suppression is universal in different cancers. STO-609, the pharmacological inhibitor of 

CaMKK2, also efficiently suppressed E.G7 and E0771 tumor progression. In addition, 

STO-609 altered the microenvironment of E0771 tumor by attracting more T cells into 

the tumor and increasing the percentages of I-A+ cells in the Ly6C+ compartment. These 

findings provide evidence for STO-609 to become a potential immune regulator in 

cancer treatment. 

7.2 Potential applications and future perspectives. 

7.2.1 Inhibiting CaMKK2 can inhibit AMPK specifically in myeloid 
cells 

AMPK activation has been reported to inhibit DC maturation. The metabolic 

transition from oxidative phosphorylation (OXPHOS) to aerobic glycolysis is essential 

for TLR-mediated DC activation and maturation. PI3K/Akt signaling mediates the 

metabolic switch, while AMPK and IL-10 can inhibit it. (Krawczyk et al., 2010) AMPK 

phosphorylation diminishes rapidly as DCs exposed to LPS. Using shRNA to reduce 

AMPK level promotes LPS-induced DC activation and increased the expression of IL-

12p40 and CD86, while activating AMPK with AICAR inhibites the expression of LPS-

mediated IL-12p40. IL-10 can interfere with the glycolysis and suppress the DC 

activation. Carroll et al. later used AMPKα1-deficient mice to show that AMPKα1-

deficient macrophages and DCs are more potent in stimulating an inflammatory 

response and enhance the capacity for antigen presentation to promote Th1 and Th17 

responses. (Carroll, Viollet, & Suttles, 2013) In response to TLR and CD40 stimulation, 
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AMPKα1-deficient macrophges and DCs have higher levels of proinflammatory 

cytokines and decreased production of IL-10. These results indicate that AMPK 

activation inhibits TLR-mediated DC activation and maturation. In CaMKK2-/- BMDCs, 

AMPK activation is inhibited due to the reduced phosphorylation, which may directly 

contribute to TLR-dependent DC activation and maturation.  

The downstream targets of AMPK are also involved in DCs maturation. The 

mammalian target of rapamycin (mTOR) is usually activated by RAS/PI3K/Akt pathway 

to regulate cell survival and proliferation. AMPK activation can inhibit mTOR complex 1 

(mTORC1) by inhibiting its upstream kinase, the tuberous sclerosis complex (TSC), thus 

reduces the phosphorylation of mTOR downstream targets including S6K1 and 4E-BP1. 

mTOR has been reported as a necessity for maturation of GM-CSF/IL-4 induced BMDCs. 

Rapamycin, a mTOR inhibitor, can interurupt this maturation process. The upregulation 

of MHC and costimulatory molecules are suppressed in BMDCs when cultured in the 

presence of rapamycin. (Hackstein et al., 2003. Taner, 2005 #1211) Furthermore, 

rapamycin-matured DCs fail to promote T-cell activation; instead, they induce T-cell 

tolerance and promote the Foxp3+ Treg generation. (Turnquist et al., 2007) In our 

experiment, although the direct effect of mTOR using rapamycin inhibition is not tested, 

the increased S6 phosphorylation suggests an increased activity of mTOR in CaMKK2-/- 

BMDCs. Other findings in our study in DC maturation and functions in CaMKK2-/- 

BMDCs are also supported by the aforementioned publications. 
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Acetyl-CoA Ccarboxylase-1 (ACC1) is a direct downstream target of AMPK that 

controls lipogenesis. There is increasing evidence to show that lipid production and 

consumption are critical in DC biology. Inhibiting lipid-body assembly or preventing 

triacylglycerol (TAG) accumulation abrogates the MHCI cross-presenting capability of 

the DCs. (Bougneres et al., 2009) Rehman et al. later showed that blockading fatty-acid 

synthesis increases DC capacity to secrete selective proinflammatory cytokines including 

IL-12 and MCP-1, and better induced CTL responses in T cells and NK cells. (Rehman et 

al., 2013) By analyzing the DCs from mouse models as well as cancer patients with 

lymphoma, colon, and breast cancers, Herber et al. found that the lipid level, especially 

TAG level, was elevated in DCs. (Herber et al., 2010) Using ACC1 inhibitor to normalize 

its expression in DCs can restore the functional activity of lipid-laden DCs, and enhance 

their potency when used as a cancer vaccine. ACC1 phosphorylation is decreased in 

CaMKK2-/- BMDCs. This result implicates an inhibited state of lipid synthesis, although 

further supportive data will be needed. 

The inhibitory role of AMPK in regulating immune cell maturation and function 

provides a new target for potential immune therapy. However, the role of AMPK in 

regulating cancers is controversial. As an important downstream target of LKB1, a 

crucial tumor suppressor, AMPK activation can inhibit tumor cell progression by 

limiting glycolysis and reversing the Warburg effect. (Evans, Donnelly, Emslie-Smith, 

Alessi, & Morris, 2005; Faubert et al., 2013; Faubert, Vincent, Poffenberger, & Jones, 2015; 
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Hardie, 2015; Liang & Mills, 2013) Moreover, AMPK is a ubiquitous and crucial enzyme 

in the physiological states for most of the cells, especially in several vital organs such as 

liver, hearts, and muscles. It is impossible to directly target AMPK body-wide and 

reverses its function specifically in the immune cells. Although further studies are 

needed to verify the role of AMPK in CaMKK2 deficient cells, our study for the first time 

reveals a possibility to target AMPK specifically in myeloid cells to augment the 

immune response, but not affecting its normal function in other tissues.   

7.2.2 Inhibition of CaMKK2 decreases MDSC generation and function 
in lymphoma 

MDSCs are a collection of immature cells originataed from the myeloid 

compartment that accumulate in the body under certain pathological conditions. These 

immature myeloid cells have decreased expression of MHC-II and costimulatory factors, 

thus lack of the capability to activate T cells but induce Treg cells. In mice, MDSCs are 

generally described as CD11b+Gr-1+ cells. Based on the Gr-1 isoforms, MDSCs are 

further categorized into Gr-1int Mo-MDSCs and Gr-1high PMN-MDSCs. While PMN-

MDSCs are highly dependent on arginase 1 (ARG1) myeloperoxidase to produce 

reactive oxygen species (ROS), Mo-MDSC can also up-regulate inducible nitric oxide 

synthase (iNOS) to generate NO. Both ARG1 and iNOS can produce peroxynitrites. The 

excessive ROS and peroxynitrite produced by MDSC can lead to T-cell 

unresponsiveness, causing inflammation, and inducing TAMs generation. (Gabrilovich 

& Nagaraj, 2009; Talmadge & Gabrilovich, 2013) 
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In lymphoma, the accumulation of MDSCs has been noted. Among different 

cancer cell lines, the supernatant from EL4 murine lymphoma cells is the strongest 

inducer for MDSC in vitro. (Youn et al., 2008) Inoculating mice with EL4 cells also 

induces significant MDSC accumulation. (Youn et al., 2008) In the A20 B-cell lymphoma 

mice model, MDSCs serves as the tolerogenic APCs and induces Treg. (Serafini et al., 

2008) Romano et al. reported that in Hodgkin Lymphoma patients, all circulating MDSC 

subsets are increased. (Romano et al., 2015) Sato et al. observed similar result in non-

Hodgkin lymphoma, in which the increased MDSCs were inversely correlated with the 

number of NK cells. In diffuse B-cell lymphoma (DLBCL) patients, increased level of M-

MDSCs has also been noted and has been associated with poor prognosis. (Tadmor et 

al., 2013) Wu et al. later support this result based on their study with an independent 

DLBCL patient cohort (C. Wu et al., 2015), and Zhang et al. also observed the same trend 

in extranodal NK/T cell lymphoma patients (H. Zhang et al., 2015). Recently, Zhang et al. 

reported that the CD14+HLA-DRlow/neg monocytes in lymphoma patients cross-talked 

with lymphoma cells through Hsp27, and subsequently induced chemotherapy 

resistance. (Z. J. Zhang et al., 2015) All these findings point to the crucial role of MDSCs 

in lymphoma, and targeting MDSCs could be a potential treatment option for the 

disease. 

Therapeutic targeting of MDSCs includes at least four aspects: 1) promoting 

myeloid-cell differentiation using all-trans retinoic acid (ATRA); 2) inhibiting MDSC 
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expansion by neutralizing tumor-derived factors; 3) inhibiting MDSC function by 

blocking COX2 to intervene the signaling pathways for suppressive factors production; 

4) eliminating MDSCs using chemotherapy such as gemcitabine. (Gabrilovich & 

Nagaraj, 2009)  

In our previous discussion, we already illustrated that CaMKK2 is an intrinsic 

inhibitor for granulocytosis and myeloid cell differentiation in cancer. CaMKK2-/-mice 

inoculated with E.G7 cells had fewer MDSCs accumulation compared to WT mice. In in 

vitro culture with E.G7 supernatant, CaMKK2-/- marrow cells and KSL cells also showed 

higher percentage of I-A+. These evidences indicate that inhibiting CaMKK2 can reduce 

MDSC generation and accumulation in cancer environment.  

AMPK phosphorylation was significantly decreased in CaMKK2-/- BMDCs, 

indicating that AMPK activity could be regulated by CaMKK2 in BMDCs, and is more 

likely in MDSC as well. Similar to dendritic cells, the activation of MDSCs requires high 

central carbon metabolism activity including glycolysis, glutaminolysis and TCA cycle 

activity. AMPK is the key enzyme for this metabolic transition. The immunosuppressive 

activity of MDSCs mainly depends on inducible nitric oxide synthase (iNOS) and 

arginase 1 (ARG1). These two enzymes can convert L-arginine (L-Arg) to nitric oxide 

(NO) or L-ornithine, resulting in the accumulation of NO derivatives to inhibit T-cell 

immunity. Hammani et al (Hammami et al., 2012) reported that AMPK phosphorylation 

was increased during MDSC maturation along with the increased L-Arg metabolic 
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enzymes activity, and inhibiting AMPK by its inhibitor Compound C resulted in the 

inhibition of L-Arg metabolizing enzymes activity, thus abolishing MDSCs 

immunosuppression. This for the first time provided the evidence for the directly 

regulation of MDSC immunosuppressive activity by AMPK. Besides glycolysis, AMPK 

also enhances fatty acid uptake and oxidation. (O'Neill, Holloway, & Steinberg, 2013) 

Hossain et al. reported that fatty acid uptake and activated fatty acid oxidation were 

increased in tumor-infiltrated MDSCs. Recently, Wu et al. reported that blocking mTOR, 

a downstream target inhibited by AMPK, interrupts the differentiation and 

immunosuppressive function of M-MDSC in both allogeneic skin grafting model and 

cancer model. Inhibiting mTOR with rapamycin dramatically reduces iNOs and Arg-1 

expression in M-MDSCs, and also significantly blocks the glycolytic pathway during M-

MDSC induction. Using Metformin, an AMPK activator, on the contrary, can rescue the 

inhibitory effect of rapamycin on M-MDSC differentiation, and significantly improved 

iNOS expression and immunosuppressive function. (T. Wu et al., 2016) All these data 

support that AMPK-mTOR pathway is an intrinsic factor essential for M-MDSC 

differentiation and function.  

Furthermore, tumor-derived lactic acid, a byproduct of glycolysis, has been 

reported to induce M2 tumor-associated macrophages and MDSC. (Colegio et al., 2014; 

Husain, Huang, Seth, & Sukhatme, 2013) It is well accepted that AMPK promotes 

macrophage polarization to an anti-inflammatory functional phenotype and increases 
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the secretion of IL-6, IL-10, TNF-α. (Sag et al., 2008) These anti-inflammatory cytokines 

were crucial in inducing MDSC generation and activation. Thus, inhibiting AMPK in 

macrophages can reverse the anti-inflammatory state, depriving the MDSCs from the 

necessary cytokines, and thus reducing MDSC generation. Based on all the evidence 

stated above, we are convinced that AMPK is a crucial element in MDSC generation and 

function. In CaMKK2-/- mice, the inhibition of AMPK in myeloid cells may be strongly 

relevant to the decreased generation of MDSC. 

In conclusion, targeting CaMKK2 is a new potential strategy to control MDSC 

generation and function in tumor microenvironment. 

7.2.3 Inhibition of CaMKK2 provides a potential way to enhance DC 
vaccine efficacy in lymphoma by promoting DCs maturation and 
function 

In lymphoma, the role of dendritic cells in regulating tumor progression has been 

noted for a long time. In cutaneous T-cell lymphoma (CTCL), immature DCs have been 

reported to be essential in sustaining the CTCL survival, proliferation, and malignancy 

in vitro.(C. L. Berger et al., 2002(Edelson, 2001 #1166) Maturing these DCs in the culture 

system through the activation of TCR or CD40 on DCs enhanced mixed lymphocyte 

culture stimulation, and eventually leaded to apoptotic tumor cell death. To sustain the 

survival and immature status of the DCs, CTCL secretes IL-10 to prevent DC 

maturation. At the same time, the immature DCs can phagocytose the apoptotic cancer 

cells and present in the class II complexes as an antigen, to drive the mutated CD4 
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malignant colony to proliferation. This balance will be destroyed once the DCs are 

matured.  In a recent study, Schlapbach et al. found a significant increase of all DC 

subsets from different DC origins in the lesion of human patient CTCL samples. 

(Schlapbach et al., 2010) While various types of DCs are found to be located in close 

proximity to tumor cells, the interstitial DCs with immature markers have been shown 

to be in contact with FoxP3+CD25+ Tregs. In light of the important role of DCs in 

lymphoma, different methods have been used to boost DC functions, leading to the 

development of DC vaccine therapy in lymphoma. Hsu et al. pulsed autologous DCs ex 

vivo with tumor-specific idiotype protein, and transfused them into 4 patients with 

follicular B-cell lymphomas as a vaccine therapy. (F. J. Hsu et al., 1996) Anti-tumor 

cellular immune responses were observed in all patients, and the clinical outcomes of 

the patients were encouraging. In 2002, the same group from Stanford University 

reported another clinical trial with 35 patients treated with the same approach, and 

concluded that Id-pulsed DC vaccination can induce T-cell responses and durable tumor 

regression. (Timmerman et al., 2002) In a recent pilot study of three previously treated 

patients with adult T cell leukemia/lymphoma, Suehiro et al. also reported that Tax 

peptide-pulsed DC vaccine can increase tumor-specific cytotoxic T lymphocyte response 

without severe adverse events, and confirmed that Tax peptide-pulse DC vaccine is a 

safe and promising immunotherapy for ATL. (Suehiro et al., 2015)  Instead of peptide-

pulsed DC vaccines, Gatza et al. used DC pulsed with tumor cell lysate from C6VL, a 
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murine T-cell lymphoma line to immune mice and then challenged the mice with C6VL 

lymphoma. (Gatza & Okada, 2002) They found that the C6VL lysate-pulsed DCs 

stimulate tumor-specific cellular response, provide a more efficient vaccination against 

tumor compared to DC vaccine pulsed with tumor idiotype protein, and are therapeutic 

in tumor-bearing mice. One year later, intranodal injection of autologous tumor-lysate-

pulsed dendritic cells was reported in 8 CTCL patients. (Maier et al., 2003) All the 

patients developed tumor-specific delayed-type hypersensitivity reaction, and most 

reached objective clinical response. Intranodal injection of autologous tumor-lysate-

pulsed DCs is considered well-tolerated and immunologically effective in CTCL 

patients. In a recent report, Hira et al. found a significantly increased vaccine efficacy in 

lymphoma-bearing mice by using the combination therapy of recombinant IL-15 (rIL-15) 

and DCs pre-activated with recombinant IL-15 (rIL-15), and then pulsed with whole 

tumor cell lysates. As of March 2016, the search of “cancer vaccines” at 

http://clinicaltrials.gov yields 1,743 results, in which 378 studies are about “dendritic cell 

vaccine”, including 102 studies related to hematopoietic malignancies. It is well accepted 

that facilitating DC maturation by vaccine adjuvants or DC activators such as CD40 

agonists is the key of success to establishing immunity rather than tolerance. (Palucka & 

Banchereau, 2013)  

Among the cytokines secreted by mature DCs, IL-12 is an absolute requirement 

for TLR signaling. IL-12 secreted by DCs or macrophages is essential to induce CD4+ 
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naïve cells towards the T helper 1 (TH1) phenotype for the secretion of IFN-γ. (Hsieh et 

al., 1993; Macatonia et al., 1995) Newly activated CD4+ T cells can amplify but not 

initiate this effect. (Ardavin et al., 2004) IL-12 secretion in DCs is triggered by the 

independent ligation of either CD40 or MHC II molecules, and inhibited by IL-4 and IL-

10. (Koch et al., 1996; Manetti et al., 1993) When studying the role of T-bet in mediating 

TH1 cell commitment, Mullen et al. discovered that IL-12/STAT4 not only serves as a 

growth signal to induce TH1 survival and proliferation, but is as a trans-activator to 

prolong IFN-γ synthesis through interacting with CREB-binding protein, an IFN-γ gene 

coactivator.(Mullen et al., 2001) As early as in 1999, Melero et al. reported that injecting 

DCs with IL-12 producing adenoviral transfection into mouse tumor nodules induced 

by colon cancer cell line could successfully eradicate 50-100% well-established tumor 

malignancies. (Melero et al., 1999) This finding was later confirmed in other animal 

models and clinical trials (Carreno et al., 2013; Gollob et al., 2000; Lasek, Zagozdzon, & 

Jakobisiak, 2014; Mortarini et al., 2000; Portielje et al., 1999; Tugues et al., 2015; S. N. 

Zhang et al., 2011) More clinical trials with IL-12 therapy in various solid tumors are on 

going. Promoting DC maturation to increase IL-12 secretion may provide a new way to 

augment the efficacy of DC vaccination.  

In our study, CaMKK2-/- dendritic cells, including in BMDCs and splenic DCs, 

showed better maturation and T-cell stimulation functions. When stimulating BMDCs 

with LPS to activate TLR signaling, we observed a significant increase in the secretion of 
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most chemokines and cytokines in CaMKK2-/- cells. IL-12 and IL-15, the two important 

cytokines that stimulate T-cell activation and expansion, were significantly elevated; 

while IL-4 and IL-10, the two inhibitory factors for TH1 differentiation and IL-12 

secretion, remained stable. Considering CaMKK2-/- BMDCs have higher MHCII and 

CD40 expression, it is not surprising that when cocultured with T cells, CaMKK2-/- 

BMDCs yielded higher IL-12 secretion, better induced IFN-γ from T cells, and better 

stimulated T-cell activation and proliferation.  

Our results suggest that inhibiting CaMKK2 in lymphoma environment can be a 

new strategy to induce DC maturation and enhance DC functions, thus augmenting the 

DC vaccine efficacy.  

7.2.3 STO-609 is a potential immune therapy for cancers 

STO-609, the pharmacological inhibitor of CaMKK2 has been used in different 

cancer models including prostate cancer, liver cancer, gastric cancer, and breast cancer. 

STO-609 inhibits cancer cell proliferation and progression by blocking CaMKK2 thus 

interfering the phosphorylation of the downstream signaling including CaMKI and 

AMPK. In all these models, STO-609 has been proven to successfully control tumor 

growth in vitro and in vivo.  

In our research, we further demonstrate that STO-609 is an efficient therapy to 

suppress E.G7 lymphoma and E0771 breast cancer by changing the tumor environment. 

In the previous sections, we already discussed the rationale for inhibiting CaMKK2 as a 
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cancer therapy to decrease MDSC accumulation and function, increase DC maturation 

and function to improve T-cell anti-tumor function. According to our previous 

publications and the data from www.immgen.org, outside of the brain, CaMKK2 

expression is highly restricted to certain immune cells, hematopoietic progenitors. This 

fact provides a possibility to specifically target AMPK in the myeloid cells to enhance 

APC functions, while not interfering the physiological function of AMPK in other tissue 

and organs.  

Intriguingly, when analyzing the breast cancer component, we found more T 

cells, especially CD8 T cells, accumulated in the tumor tissues in the STO-609 treated 

mice. However, in these T cells, the percentage of Program Death 1 (PD-1) positive was 

also elevated. PD-1 was first discovered in activated T and B lymphocytes and 

considered as lymphocyte activation marker. It was later recognized to inhibit T-cell 

function and induce T-cell exhaustion. (Agata et al., 1996; Goldberg et al., 2007; Ishida, 

Agata, Shibahara, & Honjo, 1992) Monoclonal antibodies targeting PD-1 and its ligand 

PD-L1 have been proven efficientive in controlling cancer growth in multiple clinical 

trials. The presence of tumor-infiltrating lymphocytes (TIL) in breast cancer specimens 

has been shown to be an important marker for better prognosis in breast cancer. (Adams 

et al., 2014; Liedtke et al., 2008; Loi et al., 2014) TIL recruitment is suppressed by the Ras-

MAPK pathway. Recently, Loi et al. reported that it was more efficient to combine anti-

PD-1/PD-L1 immunotherapy with Ras-MAPK pathway inhibitor in the triple-negative 



 

127 

breast cancer (TNBC) mouse models. In our model, STO-609 successfully changed the 

tumor microenvironment and recruited more lymphocytes to the lesion. The increased 

T-cell infiltration with higher percentage of PD-1 indicates the possibility for a new 

combined immunotherapy using STO-609 with the immune checkpoint blockade such 

as anti-CTLA-4 antibody or anti-PD-1/PD-L1 antibody.  

In conclusion, using STO-609 to inhibit CaMKK2 can provide a new therapeutic 

alternative that covers multiple mechanisms to impact tumor microenvironment and 

inhibit tumor progression.  

7.3 Conclusion 

Using E.G7 as a lymphoma model, our study successfully reveals that CaMKK2 

regulates lymphoma progression by inhibiting dendritic cell maturation and inducing 

MDSCs. Inhibition of CaMKK2 can facilitate DC differentiation and maturation, reduce 

MDSC accumulation, thus reshape the lymphoma microenvironment. The use of STO-

609 could inhibit CaMKK2 and therefore provides a new potential strategy for 

lymphoma immune therapy.    
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