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Abstract 

 

The diacylglycerol kinases (DGKs) are a family of lipid kinases whose primary 

function is the conversion of diacylglycerol (DAG) to phosphatidic acid (PA). There has 

been mounting evidence indicating that DGK enzymes are implicated in other physiologic 

processes, ranging from immune cell regulation to cancer progression. DGKα in particular 

is a known promoter of T-cell anergy, and has been demonstrated as a promising 

therapeutic target in multiple cancers including glioblastoma (GBM) and melanoma. Prior 

to these following studies, the only significant phenotype observed in DGKα knockout 

(KO) mice has been enhanced T-cell activity. Herein we reveal a novel, macrophage-

specific, immune-regulatory function of DGKα. In bone marrow-derived macrophages 

(BMDMs) cultured from wild-type (WT) and KO mice, we observed increased 

responsiveness of KO macrophages to activating stimuli. Knockdown (KD) of Dgka in a 

murine macrophage cell line resulted in similar increased responsiveness. Demonstrating 

in vivo relevance, we observed significantly smaller wounds in Dgka-/- mice with full-

thickness cutaneous burns, a complex wound healing process in which macrophages play 

a key role. The burned area also had increased numbers of macrophages. In a cortical stab 

wound model, Dgka-/- brains show increased Iba1+ cell numbers at the needle track versus 

that in WT brains.  

Targeting DGKα in order to stimulate T-cell function or to combat its tumorigenic 

effects in cancer is feasible due to the existence of several small-molecule inhibitors. 

R59949 and R59022 are tool compounds which limit the DGKα conversion of DAG to PA. 

The compound ritanserin was originally implicated clinically as a serotonin receptor 

antagonist used for the treatment of schizophrenia and has been used in clinical trial 
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settings with no demonstrated adverse effects. Likely due to ritanserin’s structural 

similarity to R59949 and R59022, it is also capable of inhibiting DGKα, with the added 

benefits of safety and being clinically actionable. In the following studies, we have 

identified several additional and potentially clinically relevant small molecule compounds 

from a library of ritanserin analogs which are more potent and specific for DGKα than 

those identified previously. Effective targeting of DGKα has promising therapeutic 

implications, and our newly identified immune regulatory role of DGKα is further support 

for the appeal of developing these compounds. Taken together, these studies present a 

novel immune-regulatory function of DGKα in macrophages with potential implications 

for wound healing, cancer therapy, and other settings, and the identification of inhibitory 

compounds to translate these findings therapeutically. 
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Overview of diacylglycerol kinases 

The diacylglycerol kinase (DGK) family of lipid kinases is responsible for the 

conversion of diacylglycerol (DAG) to phosphatidic acid (PA). Both DAG and PA are lipid 

signaling molecules with key roles in regulating numerous critical enzymes and in 

recruitment of cytosolic proteins to the cell membrane. DAG is largely responsible for the 

activation of protein kinase C (PKC), which itself regulates a wide range of cellular 

processes that include proliferation, cell survival, and migration (1). Of the three 

subfamilies of PKC enzymes, the conventional (cPKC) and novel (nPKC) PKCs require 

DAG for activation (2). PKCs are important cytoplasmic signal transducers and are 

involved in regulating signaling pathways in both the innate and adaptive immune systems 

through Toll-like receptor (TLR), T-cell receptor (TCR) and B-cell receptor (BCR) 

signaling (3). In addition to mediating immune responses, PKCs also regulate gene 

transcription, and may lead to the increased expression of oncogenes and promote cell 

dysregulation. However, they are generally considered tumor-suppressive due to the loss-

of-function mutations and low PKC protein levels found in cancer (4). PA is an important 

regulator of cytosolic proteins, recruiting them to their appropriate membranes—as with 

sphingosine kinase 1—and can regulate processes such as cell proliferation through 

binding of the FKBP12-rapamycin binding region of mTOR (5). As membrane-bound 

lipids, DAG and PA also affect membrane structure and curvature. Due to the presence of 

two acyl chains connected to a smaller headgroup, these lipids promote a negative 

membrane curvature, which can induce or enhance membrane fusion (6–8). The processes 

of bilayer fission and fusion have hugely important roles, as they are the mechanisms by 

which many eukaryotic functions are carried out, including lipid transport, oocyte 



3 
 

fertilization, and the formation of phagosomes in macrophages and other phagocytic cells. 

As the molecular switches responsible for maintaining the balance of both of these 

important second messengers, the importance of proper DGK regulation is evident. 

The majority of signaling DAG is made by the hydrolysis of phosphatidylinositol 

4,5-bisphosphate (PIP2) by phospholipase C (PLC), with an inositol triphosphate co-

product (9). PA is made by phospholipase D (PLD) hydrolysis of PC, producing PA and 

choline. DAG and PA are interconvertible in that, much like DGK enzymes convert DAG 

to PA, phosphatidic acid phosphatases (PAPs) convert PA to DAG. Despite this ability, 

DAG and PA do not act in the same pathways. This is exemplified in the observation of 

differential downstream products following unidirectional targeting. The addition of PLD 

to synaptosomal plasma membranes resulted in the production of [32P]-labeled PA and 

[32P]-labeled phosphoinositides. When the DGKα inhibitor R59949 was incubated with 

PLD, the [32P]-labeled PA product was eliminated, but not phosphoinositides (10).  

 

Mammalian DGK isoforms 

There are ten known isoforms of mammalian DGK. They are grouped into five 

subfamilies based on common structural elements (Figure 1.1). All DGKs possess a 

catalytic domain and at least two cysteine-rich C1 domains. These N-terminal C1 domains 

are DAG binding sites, much like the C1 domains present in PKC enzymes (9). While C1 

motifs were previously considered to be DNA-binding regions due to their resemblance 

with the DNA-binding regions of transcription factors, this is not the case. Instead, they 

are protein binding sites and their role in promoting anchoring or activation is yet to be 

determined (11). Differences between the different DGK subtypes begin with the 
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distinction that only type I DGKs are found to have EF hand motifs. These calcium-binding 

motifs make DGKα, β, and γ more active in the presence of calcium. Evidence suggests 

that this is due to conformational changes resulting from calcium binding which allow for 

membrane association and enzyme activation (12). Type II DGKs are unique in that they 

contain a pleckstrin homology (PH) domain, although these binding sites do not 

significantly impact enzyme activity. While type III DGKε doesn’t have a unique 

identifying motif outside of its C1 and catalytic domains, type IV DGKs ζ and ι possess a 

nuclear localization signal (NLS) which is a substrate for cPKCs. They also contain ankyrin 

repeats and a PDZ binding motif at the C-terminus that are likely sites for protein-protein 

interactions. The type V DGKθ is the only DGK with a third C1 domain and a PH domain 

with an embedded Ras-association domain (9). The unique features present in each type of 

DGK suggest their each having specific functional niches beyond the shared conversion of 

DAG to PA. 

This enzyme family is not only diverse in structure, but in subcellular and organ 

localization as well. While DGKs α and ζ are among the most commonly expressed 

isoforms, most tissues express several DGK family members—with some demonstrating 

particular importance to specific tissues. For example, DGKβ is expressed predominantly 

in the nerves and the brain, despite being expressed at overall lower levels compared to 

other isoforms (13). When multiple DGKs are expressed within a tissue, they are generally 

from different subtypes, suggesting that each DGK subtype is responsible for a unique 

biological function. Also, the type I DGKs, the only Ca2+-dependent isoforms, may have 

particular relevance in physiological contexts where calcium levels are elevated.  
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Figure 1.1. Structure of DGK family isoenzymes. Schematic diagram of 10 mammalian 

DGK enzymes divided into five subtypes. All mammalian DGKs have at least two 

cysteine-rich C1 domains and a catalytic domain. Type I DGKs, including DGKα, are the 

only isotypes to possess EF hand motifs, making them more active in the presence of 

calcium. Adapted from figure by Y. Shulga et al (9). 
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In unstimulated cells, most DGKs exist in the cytosol, translocating to relevant 

membranes upon activation. The unique motifs of the DGK subtypes allow these isoforms 

to be recruited to specific subcellular regions. The NLS of type IV DGKs result in their 

frequent translocation to nuclear membranes. The MARCKS domain also present within 

this subtype provides a PLC-dependent membrane-targeting. An N-terminal hydrophobic 

domain in DGKε is responsible for this isoform’s endoplasmic reticulum (ER) localization. 

DGKγ is mainly colocalized with the Golgi, while DGKβ colocalizes with actin filaments, 

and DGKs α, ζ, and ι are known to shuttle in and out of the nucleus (9,14). Most DGKs are 

at least partly localized at the plasma membrane following agonist stimulation, as when 

DGKα is translocated following engagement of the T-cell receptor or Src activation 

(15,16). 

 

DGKα 

Of the ten DGK enzymes, DGKα has received a fair amount of attention in recent 

years as a result of its roles in immune regulation and the cytotoxic efficacy of DGKα 

inhibition in multiple cancers (Figure 1.2). Our lab has previously demonstrated the role of 

DGKα as a potential therapeutic target in melanoma and glioblastoma (GBM), while others 

have shown correlations with poor outcomes in diseases such as ovarian and gastric cancer 

(17,18). Our lab demonstrated the cytotoxic effect of DGKα inhibition through multiple 

targeting strategies, from small molecule and small interfering RNA (siRNA) inhibition  

(19), to microRNA (miRNA) inhibition with miR-297 (20), Promotion of tumor growth 

was also demonstrated; in the U87 and U251 GBM cell lines, overexpression of DGKα 

resulted in increased cell proliferation in vitro (19). The same was also true for the A375 
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human melanoma line, which when injected subcutaneously in nude mice presented with 

smaller tumor sizes in those mice treated with the DGKα inhibitor R59022.  There are few 

small molecule inhibitors known to have great potency or specificity for DGKα. R59022 

and R59949 have demonstrated and selective inhibition against DGKα and are structurally 

similar (21). Our lab identified the drug ritanserin, which had been tested in multiple 

clinical trials as a serotonin (5-HT) receptor antagonist, as a potential DGKα inhibitor due 

to its structural similarity to those previously mentioned. We were able to show that the 

typically treatment-resistant mesenchymal GBM subtype is particularly susceptible to 

ritanserin-induced DGKα inhibition in vitro and in vivo (22). 

The importance of DGKα has been demonstrated in numerous cancers, and it has 

been shown in this context to function through key oncogenic pathways. In hepatocellular 

carcinoma (HCC), disease progression was shown to be enhanced by DGKα through 

activation of the Ras-Raf-MEK-ERK pathway (23). Knockdown of DGKα in HCC impairs 

MEK and ERK phosphorylation, and as has been observed in several other cancers, results 

in reduced tumor cell proliferation and invasion. In MDA-MB-231 breast cancer cells, the 

c-Met ligand HGF was found to induce DGKα activation and promote cell invasion and 

anchorage-independent growth (24). Furthermore, human melanoma cells are able to evade 

TNFα-induced apoptosis through DGKα activation of NF-κB (25). Given this, as well as 

what we know about the role it plays in immune regulation, DGKα has demonstrated 

potential as a therapeutic target in cancer. 
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Figure 1.2. DGKα regulation and activity. Depiction of DGKα activation and function 

within the cell. Conversion of DAG to PA influences numerous oncogenic pathways, while 

small-molecule inhibition of DGKα blocks this conversion and promotes downstream 

activation of PKC, NF-κB, and influences cellular processes including proliferation, 

survival and migration. Adapted from figure by B. Purow (16). 
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DGKα-mediated immune regulation  

Another important function of DGKα is its role in the promotion of T-cell anergy, 

a process in which T-cells are rendered unresponsive. In vivo, anergy induction is impaired 

in DGKα-deficient mice (26,27), and DGKα-deficient T-cells demonstrate increased DAG-

dependent T-cell receptor signaling. DGKα, along with the Type IV DGKζ, are the 

abundant DGK isoforms in T-cells (28) and have both been identified as immune 

checkpoints in cancer. More recently, DGKα has also been linked to T-cell exhaustion, a 

distinct process in which T-cells become more inert after excessive receptor stimulation 

(29). DGKα overexpression is associated with defective translocation of RasGRP1 to the 

plasma membrane in T cells (30). The RasGRP/ERK pathway, which is mediated by DAG, 

is crucial in regulating T-cell development, homeostasis, and differentiation, and DGKα 

and ζ limit the activation of the PLCγ/Ras/ERK axis (28,31), In vitro, overexpression of 

DGKα and DGKζ resulted in decreased expression of the T-cell activation marker CD69 

following T-cell receptor (TCR) complex signaling (32). Inhibition of DGKα has also been 

proposed as an approach for improving chimeric antigen receptor-modified T (CAR-T) cell 

therapy performance (33), and in addition DGKα inhibition has been found to synergize 

with anti-PD1 checkpoint inhibition in a mouse cancer model (29). 

While immune cell regulation by DGKα has been predominantly limited to T-cell 

activation, there has also been evidence of potential regulation of NK cells. DGKα-

mediated dampening of the ERK pathway, resulting in NK cell dysfunction, has been 

identified as an important immune escape mechanism in renal cell carcinoma (RCC) (34). 

Despite these key roles in T-cells and possibly NK cells, a role for DGKα in myeloid cells 

has not yet been tested; the relevance of DGKα in macrophage activation is thus a novel 
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area for investigation. DGKα regulation of macrophages could have many implications in 

areas such as wound healing, immunotherapy, and more. This dissertation provides the first 

assessment of a role for DGKα in macrophage activation. 

 

Macrophage function and activation 

Macrophages are prominent effector cells of the innate immune system with 

broadly ranging functions. From tissue-resident macrophages to tumor-associated 

macrophages (TAM), the responsiveness of these cells as well as their effects in different 

pathologies varies. The ontogeny of tissue-resident macrophages is an area which 

highlights the diversity of macrophage development and function. It had until recent years 

been the long-held belief that tissue-resident macrophages were derived and continuously 

replenished solely from adult blood circulating monocytes (35,36). Newer insights, 

however, have demonstrated that several tissue-resident populations are seeded 

sequentially during embryonic hematopoiesis. These cells are also self-maintained without 

bone marrow derived monocyte repopulation in adulthood. They are instead generated in 

the yolk sac during embryonic development from early erythro-myeloid progenitors 

(EMPs), and by fetal monocytes generated by EMPs seeded in the fetal liver (36). These 

aforementioned yolk sac macrophages give rise to the microglia in the brain, meaning that 

the adult brain is populated and sustained by tissue-resident macrophages derived during 

embryonic development. Interestingly, tissue-resident macrophages in several other organs 

are initially derived from yolk sac macrophages, then repopulated and sustained by fetal 

liver monocytes after E10.5 (35); this includes the Langerhans cells of the epidermis, the 

Kupffer cells of the liver, and the alveolar macrophages of the lungs. However, in the 
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intestines and the dermis, it is the bone marrow-derived monocytes (BMDMs) which are 

the source for tissue repopulation, being recruited and differentiated into macrophages, 

therefore enabling the use of BMDMs as model for investigation of dermal macrophage 

phenotypes.  

The activation states of macrophages have also been a major area of insight and 

investigation. In this context, macrophages have been extensively studied due to their 

polarization states demonstrating pro- and anti-inflammatory function, often referred to as 

M1 and M2, respectively. The classically activated M1 macrophages have the traditionally 

activating stimuli of interferon-gamma (IFNγ) and lipopolysaccharide (LPS). These 

classically stimulated macrophages undergo polarization resulting in increased 

inflammation, tumor resistance, and graft rejection, while upregulating the secretion of pro-

inflammatory cytokines such a TNFα and IL-1β, and exhibit increased phagocytic activity 

(37). Alternatively activated M2 macrophages are associated with matrix deposition, tissue 

remodeling, and graft acceptance, as well as upregulation of TGF-β and VEGF. M2 

polarization is typically achieved through exposure to IL-4 or IL-13 (38). While this has 

been a traditional classification scheme for the range of macrophage activation states, it’s 

important to note that macrophage activation is a spectrum with the M1 and M2 

designations best used as reference points for activation at the extremes of a continuum of 

intermediate cells (39). 

Macrophage activation can drive several diverse phenotypes which are regulated 

by several key pathways. Among these are Akt, Ras, and PKC, three pathways also known 

to be regulated by the DGK family of enzymes, including DGKα (19,21,40). The 

PI3K/Akt/mTOR pathway is an important regulator of macrophage survival, migration, 
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and proliferation, and also coordinates the response of macrophages to different metabolic 

and inflammatory signals (41). It is activated by TLR4 and other pathogen recognition 

receptors, as well as cytokine and chemokine receptors. Activated PI3K type I 

phosphorylates PIP2, a crucial substrate in DAG production, to form phosphatidylinositol 

3,4,5-triphosphate (PIP3) at the plasma membrane (42). This results in the recruitment and 

activation of Akt by the mechanistic target of rapamycin complex (mTORC) 2. Activation 

of Akt in turn promotes the activation of mTORC1, mediating feedback inhibition to 

suppress mTORC2 and Akt activity (43,44). DGKα and PA have also been linked to 

several oncogenic pathways including mTOR and Akt (45,46). Knockdown of DGKα 

demonstrates a significant decrease in total mTOR and phos-mTORser2448 in GBM cells, as 

well as reduced phosphorylation of Aktser473 (19). The role of PKC has also been 

demonstrated to be relevant in macrophage activation, and it has been suggested that the 

cPKC isoenzymes mediate the upregulation of iNOS expression and NO production in 

activated J774 macrophages in an NF-κB dependent manner. The inhibition of cPKC 

resulted in the inhibition of LPS-induced activation of STAT1, iNOS expression and NO 

production in inflammation, suggesting the inhibition of these isoenzymes may offer a 

novel target for the development of anti-inflammatory drugs (47). Further, it has been 

demonstrated that insulin-like growth factor (IGF)-1 is chemotactic to human THP-1 cell-

derived macrophages, and activation of IGF-1R and the resultant Akt phosphorylation 

leads to PKC and subsequent p38 MAPK activation, suggesting a role for PKC in 

macrophage motility (48). The inhibition of DGKα results in the promotion of PKC 

activation as a result of the attenuation of DAG phosphorylation and conversion to PA, as 
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PKC is a downstream effector of DAG. This presents the potential for DGKα inhibition as 

a plausible strategy for the enhancement of macrophage migration due to PKC activation. 

 

Macrophages in wound healing 

Wound healing is a prime example of the diversity of functions performed by 

macrophages, in that each stage of the wound healing process has its own set of distinct 

needs able to be addressed by these cells. In early healing, when functions such as bacterial 

clearance and apoptosis are necessary for host defense, pro-inflammatory macrophages 

recruited to the wound site are the abundant macrophage type present (49). Late-stage 

healing necessitates an influx of fibroblasts to the wound site, angiogenesis, and 

extracellular matrix (ECM) deposition which are achieved by anti-inflammatory 

macrophages. Given its importance, wound healing is already a very well regulated and 

efficient process, making it difficult to develop treatments that substantially improve 

outcomes from patients suffering from traumatic injuries. Concurrent with local wound 

repair, the effects of large burn wounds have the potential to also stimulate a persistent 

pathophysiological stress response, which can affect the pharmacokinetics and 

pharmacodynamics of treatment drugs (50). The excisional wound splinting model and 

cutaneous burn models are both commonly employed methods for assessing wound healing 

(51,52), and both are used to assess potential benefits resulting from therapeutic 

intervention.  

In considering strategies which may modulate the well-regulated and conserved 

process of wound healing, it is important to consider the mechanisms through which this 

process occurs. Continuing with the example of skin wounds, the role of macrophages is 
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layered, going beyond their previously described host defense-to-tissue remodeling 

functions. It is, in fact, tissue-resident macrophages which are among the first to respond 

to the site of a dermal wound and serve as early indicators of injury or invading pathogens 

(53). They do this by recognizing damage-associated molecular patterns (DAMPs) and 

initiating a pro-inflammatory cascade through the release of hydrogen peroxide (54). The 

subsequent macrophage response to injury is largely undertaken by differentiated blood 

circulating monocytes recruited by DAMP or pathogen-associated molecular pattern 

(PAMP) signals. These cells are stimulated by cytokines such as IL-4, IL-10, IFNγ, and 

the PAMP LPS, to differentiate into macrophages. While other cell types such as 

neutrophils are among the first to populate the wound bed a time of injury, within three to 

five days, macrophages are the most prominent cells in healing tissue (55) and depletion 

of macrophages at this time results in significantly delayed wound repair (56). Macrophage 

clearance of apoptotic neutrophils can induce their phenotypic switch from M1 to M2 

(57,58), leading to the resolution of inflammation phase, and onset of the proliferative 

wound healing phase, where the formation of granulation tissue consisting of endothelial 

cells, fibroblasts, myofibroblasts, and keratinocytes (53). TGF-β, platelet-derived growth 

factor (PDGF), fibroblast growth factor 2 (FGF2) and insulin-like growth factor 1 (IGF-1) 

secreted by macrophages contribute to collagen production by fibroblasts. Macrophages in 

this vascularized ECM are a continued source of pro-inflammatory cytokines such as IL-

1α, IL-1β, IL-6, and TNFα, which are crucial for the stimulation of fibroblast and 

keratinocyte proliferation (59). While little has previously been demonstrated regarding the 

potential role for DGKα in wound healing, one study has shown that its inhibition may 

prove useful as a preventive antifibrotic therapy for radiation-induced fibrosis (60). 
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Isolated fibroblasts taken prior to breast cancer radiotherapy treatment showed DNA 

methylation differences which were associated with fibrosis development after radiation, 

particularly in the DGKA locus which was less methylated in patients developing fibrosis. 

As the resident macrophage cells of the brain, microglia perform similar 

surveillance and reparative functions as normal macrophages. These cells originate from 

the mesodermal cells of the yolk sac during embryonic development and are self-renewing 

(61,62). While macrophages and microglia express many similar surface markers such as 

Iba1, F4/80, CD45, CD68, and CD11b, often making them difficult to distinguish from one 

another, some distinctions may be made from peripheral macrophages. For instance, 

microglia are Mac-1/CD11b+ CD45low-expressing cells, while macrophages are Mac-

1/CD11b+ CD45high (63). Also, more recently-described markers such as TMEM119 serve 

to specifically identify subsets of microglia (64). Macrophages and microglia are also 

similar in their cytokine secretion profile, with activated microglia shown to secrete IL-1, 

IL-6, and TNF-α, with secretion of cytokines such as TNF-α and IL-1β serving to help 

activate other immune cells to engage in wound healing processes. In the brain these 

inflammatory cytokines may play harmful roles in various neuropathologic states, but are 

also important for limiting damage to the brain (65). Brain injury acts to not only activate 

microglia and induce their migration and proliferation, but also to cause hemorrhage and 

blood-brain barrier (BBB) disruption that can allow macrophages and monocytes in the 

blood to enter the injured brain region.  

Activation of microglia also presents substantial overlap with mechanisms of 

macrophage activation. IFNγ and LPS typically convert resting microglia to a pro-

inflammatory state, while IL-4, IL-10 , and IL-13 will convert them to an anti-
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inflammatory state (66), both of which may play roles in the brain responses to wound 

healing. Signaling pathways linked to microglial function include PKC, ERK, and 

PI3K/Akt, with PKC having been shown to mediate microglial activation through 

pathways such as NF-κB/STAT1 and PLC-γ1/ERK (67,68). 

 

Currently available DGKα small molecule inhibitors 

The landscape of DGK inhibitors has not improved substantially since the 

discovery of the first DGKα inhibitor, R59022 (69). This is not surprising, given that the 

average time to approval for new drugs and devices in the United States by the FDA is 

about 12 years (70). This extended timeframe creates additional hurdles on the path to 

therapeutic development alongside the immense costs associated with getting a drug to 

market, as well as the frequency of drug failure (71,72). Drug failure is often the result of 

poor efficacy or safety risks; therefore, improved approaches for target identification and 

validation are needed for the drug development process to better reach and serve patients 

in need (73,74). In many cases however, the need to produce an entirely new drug is 

circumvented by repurposing an existing drug. Drug repurposing has emerged as an 

attractive model for therapeutic development, and in some cases a potential path toward 

expanded treatment options (75). While there is typically a pre-existing track record of 

safety and knowledge of side effects with existing drugs, repurposing drugs for novel 

applications also provides challenges not necessarily present when developing new agents. 

By the very nature of these agents being repurposed, these drugs are often nonspecific and 

have multiple targets, and may also demonstrate poor potency against the new target for 

which they are repurposed. Additionally, funding trials of repurposed drugs for new 
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applications can be extremely challenging, with large pharmaceutical companies typically 

not supporting such expensive efforts (76). 

The compounds R59949 and R59022, identified as specific DGKα inhibitor tool 

compounds for research, had long been the sole small-molecule tools available for 

understanding the functional biological roles of DGKs (21,69,77). This has had a limiting 

effect on the study of small molecule inhibition of DGKα due to the poor potency of these 

drugs for DGKα and their potent inhibition of other targets. More recently, compound 

screening identified the drug CU-3 as a potent inhibitor for DGKα (78,79), adding to the 

small but growing list of therapeutics aimed at targeting the enzyme. The serotonin (5-HT2) 

receptor antagonist ritanserin was initially developed as a treatment for schizophrenia 

(80,81), but has since been identified by us and collaborators as an inhibitor of DGKα as 

well—initially based on its structural similarity to R59022 and R59949 (Figure 1.3) (21). 

The potency of these drugs for serotonin receptors is yet another limitation of these 

compounds and present the potential for drug side effects, including somnolence, and they 

also have weaker activity against dopamine receptors (82). Interest in DGKα as a target for 

cancer immunotherapy has gained traction in recent years (17,83,84) and new inhibitors 

are currently in development at pharmaceutical companies. Given the druggable nature of 

DGKα and the numerous therapeutic indications for its inhibition, there is great potential 

in the continued search for novel compounds with greater potency and specificity, many of 

which may already exist in the compound libraries of pharmaceutical laboratories. We seek 

to demonstrate the potential for expanded immunologic effects of DGKα inhibition, 

showing for the first time activity in a myeloid cell type. The growing list of immunologic 
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benefits with DGKα inhibition is driving the search for novel DGKα inhibitors, with a 

growing pool of compounds being identified.  

The rationale for the following projects is motivated by the increasing interest 

attracted by DGKα as a target in cancer, with DGKα inhibition having the potential to act 

directly against certain cancer cells, but also to boost activity of T-cells and possibly NK 

cells against cancer. The role of DGKα in myeloid cells of the immune system such as 

macrophages has not previously been assessed, and with DGKα inhibitors on their way to 

the clinic, it is vital that this be assessed. Chapter 2 is the first demonstration of a role for 

DGKα in macrophages, potentially broadening the immune benefits of DGKα 

inhibition/knockdown. Given the pressing need for more potent DGKα inhibitors, Chapter 

3 studies a library of ritanserin analogs and identifies compounds with increased potency 

against DGKα and with limited activity against other DGK family members. This work 

should have an impact on the field of DGKα inhibition, with potential implications for 

cancer therapy and potentially other applications as well. 
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Figure 1.3. Compound structures of known DGKα inhibitors. Serotonin receptor 

antagonist ritanserin has been identified as an inhibitor of DGKα, initially based on its 

structural similarity to R59022 and R59949. 
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Abstract 

The diacylglycerol kinases (DGKs) are a family of enzymes responsible for the 

conversion of diacylglycerol (DAG) to phosphatidic acid (PA). In addition to their primary 

function in lipid metabolism, DGKs have recently been identified as potential therapeutic 

targets in multiple cancers, including glioblastoma (GBM) and melanoma. Aside from its 

tumorigenic properties, DGKα is also a known promoter of T-cell anergy, supporting a role 

as a recently-recognized T cell checkpoint. In fact, the only significant phenotype 

previously observed in Dgka knockout (KO) mice is the enhancement of T-cell activity. 

Herein we reveal a novel, macrophage-specific, immune-regulatory function of DGKα. In 

bone marrow-derived macrophages (BMDMs) cultured from wild-type (WT) and KO 

mice, we observed increased responsiveness of KO macrophages to diverse stimuli that 

yield different phenotypes, including LPS, IL-4, and the chemoattractant MCP-1. 

Knockdown (KD) of Dgka in a murine macrophage cell line resulted in similar increased 

responsiveness. Demonstrating in vivo relevance, we observed significantly smaller 

wounds in Dgka-/- mice with full-thickness cutaneous burns, a complex wound healing 

process in which macrophages play a key role. The burned area also demonstrated 

increased numbers of macrophages. In a cortical stab wound model, Dgka-/- brains show 

increased Iba1+ cell numbers at the needle track versus that in WT brains. Taken together, 

these findings identify a novel immune-regulatory checkpoint function of DGKα in 

macrophages with potential implications for wound healing, cancer therapy, and other 

settings. 
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Introduction 

The diacylglycerol kinases (DGKs) are the molecular switches regulating 

diacylglycerol (DAG) conversion to phosphatidic acid (PA). These enzymes have essential 

roles in lipid synthesis, cell proliferation, and survival, with DAG and PA playing key roles 

in regulating numerous critical enzymes and in recruitment of cytosolic proteins to the cell 

membrane. The protein kinase C (PKC) family of enzymes are key mediators of DAG 

effects, and are known to regulate cellular functions including proliferation, cell survival, 

and migration (1). In addition to being important regulators of a diverse set of cellular 

processes, PKCs have also been linked to tumorigenesis (85,86). PA is also able to 

influence processes such as cell proliferation through its binding of the FKBP12-rapamycin 

binding region of mTOR (87,88). Therefore, proper regulation of DGK enzymes is crucial 

for maintaining homeostasis of DAG, PA, and their downstream effectors.  

The ten mammalian DGKs are divided into five subtypes based on shared 

functional domains. All ten DGKs possess both a C1 and a catalytic domain, with 

variations existing in the N- and C-terminal regions. Even within subtypes, the DGKs may 

differ in abundance and in organ/subcellular distribution. For instance, Type I DGKs α and 

β differ markedly in tissue distribution; DGKα is one of the most commonly expressed 

DGKs and particularly enriched in the brain, lungs, and white blood cells, while DGKβ is 

found at lower levels and predominantly in nerves and the brain (5,6). This suggests 

potential specificity of certain DGKs for different cell types, and the occurrence of 

individual DGKs from different subtypes within a single tissue suggests their having 

specific functions. One known and recently identified function of DGKα – along with its 

other family member DGKζ – is its promotion of T-cell anergy (11,90,91). The ability to 
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limit T-cell activation in the tumor microenvironment, along with the promotion of tumor 

survival resulting from PA generation (45), are a tandem that underlie the challenges of 

therapeutic development in cancer, and present an opportunity for targeting DGKα in this 

context. The notion of DGKα as an immune regulator has become firmly established, with 

it now being described as an immune checkpoint (28), and its inhibition has been proposed 

as an approach for improving CAR-T cell performance (92).  A role in regulating NK cell 

function has also been shown, with restoration of disabled MAPK pathway function in NK 

cells from human renal cell carcinoma following DGKα inhibition (34). However, a role 

for DGKα in macrophage function and the myeloid cells of the immune system has never 

been demonstrated. 

Macrophages are important effector cells of the innate immune system and perform 

many varied and context-dependent functions. They are crucial to the maintenance of tissue 

homeostasis, and are among the first cells to respond in the event of injury (53). In addition 

to their important role in host defense, they also are necessary for tissue remodeling and 

repair. Pro-inflammatory macrophages are known to exhibit increased secretion of pro-

inflammatory cytokines, and sometimes increased phagocytosis, aiding in the removal of 

pathogens and damaged tissue. Anti-inflammatory macrophages secrete high levels of anti-

inflammatory cytokines and fibrogenic and angiogenic factors that promote tissue 

remodeling and repair (93). These polarization states have relatively well-defined stimuli 

and markers, which promote the state of activation best suited for the current environmental 

condition. Lipopolysaccharide (LPS) typically induces a pro-inflammatory phenotype, 

promoting upregulation of genes associated with inflammation, tumor resistance, and graft 

rejection, while IL-4 promotes matrix deposition necessary for tissue remodeling and 
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repair, characteristic of an anti-inflammatory phenotype (38). iNOS and Arginase-1 are 

two commonly referenced markers of pro- and anti-inflammatory activation, respectively. 

They play important roles in promoting the conditions which give rise to their respective 

polarization states (39). In the tightly regulated process of wound healing, pro-

inflammatory macrophages are particularly important during the first inflammatory phase, 

while anti-inflammatory macrophages can be found during the proliferative and 

remodeling phases.  

While DGKα has not been firmly linked to the myeloid arm of the immune system, 

we came to suspect such a connection following the observation that there were 

dramatically fewer skin ulcers over subcutaneous melanoma tumors in Dgka-/- versus wild-

type (WT) mice. Given that DGKα had been shown to regulate other immune cells and that 

macrophages are known to play key roles in wound healing (94). including in the context 

of chronic wounds such as skin ulcers (53), we hypothesized that DGKα regulates 

macrophage activity as well. This prompted us to specifically investigate macrophage 

function in the setting of Dgka knockout and knockdown. Through these experiments, we 

have identified a novel role for DGKα in macrophage responsiveness and activation, using 

bone marrow-derived macrophages (BMDMs), a murine macrophage line, and two in vivo 

injury models. 

 

Materials & Methods 

BMDM harvest 

BMDMs were derived from bone marrow harvested from 12-week old WT and 

Dgka-/- C57BL/6 mice. Mice were euthanized, hind limbs excised, and then skin, muscle, 
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and connective tissue removed. Bare femur was carefully separated from tibia/fibula, then 

both ends of each bone clipped to expose bone marrow. Using a 19G needle, a small hole 

was poked through the bottom of a 0.5mL Eppendorf tube which was then placed inside a 

1.5mL Eppendorf tube. Clipped bones were inserted into the 0.5mL tube and the nested 

tubes spun for 10-20 seconds in a mini centrifuge, drawing marrow through the needle hole 

into the 1.5mL tube. Red blood cell progenitor lysis was accomplished with 0.83% (w/v) 

NH4Cl for 5 minutes at room temperature. Pelleted marrow cells were resuspended in 

BMDM culture medium. 

 

Macrophage differentiation and activation  

BMDM culture medium was prepared with RPMI 1640 with 2mM L-glutamine, 

10% FBS, 2% HEPES, and 2% antibiotic-antimycotic. Differentiation medium was 

prepared as 90% BMDM culture medium and 10% L929 conditioned medium (LCCM) 

containing macrophage colony stimulating factor (M-CSF). BMDMs were cultured for 

four days in differentiation medium, which was replaced on days four and six. 

Differentiated macrophages were plated on day seven in BMDM culture medium without 

LCCM and incubated overnight followed by treatment with BMDM medium supplemented 

with 500ng/mL LPS (Invitrogen, #00-4976-93) or 2ng/mL IL4 (BioLegend, #574302). 

Cells were lysed for western blot and qPCR analysis. 

 

Migration assay 

Following differentiation of BMDMs, cells were starved in FBS-free media for 24h. 

After trypsinization and counting, 3x105 cells were plated into 8μm transwell inserts 
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purchased from Abcam (#235694). The wells below transwells contained 600μL of culture 

media with 50ng/mL of monocyte chemoattractant protein-1 (MCP-1). Eighteen hours 

after the start of the assay, migrated cells were dissociated from the underside of the 

transwell and quantified per the manufacturer’s instructions.  

 

Immunoblot 

Western blots were done on BMDM lysates using Cell Signaling Technology Cell 

Lysis Buffer 10x (#9803) supplemented with 0.5% SDS and protease inhibitor tablet 

(Roche, #04693124001). ~5μg protein was loaded and PVDF membranes were probed 

with antibodies specific to iNOS (Novus Biologicals, #NB300-605), Arginase-1 

(Proteintech, #16001-1-AP), β-tubulin (Proteintech, #10094-1-AP), β-actin (Thermo 

Fisher Scientific, # PA5-85291), DGKα (Proteintech, #11547-1-AP), and Phospho-(Ser) 

PKC Substrate (Cell Signaling, #2261). Quantification of immunoblots was performed by 

first normalizing band intensities to β-tubulin or β-actin to control for loading variability. 

Relative intensities were then calculated by normalizing to PBS control conditions.  

 

Real-Time qPCR 

RNA isolation was performed using Qiagen RNeasy Mini Kit (#74104), and cDNA 

synthesis done with Qiagen QuantiTect Reverse Transcription kit (#205311) according to 

manufacturer’s instructions. Real-time qPCR was performed using Applied Biosystems 

PowerSYBR Green PCR Master Mix (#4367659). Expression of target mRNA was 

normalized to ribosomal 18s RNA and quantified using the 2-ΔΔCT method. Primer pairs 

were sourced from the PrimerBank of the Center for Computational and Integrative 
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Biology of Massachusetts General Hospital and Harvard University.(95–97) Sequences 

used were Mouse 18s Forward: GTAACCCGTTGAACCCCATT, Reverse: 

CCATCCAATCGGTAGTAGCG; iNOS (PrimerBank ID 146134510c1) Forward: 

GTTCTCAGCCCAACAATACAAGA, Reverse: GTGGACGGGTCGATGTCAC; 

Arginase-1 (PrimerBank ID 158966684c1) Forward: 

CTCCAAGCCAAAGTCCTTAGAG, Reverse: GGAGCTGTCATTAGGGACATCA; 

SOCS1 (PrimerBank ID 6753424a1)  Forward: CTGCGGCTTCTATTGGGGAC, 

Reverse: AAAAGGCAGTCGAAGGTCTCG; SOCS3 (PrimerBank ID 6671758a1) 

Forward: ATGGTCACCCACAGCAAGTTT, Reverse: 

TCCAGTAGAATCCGCTCTCCT. Ki67 (PrimerBank ID 1177528a1) Forward: 

ATCATTGACCGCTCCTTTAGGT, Reverse: GCTCGCCTTGATGGTTCCT. DGKα 

(PrimerBank ID 31560473c1) Forward: GTGATGTGTACTGCTACTTCACC, Reverse: 

CACTTCCGTGCTATCCAGGA. DGKβ (PrimerBank ID 26336555a1) Forward: 

ATGAAGACCTTTCTGGAAGCTG, Reverse: 

 TTTACATTTGGGCTAGAATGGGG. DGKγ (PrimerBank ID 26354382a1) 

Forward: ATGAGCGAAGAACAATGGGTC, Reverse: 

GGGCTTGTGTGGGTCATACTG. DGKζ (PrimerBank ID 30794244a1) Forward: 

CTCTTTGGGCACAGGAAAGC, Reverse: TGCTGACTCACTCCAGTCCA. 

 

Cell culture and transfection 

J774 macrophages were cultured in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin. Cells were transfected using Lipofectamine RNAiMAX 
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(Invitrogen, #13778030) with control (Ambion #AM4611) and DGKα siRNA (Ambion, 

#AM16708 – 161793, 161794). 

 

Mouse and wound models 

The Dgka-/- mouse colonies used in these experiments were established in the lab 

of Dr. Xiao-Ping Zhong at Duke University, and were generated as previously 

described.(98) Cutaneous burn model mice were anesthetized using ketamine/xylazine. 

Hair was removed by shaving, followed by depilatory cream applied for 3 minutes. An 

8mm-diameter metal rod set in boiling water was then applied for 10 seconds to bare skin 

raised from both flanks. Mice were then given buprenorphine slow-release analgesic, 

rehydrated, and returned to single housed cages. Burns were photographed daily using 

isoflurane anesthesia and imaged by microscope equipped with an Amscope MD200 

camera. Measurements were taken using ImageJ image processing software. 

Cortical stab wounds were performed by stereotactic alignment and immersion of 

a 30G needle 2mm lateral and 1mm anterior to the bregma, advancing 3mm into the brain. 

Brains were saline-perfused and harvested four days post-injury, then formalin-fixed in 

10% formalin for 24h at room temperature, then transferred to 70% ethanol prior to 

paraffin-embedding. All in vivo experiments were performed under IACUC-approved 

protocol 3833. 

 

Immunohistochemistry 

Mouse skin and brains were fixed in 10% formalin for 24h at room temperature, 

then transferred to 70% ethanol prior to paraffin embedding. Immunohistochemistry was 
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performed on a robotic platform (Ventana discover Ultra Staining Module, Ventana Co., 

Tucson, AZ, USA). Tissue sections (4 µm) were deparaffinized using EZ Prep solution 

(Ventana). A heat-induced antigen retrieval protocol set for 64 min was carried out using 

Cell Conditioner 1 (Ventana).  Endogenous peroxidases were blocked with peroxidase 

inhibitor (CM1) for 8 min before incubating the section with Iba1 antibody (Invitrogen, 

Cat#PA5-21274) at 1:1,250  dilution for 60 min at room temperature. Antigen-antibody 

complex was then detected using DISCOVERY OmniMap anti-rabbit multimer RUO 

detection system and DISCOVERY ChromoMap DAB Kit (Ventana Co.). All slides were 

counterstained with hematoxylin subsequently; they were then dehydrated, cleared and 

mounted for assessment. 

 

Image analysis 

Whole slide images of immunohistochemical slides were obtained on the Aperio 

ScanScope slide scanner at 20x magnification. All images were analyzed using the open 

source digital pathology software, QuPath (v0.2.3).(99) In the software, stained cells were 

quantified as number positive/mm2 and segmented by size and shape, with a range of 50-

500μm2 to capture cells of varying depths within the plane. 

 

Immunofluorescence 

Manual immunofluorescent (IF) staining was done on mouse brain and skin slides 

blocked for one hour at room temperature (RT) in a humidity chamber with 5% mouse 

serum, 5% donkey serum, and 0.3% Triton X-100. Primary antibody solutions were 

prepared in PBS with 0.3% Triton X-100. Primary antibodies used were specific to F4/80 
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(Novus Biologicals, #NB800-404), Iba1 (Novus Biologicals, #NB100-1028), and DGKα 

(Bioss Antibodies, #BS-14294R). Tissue was incubated overnight at 4°C in humidity 

chamber. Fluorescent antibodies (Abcam) used were donkey anti-rat AF647 (#ab150155), 

donkey anti-rat AF488 (#ab150153), donkey anti-rabbit AF647 (#ab150075), and donkey 

anti-goat AF488 (#ab150133). Secondary solutions were prepared in PBS with 0.3% Triton 

X-100 and incubated on slides for three hours at RT in humidity chamber protected from 

light. Stained slides were mounted using mounting medium with DAPI (Abcam, 

#ab104139). Slides were imaged using the Leica Thunder Imager at 10x magnification, 

and analyzed on the Leica Application Suite X (LAS X) software platform. 

 

Statistics 

Statistical analysis was performed using GraphPad Prism 8 software. Student’s t 

test (two-tailed) was used for analysis of differences between two groups. One or two-way 

ANOVA with Tukey or Sidak post-hoc test was used for multiple comparisons. Data are 

presented as mean ± SD. P < 0.05 was considered statistically significant. 

 

Results 

Dgka-/- BMDMs are more responsive to LPS and IL-4 stimulation 

To test whether DGKα regulates macrophage activity and responsiveness, we 

isolated and cultured BMDMs from Dgka-/- and WT mice and tested the expression of 

activation markers upon stimulation with LPS or IL-4. qPCR analysis demonstrated that 

Nos2 (gene encoding iNOS) expression was significantly increased 24h after LPS 

stimulation, as was Arg1 (gene encoding arginase) expression following IL-4 stimulation 
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(Figure 2.1A). Differences are evident both as a direct contrast between Dgka-/- and WT, 

and also in the degree of upregulation from baseline with PBS control-treated cells. These 

differences were also evident in the immunoblot analysis of WT and Dgka-/- BMDM 

lysates at 24h post stimulation (Figure 2.1B, C). We additionally tested the expression of 

two members of the SOCS family, which are intracellular cytokine-inducible proteins 

known to regulate macrophage activation and polarization (100).  While SOCS1 is reported 

to promote both pro- and anti-inflammatory activation, SOCS3 has been found to have a 

key role in pro-inflammatory polarization alone (101,102). Consistent with these roles, we 

have found in BMDMs that Socs1 expression responds strongly to LPS and IL-4 

stimulation, and that Socs3, expression is enhanced only by LPS stimulation – with both 

showing greater increases in Dgka-/- BMDMs than in WT BMDMs (Figure 2.1D). To 

confirm the genotype of study mice used, BMDM lysates were also probed for DGKα 

protein expression (Figure 2.1E). Interestingly, we observed that DGKα expression is 

affected by both LPS and IL-4 in WT BMDMs (Figure 2.2A, B). An increase in DGKα 

protein expression was evident in LPS-treated WT BMDMs, while IL-4 treatment resulted 

in reduced protein levels (Figure 2.2C). Given that there are ten DGK family members 

including DGKα, we considered whether other DGKs compensate for its absence in treated 

and untreated conditions (Figure 2.2D); we found that loss of DGKα caused no change in 

mRNA expression levels of the remaining type I DGKs, nor type IV DGKζ. It was not 

surprising to observe the presence of DGKα transcript within the Dgka-/- samples given the 

KO strategy, as this KO does still yield a modified Dgka transcript, but not the protein. 
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Figure 2.1. Increased expression of macrophage activation markers in Dgka
-/-

 BMDM 

following LPS or IL4 stimulation. (A) WT and Dgka
-/-

 BMDMs were treated with 

500ng/mL LPS or 2ng/mL IL-4 for 24h and assessed by qPCR for changes in Nos2 and 

Arg1 expression, respectively. (B) Immunoblot depicting protein expression of iNOS in 

lysates of LPS treated WT and Dgka
-/-

 BMDMs (left) and arginase expression of IL-4 

treated BMDMs. Quantification of band intensity normalized to PBS treated WT mice (not 

shown) are indicated in text below bands. (C) Summary plot depicting quantification of 

immunoblot band intensity of two independent experiments as in (B) for n=6 per group.  

(D) WT and Dgka
-/-

 BMDMs treated with LPS and IL-4 were assessed by qPCR for 

expression of SOCS1 and SOCS3. In (A) and (D) samples were normalized to the PBS 

treated WT control. (E) immunoblot of WT and Dgka
-/-

 BMDM whole cell lysates with 

anti-DGKα antibody. Each data point represents an individual mouse for n=3 per group. 

Error bars: SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant; Two-

way ANOVA with Tukey post-hoc test. 
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Figure 2.2. DGKα expression may be slightly altered by treatment with LPS and IL4, 

but expression of DGK family members is generally unaffected by knockout of Dgka 

or LPS treatment. WT BMDMs were treated with PBS and LPS (A), or PBS and IL4 (B) 

and DGKα protein expression was measured by immunoblot. Band intensities normalized 

to PBS treated group are indicated in the text below the bands. (C)  Quantification of 

immunoblot band intensity. Error bars: SD. *p<0.05; student’s t-test. (D) WT and Dgka-/- 

BMDMs treated with PBS or LPS for 24h were assessed by qPCR for expression levels of 

type I DGKs α, β, and γ, and type IV DGKζ. DGKα KO was caused by a deletion between 

exon 9 to the intron between exons 16 and 17. The primer pair used to assess DGKα mRNA 

expression is prior to this deletion. Error bars: SD. *p<0.05, *p<0.01; Two-way ANOVA 

with Tukey post-hoc test. 
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Increased responsiveness of J774 macrophages to LPS and IL-4 stimulation and increased 

PKC activity following Dgka knockdown 

We tested whether Dgka knockdown would similarly increase responsiveness to 

cytokine stimulation in a widely-used murine macrophage line. In the J774 line, transient 

transfection with two different Dgka specific siRNAs indeed resulted in similar patterns of 

macrophage marker upregulation by qPCR. Following LPS and IL-4 stimulation, J774 cell 

expression of Nos2 and Arg1, respectively, was increased in cells that had been transfected 

with Dgka siRNA significantly more than in cells transfected with negative control siRNA 

(Figure 2.3A). In the absence of LPS or IL-4 stimulation, mRNA expression levels are the 

same across groups. Western blot analysis of whole cell lysates further supported this 

increased stimulation (Figure 2.3B). Quantification of increases in iNOS and Arginase 

protein expression are also shown (Figure 2.3C). We also noted more prolonged iNOS 

protein expression in LPS-treated Dgka KD cells over a time course of 24h compared to 

control siRNA-transfected cells (Figure 2.4A, B).  

As previously noted, PKC is a key effector of the DGKα substrate DAG. To 

determine if downstream DAG signaling in the absence of DGKα influences PKC, and 

therefore implicate PKC as a potential mediator of increased Dgka KD macrophage 

responsiveness, an immunoblot of the Dgka siRNA transfected J774 lysates was probed 

for phosphorylated PKC substrates (Figure 2.3D, E). 48h after siRNA transfection, and 24h 

after PBS or LPS treatment, PBS-treated J774 cells with Dgka KD exhibit increased levels 

of phospho-PKC substrates versus control siRNA-transfected J774. While LPS treatment 

did not demonstrate an increase in PKC activation, LPS-treated cells that were transfected 

with Dgka siRNA exhibited modestly higher levels of phospho-PKC substrates than 
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control siRNA-transfected cells. Successful Dgka knockdown was confirmed by western 

blot (Figure 2.5A, B). 
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Figure 2.3. Knockdown of Dgka from J774 murine macrophage cell line shows 

increased amplification of macrophage activation markers following LPS or IL4 

stimulation. (A) J774 murine macrophages were stimulated with 500ng/mL LPS or 

2ng/mL IL-4 following control or Dgka siRNA transfection and assessed by qPCR for Nos2 

and Arg1, respectively. Samples were normalized to the PBS treated control siRNA 

transfected cells. (B) Immunoblot analysis of whole cell J774 lysates probing for iNOS in 

LPS-treated cells and Arginase in IL4-treated cells. Relative band intensities normalized to 

PBS-treated control are indicated as text below the immunoblots. Representative data 

shown. (C) Summary plot depicting quantification of immunoblot band intensity from two 

independent experiments as in (B). (D) J774 macrophages transfected with either control 

siRNA or Dgka siRNA were treated with LPS for 24h, and the protein expression of 

phospho-PKC substrates is shown by immunoblot. Relative band intensities normalized to 

PBS treated control are indicated below the immunoblots. (E) Summary plot depicting 

quantification of immunoblot band intensity of two independent experiments as in (D). 
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Error bars: SD. *p<0.05, **p<0.01, ****p<0.0001; Two-way ANOVA with Tukey post-

hoc test.  

 

 

 

Figure 2.4. iNOS protein expression is not evident at early time points following LPS 

treatment of J774 macrophages. (A) J774 cells transfected with control or Dgka-/- siRNA 

were treated with LPS for 4, 12, and 24h. Subsequent immunoblots probed for iNOS were 

quantified with band intensities relative to PBS treated controls (not shown) indicated in 

text below bands. (B) Quantification of immunoblot iNOS band intensity from two 

independent experiments. Error bars: SD. *p<0.05; Ordinary One-way ANOVA with 

Tukey post-hoc test. 
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Figure 2.5. Dgka knockdown by transient siRNA transfection reduces DGKα protein 

expression. (A, B) Immunoblot of whole cell lysates from transfected J774 cells probed 

for DGKα and β-tubulin. Relative band intensity normalized to respective control siRNA 

transfected cells per treatment group indicated in text below bands. 
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Increased sensitivity to regulation of cell cycling with Dgka knockout/knockdown 

Macrophages also respond to some stimuli with increased cell cycling, and 

proliferation of tissue-resident macrophages has been identified as a response to local 

inflammation and injury (103,104). We therefore tested whether BMDMs and J774 would 

have increased expression of a widely-used marker of cell cycling in response to LPS 

stimulation with Dgka knockout and knockdown, respectively. Ki67 expression, which has 

long been used in immunohistochemical staining as a marker of cell proliferation, has also 

been measured by qPCR to measure cell cycling (105–107). In differentiated and 

minimally proliferative BMDMs, only Dgka-/- cells had an increase in Mki67 expression 

by qPCR in response to LPS stimulation (Figure 2.6A). Mki67 expression levels were 

unchanged in WT BMDMs following addition of LPS, and there was a significant increase 

in Dgka-/- LPS treated BMDMs compared to WT LPS. This may suggest that loss of Dgka 

results in increased sensitivity to proliferative stimuli. In contrast, it has been reported that 

LPS treatment of J774 cells inhibits their proliferation (108,109). We indeed observed this 

in J774 cells, as indicated by a decrease in Mki67 expression by qPCR, and found that Dgka 

knockdown increased sensitivity to this inhibition – supporting our hypothesis of increased 

macrophage responsiveness, albeit in this case with a negative response (Figure 2.6B). In 

the interest of assessing the proliferative potential of LPS-treated BMDMs, WT 

macrophages were treated for 48h with PBS or 500ng/mL of LPS and counted (Figure 2.7). 

We found that there was indeed a significant increase in cell number in the LPS-treated 

condition. BMDMs have a tendency to be more proliferative than macrophages derived 

from other sources (110), and may thus be at the proliferative end of the spectrum of 

variable macrophage responses to LPS. 
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Figure 2.6. Increased sensitivity to regulation of cell cycling with Dgka 

knockout/knockdown. (A) qPCR analysis of Mki67 expression in WT and Dgkα
-/-

 

BMDMs treated for 24h with 500ng/mL LPS. (B) J774 macrophages transfected with two 

different Dgka siRNAs were similarly assessed by qPCR for Mki67 following LPS 

stimulation. Each data point in (A) represents an individual mouse for n=3 per group. 

Representative data are shown in (B). Samples were normalized to PBS-treated WT or 

control siRNA cells. Error bars: SD. *p<0.05; Two-way ANOVA with Tukey post-hoc 

test. 

 

Figure 2.7. Increased cell numbers in LPS treated BMDMs after 48h. WT BMDMs 

were treated with LPS for 48 hours and show increased cell numbers compared to PBS 

treated controls. Error bars: SD. ***p<0.001; Student’s t-test. 
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Increased migration of Dgka-/- BMDMs in vitro 

In considering the potential physiological effects of increased macrophage 

responsiveness resulting from DGKα loss, a transwell migration assay was performed to 

compare the responsiveness of WT versus Dgka-/- BMDMs to a chemoattractant. When 

FBS-starved cells were plated on an 8μm pore membrane transwell across from 50ng/mL 

MCP-1, a significant increase in cell migration was observed after 18h in Dgka-/- BMDMs 

compared to WT (Figure 2.8). 

 

Smaller wounds from full-thickness cutaneous burns in Dgka-/- skin 

To investigate whether an in vivo pathologic process dependent on macrophages 

would show differences in Dgka-/- mice, we assessed differences in wound healing with a 

full-thickness cutaneous burn model. When cutaneous burns were induced in the flanks of 

study mice, Dgka-/- mouse wounds were found to be smaller than those from WT mice at 

24 and 72 hours (Figure 2.9A). Blinded wound area measurements were taken at specified 

time-points, and initial wound sizes were comparable across all mice (Figure 2.9B). Wound 

area differences at day seven are not significantly different by two-way ANOVA statistical 

analysis. However, when we examined the ratio of wound size at day seven to initial size 

using the Student t-test, we observed significantly smaller wounds in the Dgka-/- mice 

(Figure 2.9C). No difference was observed between the ratio of wound size at day eleven 

to initial size when wounds were largely closed. The difference of ratios to initial size at 

day seven between control and the Dgka-/- mice may be due to that time frame reflecting 

the proliferative phase of healing (55,111) and may be related to increased macrophage 

responsiveness in the healing skin of Dgka-/- mice. Wound area at 24 hours post injury 
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increased from the initial area measurements due to expected and rapid tissue 

inflammation, but interestingly this increase in size was less pronounced in Dgka-/- mouse 

wounds.  

 

 

 

 

 

Figure 2.8. Increased transwell migration toward MCP-1 in Dgka
-/-

 BMDMs. 3x105 

WT and Dgka
-/-

 BMDMs were FBS-starved for 24h, then plated into 8μm pore transwells 

over media containing 50ng/mL MCP-1. After 18 hours, transwells were removed and cells 

were counted per the manufacturer’s instructions. Error bars: SD. *p<0.05; Student’s t-test. 
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Figure 2.9. Decreased wound size over time in Dgka
-/-

 mice compared to WT. (A) Area 

measurement of burn wounds in KO and WT mice compared over time.  (B) Sizes of 

wounds from both groups are comparable at time zero. (C) One week post injury, wound 

sizes in KO mice are smaller relative to those at T0. Each data point represents a single 

burn, with two burns on the each of n=6 mice per group. Error bars: SD. *p<0.05; ns, not 

significant; Two-way ANOVA with Sidak post-hoc test (A), Student’s t-test (B, C). 
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Increased macrophage numbers at site of skin burn injury in Dgka-/- mice 

We hypothesized that the more responsive macrophages in Dgka-/- mice might be 

present in greater numbers at a site of tissue injury and inflammation. Flank skin was 

harvested from study mice from the experiments in Figure 5 at days three, seven, and 

fourteen and processed for immunological staining for the macrophage marker Iba1 (Figure 

2.10A). Additionally, skin from the flanks of unburned mice was also collected and 

similarly processed for comparison. Tissue images were annotated to analyze regions of 

the burn, defined as the full thickness of skin below eschar or open wound, epi/dermis 

(consisting of both the epidermis and dermis above the panniculus carnosus), and the 

hypodermis (the region below the panniculus carnosus). The number of Iba1+ stained cells 

in each region was compared between groups (Figure 2.11). Iba1+ cell numbers remained 

higher in the epidermis and dermis of Dgka-/- mice at all three time points, yet normalized 

from higher cell counts at day three down to WT levels by day fourteen in the hypodermis 

(Figure 2.11A). Comparisons between unburned and burned skin at day three above and 

below the panniculus carnosus showed a significant increase in Iba1+ cell counts in the 

hypodermis of Dgka-/- mice (Figure 2.11B). The hypodermis consists largely of adipose 

tissue that has been found to promote macrophage infiltration through secretion of 

macrophage migration inhibitor factor (MIF) (112). PKC has been implicated in the 

regulation of MIF (113,114), suggesting that DGKα inhibition leading to increased DAG 

signaling and subsequent PKC activation may help explain the increased number of cells 

positive for the macrophage marker Iba1 observed in Dgka-/- mouse hypodermis. We found 

a significant increase in macrophage numbers in Dgka-/- burns at day three (Figure 2.10B). 

This included increased Iba1+ cells compared to both unburned Dgka-/- skin and burned 
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WT skin. There was no significant difference in the number of Iba1+ cells between 

unburned and burned WT mice at day three. This changes by days seven and fourteen, 

when we observed the number of Iba1+ cells increase in WT skin over time and catch up 

to numbers in the Dgka-/- skin burn area (which remained stable). This may correlate with 

the prominent role of macrophages in early wound healing (94). Supporting the validity of 

Iba1 as a macrophage marker for skin, as well as confirming expression of DGKα in 

macrophages, we performed immunofluorescence showing colocalization of Iba1 plus the 

mouse macrophage marker F4/80 or DGKα plus F4/80 in mouse skin (Figure 2.12A, B). 

While colocalization was not quantified, the majority of cells positive for each marker also 

expressed the other, and given macrophage heterogeneity, we would not expect all 

macrophages to express both at high levels (115). 
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Figure 2.10. Increased numbers of Iba1+ macrophages in burned skin of Dgka-/- mice. 

(A) IHC staining of Iba1+ macrophages from excised and bisected day 3 wounds of WT 

and Dgka-/- mice show increased number of cells at the site of the burn. (B) Quantification 

of Iba1+ stained cells in burned skin at three time-points in comparison to unburned skin. 

Each data point represents a single burn (or unburned skin region), with two burns per 

mouse per time-point for n=2 mice per time point. Unburned skin represent single time 

point used for comparison of all three burn time points. Error bars: SD. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001; ns, not significant; Two-way ANOVA.  
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Figure 2.11. Iba1 staining in regions of burned/unburned skin of Dgka-/- versus WT 

mice over time demonstrate increased macrophage numbers in Dgka-/- mice. (A) In the 

epidermis/dermis of burned mice, the number of macrophages remains steady over time, 

while there is a spike in hypodermal macrophage infiltration at day 3. Which diminishes 

over time. (B) Comparison of burned vs. unburned skin do not show significant changes in 

macrophage numbers either in WT or KO mice at day 3. A significant increase over 

unburned macrophage counts is observed in the hypodermis of KO mice, not observed in 

WT. Each data point represents a single burn, with two burns per mouse per time-point for 

n=6 mice per group. Error bars: SD. *p<0.05, ****p<0.0001. Two-way ANOVA.  
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Figure 2.12. Colocalization of F4/80 and Iba1 in skin macrophages, and DGKa 

colocalization with macrophages/microglia. (A) Immunofluorescence (IF) staining and 

colocalization of F4/80 and Iba1 in mouse skin. (B) IF staining and colocalization of DGKa 

and F4/80 in mouse skin. (C) IF and colocalization of DGKa and Iba1 in mouse brain. 
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Increased Iba1+ cell numbers at the site of cortical stab injury in Dgka-/- brains  

To assess if the phenomenon of DGKα loss resulting in increased macrophage 

responsiveness extended to other in vivo injuries as well, we tested a cortical stab wound 

model in Dgka-/- versus WT mice. Microglia are resident macrophage analogs in the brain, 

and are the predominant Iba1+ cell population at this site other than in rare pathologies such 

as brain tumors. Activated microglia, which are induced in situations such as brain injury 

and inflammation, have higher expression of Iba1 than do resting microglia. Four days 

after a surgical brain injury with a needle, mouse brains were collected and subsequently 

sectioned and stained for Iba1+ cells. When each was compared to the uninjured 

contralateral brain, Dgka-/- wound areas showed significantly more Iba1+ cells in the region 

than in equal wound areas from WT mouse brains, as evident in representative brain slices 

(Figure 2.13A) and with quantification (Figure 2.13B). Immunofluorescence confirmed 

colocalization of DGKα and Iba1 in brain microglia (Figure 2.12C). 
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Figure 2.13. Increased Iba1+ cell numbers at needle track of surgically wounded  

Dgka-/- and WT mice in acute brain injury model. (A) Representative cross sections 

highlighting needle track and unwounded contralateral cortex. (B) Quantification of Iba1+ 

cells in the needle track demonstrates an increase in Iba1+ cell number in wounded Dgka-/- 

brains versus that in the contralateral, unwounded side. Each data point represents one of 

four brain sections cut from the site of needle injection, from each of n=3 mice per group. 

Error bars: SD. *p<0.05, **p<0.01, ****p<0.0001; Two-way ANOVA with Tukey post-

hoc test.  
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Discussion 

With these studies, we have identified a novel mechanism by which DGKα 

regulates the immune system. Stimulation of BMDMs derived from WT and Dgka-/- mice 

with either LPS or IL-4 upregulated expression of macrophage activation markers in both 

groups, but consistently did so to a greater extent in the Dgka-/- mice. Baseline expression 

of activation markers was not enhanced by DGKα loss, but the macrophage response to 

stimulation was enhanced. Notably, this was not simply a shift in polarization, as the 

responses to both pro- and anti-inflammatory promoting stimuli were enhanced and 

expression of classic pro- and anti-inflammatory markers were each increased. Sensitivity 

of macrophages to diverse stimuli including LPS, IL-4, and the chemoattractant MCP-1 

was increased in each case. Elevated expression of iNOS and arginase in response to 

stimuli could itself have significant implications, as each plays an important role in 

macrophage function. iNOS is implicated in pathogen scavenging through its production 

of NO and citrulline from arginine. By converting arginine to polyamine and collagen 

precursor ornithine, the enzyme arginase contributes to extracellular matrix production. 

Increasing expression of both in macrophages with the use of a DGKα inhibitor might 

promote host defense and tissue repair, in keeping with our results in the wound models. 

Confirming our findings in Dgka knockout mouse macrophages, transient knockdown of 

Dgka in a murine macrophage line yielded similar results. We were also able to observe an 

increase in PKC activation with Dgka knockdown, providing a potential mechanism for 

elevated macrophage responsiveness. We hypothesize that the increase in some DAG 

species with Dgka knockout/knockdown and the resulting increase in PKC activation 

boosts macrophage responsiveness to numerous stimuli, with PKC activity acting as a 
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rheostat controlling macrophage stimulation. In support of this, PKC has been reported as 

a key element in macrophage cell signaling in response to diverse inputs (48,116,117).  

The promotion of macrophage cell cycling in these same stimulatory conditions, as 

evidenced by increased Ki67 mRNA expression in Dgka-/--derived BMDMs, presents 

further support for enhanced cell responsiveness; this was evident even in terminally 

differentiated and minimally proliferative cells. In cells with suppressed proliferation, as is 

the case with LPS-treated J774 macrophages, Dgka knockdown led to further 

downregulation of Mki67 than that observed in controls. These results are the first 

demonstration of increased responsiveness of macrophages with Dgka knockout and 

inhibition, as previous interactions between DGKα and immune activation have been 

limited to T-cells and NK cells (34). Importantly, increased responsiveness was 

demonstrated with pure macrophage cultures such as a cell line, indicating it was not a 

secondary effect due to increased activity of neighboring immune cells such as T or NK 

cells.  

Enhancements in the proliferation and migration of Dgka KD macrophages and KO 

mouse macrophages was also demonstrated through in vitro proliferation and migration 

assays. As implicated in Chapter 1, the signaling effects of increased DAG availability 

resulting from inhibition of DGKα may serve a role in enhanced macrophage migration 

due to possible downstream PKC activation. A role for PKC in macrophage motility has 

been demonstrated (1,48) as well as in macrophage proliferation (1). Other pathways that 

were considered candidates in mediating DGKα effects on proliferation (shown by Mki67 

expression in qPCR and cell count assay), are Akt, Ras, and NF-κB. Akt and Ras have both 

been linked to DGKα signaling through both DAG/PKC signaling (21), and in the influence 
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over T-cell anergic and active states (28) and therefore were considered potential 

mechanisms for these effects. NF-κB is a well-known regulator of cell proliferation (118–

120) and DGKα has been shown to play a role in its regulation in melanoma (25). However, 

when IκBα and phospho-IκBα expression levels following LPS stimulation were probed 

by immunoblot of WT and Dgka-/- BMDM lysates, there were no observable differences 

between groups at 30 minutes, two, four, and twenty-four hour time points (Figure 2.14A, 

B). Immunoblots for phospho-Akt and phospho-Erk at sites indicating pathway activity 

also did not show differences in DGKα knockout/knockdown (Figure 2.14 C). Additional 

studies will be necessary to better assess the mechanisms underlying these observed 

phenotypes, and whether PKC is the primary mediator.  

The brain injury model also indicated higher numbers of Iba1+ cells in the wound 

area of Dgka-/- mice. While not confirmed as activated microglia, this is likely given their 

predominance in the region of brain injury; the result therefore suggests that the effects of 

Dgka knockout may extend to tissue-resident macrophage analogs. Our burn model sought 

to highlight any differences this knockout might have in the wound healing process, and to 

identify the cells being regulated. Our initial observation of decreased skin ulceration over 

subcutaneous tumors in Dgka-/- mice not only prompted us to investigate macrophage 

involvement, but also suggested that the response to injury might be altered in Dgka-/- mice. 

Our findings in the burn model supported this, with smaller burn wounds and locally 

increased macrophage numbers in Dgka-/- mice. Our in vitro findings of increased cell 

cycling and increased migration of Dgka knockout/knockdown macrophages suggest that 

either increased proliferation or influx of these macrophages could explain their higher 

numbers at wound sites. Notably, our results relied on the use of Iba1 as a well-validated 
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specific marker for macrophages and local macrophage analogs (121,122), The specificity 

of Iba1 to the microglia in the brain has also been reported (123), and evidence that 

phenotypic Iba1 expression is comparable to that of CD68 and F4/80 was included in 

establishing this macrophage/microglia marker (124). The process of healing in mouse skin 

is extremely efficient, making it difficult to identify anything that improves wound healing 

or wound size. Macrophages are at the forefront of this rapid wound closure and healing in 

mouse skin, and increasing their numbers and responsiveness at wound sites could have 

substantial implications for healing. Both our wound models support the in vivo relevance 

of this work and its potential implications for tissue injury and healing. 

There was noticeable variability in the number of Iba1+ cells in the wounded brain 

Dgka-/- cohort of mice, in direct contrast to the consistent staining levels in WT brains 

(Figure 2.13B). Though some of this may reflect a larger cell count in the KO versus WT 

mice, the spread of the data suggests there may be other sources of increased variability in 

the KO mice results.  This may be the result of one or more phenomena. Genetic drift in 

the KO mice may have occurred, resulting from spontaneous changes in genomic DNA 

over generations. This has the potential to introduce phenotypic consequences such as 

changes in immunity (125), which in the context of this cortical stab wound variability may 

present itself as changes in the BBB resulting in increased permeability to immune cells in 

select mice. Additionally, KO mice housed in different areas might have possessed 

dissimilar gut microbiota as a result of being caged near other mice. This may have had an 

impact on brain physiology given the influence of the microbiota-gut-axis. The 

microbiome of the gut may influence inflammatory reactions in the brain by modulating 

microglia activation (126,127). There might also have been a threshold effect resulting in 
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either the presence or absence of a phenotypic change, as is evident in those mice with 

Iba1+ cell numbers comparable to WT. The potential of DGKα as a therapeutic target in 

several cancers has been demonstrated by us and others, and more potent and specific 

DGKα inhibitors are in development at large pharmaceutical companies. While they are 

being developed as immunotherapy adjuncts to promote T and NK cell activity, our results 

suggest it will be critical to also determine the effects of these inhibitors on macrophages. 

Given that tumor-associated macrophages (TAMs) have powerful tumor-promoting effects 

(128,129), it must be assessed whether DGKα inhibition promotes or suppresses this pro-

tumor macrophage activity; these studies are ongoing. DGKα inhibition would be 

especially appealing if it were able to not only directly attack cancer cells and boost T and 

NK cell activity, but also improve macrophage activity against cancer cells.  

While these findings extend the role of DGKα in the immune system, with potential 

clinical implications, we acknowledge significant limitations in this study. We have not 

definitively identified the molecular mechanism by which Dgka knockout/knockdown 

increases responsiveness of macrophages, though this is a subject of active investigation, 

and our current study has suggested elevated PKC activity as a potential mediator. The 

relevant signaling appears to differ from the primary reported mechanism for the T cell 

regulation by DGKα, which has been reported to include increased Ras activity (91), given 

that our phosphor-Erk immunoblots did not show differences between our WT DGKα 

inhibited conditions, suggesting that Ras is not a significant mediator. This study is also 

limited to murine macrophages and mice, and it is important to extend these findings to 

human macrophages. Further, the WT and Dgka-/- mice used in this study were not derived 

from a single colony. The use of litter mates is valuable for ensuring both a comparable 
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genetic background and similar environments between treatment groups. As an example, 

there was a lack of segmented filamentous bacteria (SFB) noted in the Jackson Laboratory 

vivarium compared with those at other facilities, which was found to dramatically affect 

an IL-17-associated phenotype in specific pathogen-free mice (130). Potential variability 

introduced through differentially produced and raised mice should be eliminated in future 

experiments. 

Taken together, these data present a novel immunologic function for DGKα as a 

regulator of macrophage activation. This is the first demonstration of a DGK family 

member suppressing macrophage function; one prior report linked DGKζ to macrophage 

activity in juvenile arthritis and cytokine storm mouse models (131), but it showed a 

stimulatory role for DGKζ opposite that we observed for DGKα. If DGKα plays a similar 

role in human macrophages and related cells, this extends its recently-identified role as an 

immune checkpoint to the innate immune system and may also have therapeutic 

implications. As noted above, more potent and specific DGKα inhibitors are in 

development as adjuncts for cancer immunotherapy, and these findings could extend their 

utility beyond the cancer setting. Given the role of macrophages in healing injury and 

combating infectious disease, DGKα inhibitors might find clinical applications in treating 

these pathologies as well. However, it remains to be seen how the effects of small-molecule 

DGKα inhibitors on macrophages will compare to those from DGKα 

knockdown/knockout. Furthermore, our results suggest that DGKα knockdown/knockout 

enhances responses to either pro-M1 or pro-M2 stimuli; in settings such as cancer where 

the goal is typically to enhance the M1 phenotype, it may therefore be necessary to combine 

DGKα inhibition with a pro-M1 agent. 
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Figure 2.14. WT and Dgka
-/-

 BMDMs do not differ in NF-κB, Erk, and Akt activation 

following LPS stimulation. (A, B) Densitometry plots depicting relative band intensities 

from immunoblots of IκBα, p-IκBα at thirty minutes, two hours, six hours, and 24 hours 

following LPS treatment of WT and Dgka-/- BMDMs. (C) Quantification of relative band 

intensities of pAkt and pErk 24 hours following LPS treatment of WT and Dgka-/- BMDMs. 
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Abstract 

The diacylglycerol kinase (DGK) family of lipid enzymes catalyzes the conversion of 

diacylglycerol (DAG) to phosphatidic acid (PA). Both DAG and PA are lipid signaling 

molecules that are of notable importance in regulating cell processes such as proliferation, 

apoptosis, and migration. There are ten mammalian DGK enzymes that appear to have 

distinct biological functions. DGKα has emerged as a promising therapeutic target in 

numerous cancers including glioblastoma (GBM) and melanoma as treatment with small 

molecule DGKα inhibitors results in reduced tumor sizes and prolonged survival. 

Importantly, DGKα has also been identified as an immune checkpoint due to its promotion 

of T cell anergy, and its inhibition has been shown to improve T cell activation. There are 

few small molecule DGKα inhibitors currently available, and the application of existing 

compounds to clinical settings is hindered by species-dependent variability in potency, as 

well as concerns regarding isotype specificity particularly amongst other type I DGKs. In 

order to resolve these issues, we have screened a library of compounds structurally 

analogous to the DGKα inhibitor, ritanserin, in an effort to identify more potent and 

specific alternatives.  We identified two compounds that more potently and selectively 

inhibit DGKα, one of which (JNJ-3790339) demonstrates similar cytotoxicity in GBM 

cells and safety in normal cells as ritanserin. Consistent with its inhibitor profile towards 

DGKα, JNJ-3790339 also demonstrated improved activation of T cells compared with 

ritanserin. Together our data support efforts to identify DGK isoform selective inhibitors 

as a mechanism to produce pharmacologically relevant cancer therapies. 
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Introduction 

Diacylglycerol kinases (DGKs) are a family of enzymes that phosphorylate 

diacylglycerol (DAG) to form phosphatidic acid (PA) (132). Both DAG and PA are active 

signaling molecules that are tightly regulated to influence central cell signals such as 

Protein Kinase C/D, Ras, mTOR, SHP1, and many others (9,89,133,134). Importantly, the 

elimination of DAGs via DGKs is considered the main pathway by which DAG-related 

signaling is attenuated (89). The mammalian family of DGK enzymes is characterized into 

5 classes based on the presence of different functional domains and is comprised of 10 

unique isoforms (9). While this large number of isoforms has made characterizing the 

biological function of these enzymes challenging, there is now mounting evidence for 

involvement of several of these isoforms in a variety of pathological states.  

Recently, DGKα has become of particular interest in the cancer field for its dual 

role in both promoting cancer growth and metastasis and simultaneously suppressing T-

cell activation (135). DGKα is a member of the type I isoform group that has been 

implicated in the progression of many types of cancers, including melanoma and 

glioblastoma (GBM) (19,25). DGKα has also been identified as an important checkpoint 

in T-cell activation, and overactive DGKα leads to the induction of T-cell anergy 

(15,26,30,136,137). DGKα inhibition can rescue T-cell activation, and Dgka knockout 

mice have hyperactive T-cells that are resistant to anergy (27,137). In keeping with this, 

there is now mounting evidence that DGKα inhibition may improve immunotherapies such 

as CAR-T cells (28,33,138). It is important to note that there is substantial evidence to 

suggest that DGKζ may be stronger than DGKα in modulating T-cells, and the use of 
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CRIPSR/Cas9 to knock out both DGKα and DGKζ resulted in significant improvements 

to antitumor activity by human CAR-T cells (33). However, DGKζ has also been shown to 

be important for restraining immunosuppressive regulatory T- (Treg) cells, as well as 

suppressing NF-κB activation, thus creating potential complications in targeting it for 

cancer therapy (139,140).  

Interestingly, the inhibition of DGKα in cancer cells and T-cells has differential 

effects on the Ras pathway, decreasing and increasing its activity, respectively (141,142). 

Additionally, DGKα has been shown to have different substrate specificity depending on 

membrane morphology (143). This suggests that DGKα has context-dependent effects that 

vary across cells and tissues and even intracellular conditions. Further, there is evidence 

for specific DAG species being converted into PA in certain cell types that appears to 

depend on which DGK family member is predominantly expressed (144–146). It is 

therefore likely that the biological roles of the various DGK members are distinguished by 

expression profiles, context of activation, and subcellular localization. This highlights the 

importance of developing inhibitors with a high degree of specificity for the purposes of 

cancer treatment. 

There are two long-established inhibitors of DGKα that have been used extensively 

in vitro in the laboratory, R59022 and R59949. While they have been important tool 

compounds for studying the role of DGKα in cells, they have relatively poor potency 

against DGKα and are more potent against serotonin receptors – likely limiting their 

clinical potential. With the goal of identifying other DGKα inhibitors with higher clinical 

potential, as well as understanding the chemical features to enable the design of superior 

inhibitors, we recently characterized the structurally-similar serotonin receptor antagonist 
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ritanserin as a DGKα inhibitor (21). The primary advantage ritanserin holds over other 

DGKα inhibitors lies in its characterization in clinical trials, studying it as a serotonin 

receptor antagonist, which have already demonstrated its safety and beneficial 

pharmacological properties in human patients (81). The small molecule ketanserin is a 

related serotonin receptor antagonist, that does not demonstrate any ability to inhibit 

DGKα, and is therefore used as a negative control in the following studies. The serotonin 

receptor inhibition of ritanserin may complicate its effects as a DGKα inhibitor. While the 

DGKα inhibitor R59949 has been shown to boost T-cell activity in both human and mouse 

T-cells, a recent report indicates that ritanserin has a similar promoting effect in human but 

not mouse T-cells (147). This context-dependent inconsistency may be better understood 

and addressed by the identification of novel and more potent and specific inhibitors for 

DGKα. Velnati and colleagues recently published AMB639752 as a minimal 

pharmacophoric structure for DGKα inhibition that lacks anti-serotonergic activity and 

demonstrated its selectivity over other DGK isoform types, yet its selectivity over the other 

type I isoforms has not been explored (148), Additionally, Liu et al. reported on their 

compound CU-3, which displays a high degree of potency against DGKα and significant 

selectivity over other isoforms (78). However, the in vivo safety and toxicity for this 

compound and related structures remains unknown. Meanwhile, some studies have begun 

to localize the critical features required of ritanserin and related compounds for DGK 

inhibition and identify the mechanism of action, however thus far no new ritanserin analogs 

have been identified (149,150). In this study, we screened a compound library generated 

by Janssen Pharmaceuticals containing compounds structurally similar to ritanserin. We 

sought to identify ritanserin analogs that provide higher potency against DGKα, as well as 
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selectivity versus other type I DGK isoforms, working toward the ultimate goal of 

improved DGKα inhibitors for immunotherapy and cancer treatment. 

 

Materials and Methods 

Materials 

[γ32P]-ATP (6000Ci/mmol) was from Perkin Elmer (Boston, MA). The lipid 

species used in the preparation of liposomes included: 1,2-dioleoyl-sn-glycerol (dioleoyl; 

18:1, 18:1), 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (PS), and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (PC). All lipids and other materials for the preparation of 

liposomes were from Avanti Polar Lipids (Alabaster, AL). FLAG M2 and HA antibodies, 

rabbit and mouse alkaline-phosphatase conjugated secondary antibodies, and ritanserin 

were from Sigma-Aldrich (St. Louis, MO). The β-tubulin antibody was from Cell Signaling 

Technology (Danvers, MA). Ketanserin was from Tocris Bioscience (Avonmouth, Bristol, 

UK). Anti-Human CD3, clone HIT3a and Anti-Human CD28, clone CD28.2 were obtained 

from BD Biosciences (San Jose, CA). All other commonly used reagents were from Sigma-

Aldrich, unless otherwise indicated. All cell lines were obtained from ATCC (Rockville, 

MD). 

 

Construction of expression plasmids 

The expression plasmids, pcDNA3-FLAG-rat-DGKα(151), pcDNA3-FLAG-rat-

DGKβ(152), and pcDNA3-FLAG-rat-DGKγ were gifted to Dr. Kevin Lynch (University 

of Virginia, School of Medicine) by Dr. Kaoru Goto (Yamagata University, School of 
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Medicine) and were kindly shared with us by Dr. Lynch. The expression plasmid pCMV-

rat-DGKζ-HA was a gift from Dr. Matthew Topham (University of Utah, School of 

Medicine). 

 

Overexpression of DGK isoenzymes 

To study the inhibitory activity of compounds against type I DGK isoenzymes (α, 

β, γ) and DGKζ, human embryonic kidney (HEK 293T) cells (ATCC, Manassas, VA) were 

cultured in DMEM with 5% fetal bovine serum (FBS) (Gemini Bio-Products, Foundation 

FBS, West Sacramento, CA) and 1% antibiotic/antimycotic (Fisher Scientific, Waltham, 

MA). Ten-cm plates of cells were transiently transfected with 5 µg of plasmid DNA for the 

appropriate plasmid expressing DGK or GFP as a control using polyethyleneimine, 25 kDa 

linear (Polysciences, Warrington, PA). Cells were fed with fresh media 24 hours after 

transfection, and 48 hours following the transfection, the cells were harvested and 

homogenized with a 22 G needle using 300 µL/plate of buffer A (20 mM HEPES, pH 7.2, 

150 mM NaCl, 0.5 mM DTT, 0.1% Brij-35, and the protease inhibitors 

phenylmethylsulfonyl fluoride (PMSF), leupeptin, and pepstatin). The cell lysates were 

cleared by centrifugation at 16,000 g for 10 min at 4°C. The supernatant was collected and 

immediately stored at -80°C. For normalizing protein loading in enzyme activity assays, 

total protein concentration was measured using a BCA protein assay (Thermo Scientific, 

Waltham, MA). 

 

Western immunoblot analysis 

To verify the expression of the DGK isotypes, 50 µg of total protein from cell 
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lysates was separated by 8.75% SDS-PAGE under reducing conditions and transferred onto 

a polyvinylidene difluoride (PVDF) membrane (Immobilon, Darmstadt, Germany). The 

membrane was blocked by incubation in Tris-buffered saline with detergent Tween 20 

(TBST) containing 10% (w/v) dried milk for 1 hour at room temperature. The TBST 

contained the following: 50 mM Tris, 150 mM NaCl, and 0.05% (w:v) Tween 20, pH 7.4. 

The membrane was incubated with monoclonal M2 anti-FLAG antibody (Sigma, F1804) 

or monoclonal anti-HA (Sigma, H6908) antibody (1:1000) in TBST, at room temperature 

for 2 hours with gentle agitation. The membranes were then washed with three 5-minute 

washes with TBST and gentle agitation, and incubated with alkaline phosphatase-

conjugated mouse (Sigma, A3562) or rabbit (Sigma, A3687) secondary antibody 

(1:10,000) diluted in TBST with 2% (w/v) dried milk, for 1 h at room temperature. After 

three 15 min washes with TBST, the membrane was briefly incubated in chemiluminescent 

alkaline phosphatase substrate, Applied Biosystems (Poster City, CA). The 

immunoreactivity was detected using a Fuji LAS 4000. For a loading control, the 

membranes were stripped using a mild stripping buffer (1.5% (w/v) glycine, pH 2.2, 1% 

(v/v) Tween 20, and 0.1% (w/v) SDS), blocked again for 1 hour, and incubated with anti-

β-tubulin followed by rabbit secondary antibody and chemiluminescent detection as above. 

 

Preparation of liposomes 

The preparation of liposomes was modified from our previously reported 

methods.(21,153) Briefly, PC and DAG were dissolved in CHCl3, and PC was dissolved 

in 10% isopropyl alcohol in CHCl3; all lipids were combined, and dried under N2 gas to 

remove all solvent. The total liposomal concentration of lipids was 10 mol% DAG, 20 
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mol% PS, and 70 mol% PC. The lipids were hydrated to 10 mM in buffer B (50 mM (3-

(N-morpholino)propanesulfonic acid) (MOPS), pH 7.5, 100 mM NaCl, and 5 mM MgCl2). 

The lipids were then subjected to five freeze-thaw cycles in liquid nitrogen, followed by 

extrusion through a 100 nm polycarbonate filter 11 times to generate liposomes with an 

average diameter of 100 nm. 

 

Kinase assays 

The protocol for measurement of DGK activity was modified from our previously 

reported methods.(21,153) Briefly, the reactions contained buffer B, 0.1 mM CaCl2, 1 mM 

dithiothreitol (DTT), cell lysate expressing the appropriate DGK or GFP control, and 2 

mM lipids. Because enzyme activity can vary between separate preparations due to 

differences in transfection efficiency, the total protein amount of cell lysate used in each 

assay was always confirmed to exhibit DGK activity that falls within the linear range. For 

primary screening of DGKα, 2.8 µg of total protein was used. Five µg of total protein was 

used for all other corresponding DGK assays. Total protein amount for GFP control was 

always matched for each DGK. The reactions were initiated by the addition of 10 µL of 10 

mM ATP spiked with [γ32P]-ATP to a final volume of 100 µL, and allowed to proceed for 

20 min at 30°C. All reactions were terminated with the addition of 0.5 ml of methanol with 

0.1 N HCl, followed by 1 ml of ethyl acetate. To facilitate separation of the organic phase, 

1 mL of 1 M MgCl2 was added and the solution thoroughly vortexed. To measure the 

incorporation of [32P] into DAG, 0.5 ml of the organic phase was removed, and the 

radioactivity was measured using a scintillation counter. The activities of lysates 

overexpressing DGKs (signal) were normalized to activities of lysates expressing only GFP 
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(background). The specific activities of lysates with GFP represented less than 10% of the 

signal for all DGKs and were not detectably altered by the presence of inhibitors or DMSO. 

The specific activity for each assay was calculated as nmol of product formed per minute 

per mg of total protein. All kinase assays were performed in triplicate or as indicated for 

inhibitor screening. 

 

Inhibitor Screening 

For primary screening of potential inhibitor compounds against DGKα, compounds 

were dissolved in DMSO, diluted in buffer B, and added directly to kinase assays for a 

final concentration of 50 µM. The final concentration of DMSO in the reactions was 0.5% 

(v/v) and did not affect the enzyme activity; DMSO was used as a vehicle control for all 

screening runs. Screening assays were allowed to equilibrate for 5 min at room temperature 

following the addition of compound before being initiated with ATP. All compounds were 

screened in duplicate, and 50 µM ritanserin was used as an internal positive control for all 

screening runs. All hits were rescreened using the same protocol with a minimum of three 

biological replicates for confirmation. Inhibitory activity of compounds against other 

DGKs was similarly tested by diluting the compounds and adding directly to kinase assays 

for the appropriate IC50 concentration, with 5 min for equilibration. 

 

Dose Response for IC50 Determination 

To determine the IC50 value for ritanserin and all candidate compounds, a 5-point 

dose response curve was performed with each compound ranging in concentration from 

100 nM to 500 µM. Measurements for each dose with all compounds were made with three 
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independent experiments containing two technical replicates each. 

 

Cell culture and cytotoxicity assay 

Human Jurkat T-cells, A375 melanoma cell line, and U251 GBM cell line were 

cultured in DMEM with 10% FBS and 1% penicillin-streptomycin. Cells were plated in 

96-well plates and treated in triplicate with 5, 15, 25, and 40 μM of analog compounds or 

equivalent amounts of DMSO vehicle control. After 48 h, alamarBlue assay was performed 

to measure cell viability (Bio-Rad, #BUF012B). 

 

Primary T-cell harvest and activation assay 

Complete RPMI (cRPMI) was prepared with 500 mL RPMI 1640 (Gibco, 

#11875093), 10% FBS, 1% non-essential amino acids, 1% pen/strep, 1% pyruvate, and 

0.1% 2-ME. Spleens from two C57BL/6J and two DGKα-/- mice (10-week) were harvested 

into 2 mL cRPMI, then dissociated through a 40 μm cell strainer. The cell suspension was 

centrifuged at 1200 rpm for 5 min, then treated with RBC lysis buffer (0.83% [w/v] 

NH4Cl). Cells were pelleted once more and suspended in cRPMI for further T cell isolation 

with Invitrogen Dynabeads Untouched Mouse T-Cells Kit (#11413D) according to the 

manufacturer’s protocols. Isolated T-cells were stimulated with 1 μg/mL functional 

antibodies against CD3/CD28 and simultaneously incubated with 5 μM analogs for 6 hours 

prior to harvest for subsequent qPCR analysis. Human Jurkat T cells were also similarly 

stimulated and treated with ritanserin analogs for downstream processing. 

 

Real-Time qPCR 
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RNA preparation was performed using Qiagen RNeasy Mini Kit, and cDNA 

synthesis accomplished with Qiagen QuantiTect Reverse Transcription kit according to the 

manufacturer’s instructions. Real-time qPCR was performed using Applied Biosystems 

Power SYBR Green PCR Master Mix. Expression of target mRNA was normalized to 

ribosomal 18S RNA and calculated using the 2-ΔΔCT method. Primers used were Mouse 18S 

Forward: GTAACCCGTTGAACCCCATT, Reverse: CCATCCAATCGGTAGTAGCG; 

CD69 (PrimerBank ID 221554485c1) Forward: CCCTTGGGCTGTGTTAATAGTG, 

Reverse: AACTTCTCGTACAAGCCTGGG. CD69 primer was sourced from the 

PrimerBank of the Center for Computational and Integrative Biology of Massachusetts 

General Hospital and Harvard University.(95–97)  Quantification of target amplification 

was quantified as the relative fold change above DMSO-treated WT controls.  

 

Statistical Analyses 

Comparisons between groups were analyzed by multiple Student’s t-tests without 

correction for multiple comparisons when appropriate, and by one-way Analysis of 

Variance (ANOVA) with Dunnett’s multiple comparisons test as appropriate and as 

indicated in the figure legends. After performing dose response experiments, a GraphPad 

Prism function called log [inhibitor] vs. response -- Variable slope (four parameters) was 

used to calculate IC50 values. All values are reported as the mean of triplicate values ± SD. 

Data shown are representative of at least three independent experiments, except Figure 13 

where independent values are shown. Significance was set to p < 0.05, and p-values are 

reported as indicated in the figure legends. 

For selection of hits from our primary screen, strictly standardized mean difference 
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(SSMD) was calculated as an estimate of unpaired replicates with unequal variance. Hits 

were selected based on the criteria of SSMD ≤ -5 and Log10 (Fold-change) < -0.6. 

 

Results 

Ritanserin lacks specificity for DGKα over other type I DGK isoforms 

The serotonin receptor antagonist ritanserin and the analogs R59022 and R59949 

have shown antitumor efficacy both in vitro and in vivo in multiple cancers, with 

demonstrated mediation through DGKα (19,22,154). In characterizing the inhibitory 

activity of ritanserin against the other type I DGK isoforms, DGKβ and DGKγ, we 

overexpressed FLAG-tagged DGK isoform constructs and confirmed their expression in 

HEK 293T cell lysates (Figure 3.1A). To validate subsequent kinase assays, the linear 

range of activity was identified for each enzyme (Figure 3.1B), alongside a GFP control, 

to ensure that the intensity of enzyme activity would be proportional to the concentration 

of enzyme assayed.  

At the chosen 5 µg of total protein, we determined the relative incorporation of 

[32P] into our DAG liposomes with each DGK type I isoform (Figure 3.1C), with DGKα/γ 

showing the highest enzyme activity. With the introduction of ritanserin to determine level 

of inhibition, we found that at 27.4 µM, ritanserin significantly inhibits the activity of all 

three isoforms, relative to DMSO control treatment (Figure 3.1D). The greatest inhibitory 

efficacy was seen with DGKα (>60%), but substantial inhibition was also observed in 

DGKγ (~48%), and modest inhibition in DGKβ (~21%). This lack of specificity amongst 

the individual type I isoforms is contrasted by near-total inactivity against other DGK 
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isoforms such as δ, θ, and ι, and suggests that structural features shared between the 

isoforms may contribute to their potential for inhibition by ritanserin (21).  

 

Screen of ritanserin analog library points to novel DGKα small-molecule inhibitors 

To identify additional compounds with improved selectivity for DGKα over other 

type I isoforms, we screened a selected library of 188 compounds with a potential for 

inhibition of DGKα. The structure of ritanserin consists of two -4-fluoro-benzene rings, a 

thiazolopyrimidine group, and a protonatable nitrogen which is contained within a 

piperidine (Figure 3.2A). Having been developed as a serotonin receptor antagonist, the 

central nitrogen of ritanserin is known to be key for its anti-serotonergic function, but has 

also been found to be necessary for inhibitory activity towards DGKα (148). The library of 

compounds was provided to us by Janssen Pharmaceuticals and was built based on their 

structural similarity to ritanserin. 

Using our radiolabeled kinase assay, we screened all 188 ritanserin analogs for 

inhibitory effects against DGKα enzyme activity, normalized to vehicle. To identify 

compounds of greatest interest, we established criteria based on the strictly standardized 

mean difference (SSMD, < -5) and log fold change (< -0.6), and identified 30 compounds 

that met these thresholds for all three criteria (Figure 3.2B, Table 1). When select hits were 

rescreened alongside ritanserin, nine compounds demonstrated comparable or improved 

inhibition of DGKα; however, only seven of these compounds had available structural 

information and were thus chosen for further testing (Figure 3.2C, E-K). Notably, two of 

these compounds were more similar in structure to the DGKα inhibitor R59949 than 

ritanserin (Figure 3.2D, H, K). 
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Figure 3.1. Ritanserin exhibits significant inhibition of all type I DGK isoforms. (A) 

GFP control or indicated FLAG-tagged DGK constructs were expressed in HEK-293T 

cells, harvested 48 hours after transfection, and expression checked by immunoblot for the 

FLAG tag at the appropriate molecular weight. (B) Enzyme activity as a function of the 

protein concentration in cell lysates expressing GFP or indicated DGK and measured as 

nmol of ATP incorporation into PA per minute. (C) Enzyme activity of type I DGKs when 

assayed with 5 μg total protein of cell lysate. (D) Relative DGK activity with or without 

ritanserin for type I DGK isoforms. The concentration of ritanserin used in each assay was 

the IC50 of ritanserin for DGKα (27.4 μM) compared to DMSO control. *p<0.05, 

**p<0.01, ***p<0.001 
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Figure 3.2. Screening a library of ritanserin analogues reveals additional inhibitors 

against DGKα. (A) Molecular structure of ritanserin. (B) Dual-flashlight plot for all 

compounds screened against DGKα. Blue points indicate compounds that met the selection 

criteria for strictly standardized mean difference (SSMD) and mean log fold change. (C) 

Relative DGKα activity in confirmation screen. FLAG-tagged DGKα was overexpressed 

in HEK-293T cells, and DGK activity in 5 µg of protein lysates was measured. DMSO 

concentration was 0.5% in all assays and all compounds at 50 µM. (D) Molecular structure 

of the DGK inhibitor R59949. (E-K) Molecular structures for all identified compounds as 

indicated. ****p<0.0001 
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Table 1. Candidate compounds resulting from the primary screening campaign. 
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Specificity of ritanserin analogs for DGKα 

Based on our initial two screens assessing the ritanserin analogs for potency against 

DGKα, we next set out to determine the specificity of these compounds for DGKα over the 

other type I DGK isoforms. We first performed dose response experiments to determine 

the IC50 and IC90 values for the seven candidate compounds towards DGKα resulting from 

the screen (Table 2). We tested these compounds on DGKβ and DGKγ at their determined 

IC50 and IC90 values towards DGKα. Two were identified to have very limited inhibitory 

activity against the DGK type I isoforms β and γ. Thus, while ritanserin demonstrated a 

degree of inhibition of DGKβ/γ, as seen in Figure 3.1D, compounds JNJ-3790339 and JNJ-

3940447 at IC50 did not affect DGKβ/γ activity (Figure 3.3), demonstrating greater 

specificity of these compounds towards DGKα.  

We further sought to evaluate the specificity of these compounds by determining 

their inhibition of another DGK subtype. We chose the type IV DGKζ, due to its known 

role in the suppression of Treg cells and NF-κB activation. Type IV DGKs are distinct 

from type I in that they lack the N-terminal RVH and EF Hand motifs which cooperate to 

control calcium-dependent enzyme activation (155). They additionally have PDZ-binding 

and ankyrin domains involved in protein-protein interactions, as well as a MARCKS 

domain. After confirming expression of DGKζ in our HEK-293T cell lysates, we identified 

a protein concentration within the linear range of activity (Figure 3.4A, B) and measured 

activity following treatment with ritanserin, compound JNJ-3790339, and compound JNJ-

3940447. Neither ritanserin nor its analogs showed any inhibitory effect on DGKζ at IC50 

(Figure 3.4C).  

We tested all of our candidate compounds to assess inhibitory activity against 
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DGKβ/γ/ζ, at the IC50 as determined for DGKα (Table 3). Notably, ritanserin shows no 

activity against DGKζ at either concentration, suggesting type I specificity, favoring 

DGKα. These data indicate the potential to identify potent DGKα specific inhibitors from 

a catalog of ritanserin-like compounds. Additional structural information may be beneficial 

in characterizing structural motifs relevant to DGK inhibition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

 

Table 2. DGKα IC50 and IC90 values for candidate compounds. 

 

 

 

Figure 3.3. Screening candidates do not exhibit inhibition against other type I DGK 

isoforms. Inhibitory activity for ritanserin and top candidate compounds against DGKβ 

and DGKγ at their DGKα IC50 as indicated in Table 2. *p<0.05, **p<0.01 
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Figure 3.4. Ritanserin analogues do not significantly inhibit DGKζ. (A) GFP control 

or HA-tagged DGKζ constructs were expressed in HEK-293T cells, harvested 48 hours 

after transfection, and expression checked by immunoblot for the HA tag at the appropriate 

molecular weight. (B) Enzyme activity for cell lysate with overexpressed DGKζ was tested 

for the range of linearity prior to subsequent experiments. (C) Inhibitory activity for 

ritanserin and lead candidate compounds against DGKζ. 

 

 

Table 3. Specificity at the IC50 for all screening candidates. 
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Induction of apoptosis in cancer cells by ritanserin analogs 

One of the promising uses for DGKα small-molecule inhibition is in the treatment 

of various cancers for which targeting DGKα has demonstrated cytotoxicity. To determine 

if our newly identified inhibitors show the same cytotoxic effects against cancer cells in 

vitro and in vivo as DGKα inhibition has previously shown (19), we performed dose 

response  assays with the human melanoma cell line A375 and the GBM cell line U251 

using ritanserin, ketanserin, JNJ-3790339, JNJ-3940447, and vehicle (Figure 3.5A). We 

also tested them with the human-derived Jurkat T-cell leukemia line. Ritanserin and JNJ-

3790339 treatment resulted in significant loss in cell viability at 15 μM of compound in 

both the A375 and U251 cell lines (Figure 3.5B), and at 25 μM both ritanserin and JNJ-

3790339 had largely ablated survival in both cancer cell lines with limited cytotoxicity in 

the Jurkat T-cells. JNJ-3940447 did not achieve similar levels of cytotoxicity in A375 and 

U251 until 40 μM. Even at 40 μM, both JNJ-3940447 and ritanserin showed limited 

cytotoxicity in Jurkat cells, while JNJ-3790339 showed no more cytotoxicity than vehicle 

control.  

 

Activation of primary WT and DGKα-/- T-cells 

Given the demonstrated ability of the small molecule DGKα inhibitors to promote 

T-cell activation (147) we investigated whether the inhibitors identified by this screen 

might also possess this immune-stimulating ability. Human Jurkat T-cells were 

costimulated with functional CD3/CD28 antibodies alongside ritanserin, ketanserin, or the 

analogs identified by our screen. The most potent inhibitor we identified, JNJ-3790339, 

displayed the highest activation response and was significantly higher than activation in 



80 
 

the presence of DMSO (Figure 3.6A). The negative control ketanserin was also included 

in the assay, as it is structurally similar to ritanserin and its analogs, and functions as a 

serotonin inhibitor but not as a DGKα inhibitor. As expected, ketanserin did not result in 

increased expression of CD69. 

T-cells isolated from the spleens of WT and DGKα-/- mice were similarly 

costimulated alongside three analogs from our initial screen identified as the most potent 

inhibitors of DGKα (Figure 3.6B). JNJ-3790339 and JNJ-3790892 resulted in enhanced T-

cell activation in Jurkat T-cell leukemia cells and primary murine T-cells, respectively. 

This effect was lost in treated DGKα-/- cells. JNJ-3790339 and JNJ-3790892 had among 

the lowest IC50 demonstrated by enzyme activity assay, while compound JNJ-3940447 

with the second-lowest IC50 did not produce such an activating effect. The imperfect 

correlation between DGKα IC50 and T-cell activation suggests that there may be additional 

specific properties of these drugs that modulate their T-cell activation, such as permeability 

and retention in T-cells. Ritanserin was not used in experiments with primary murine T-

cells due to its previously demonstrated inability to activate murine T-cells, but the DGKα 

inhibitor R59949 was used instead (147). In these settings the two ritanserin analogs JNJ-

3790339 and JNJ-3790892 possess greater potential to stimulate T-cells than ritanserin and 

R59949 (Figure 3.6A, B). Future experiments will introduce earlier time points to 

investigate the upregulation of CD69 mRNA expression, which plateaus and declines 

between four to six hours (156). It will also be important to determine what effect the higher 

cytotoxic concentrations of compound have on CD69 expression, as this may relate to 

whether single concentrations of drug may simultaneously stimulate T-cells and have 

cytotoxicity for cancer cells.  
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Figure 3.5. Demonstrated cytotoxic efficacy of ritanserin and JNJ-3790339 and JNJ-

3940447 against human melanoma, GBM, and T-cell leukemia cell lines. (A) Dose 

response curve for cytotoxicity that measures alamarBlue fluorescence from A375, U251, 

and Jurkat cells treated with vehicle (DMSO), and the indicated concentrations of 

ketanserin, ritanserin, and analog compounds JNJ-3790339 and JNJ-3940447. (B) Percent 

viability of cells treated with the same compounds as in (A) at 15 μM shows high cell 

viability in Jurkat T-cells treated with ritanserin and JNJ-2790229. *p<0.05, **p<0.01, 

****p<0.0001, ns, not significant 
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Figure 3.6. Ritanserin analogs JNJ-3790339 and JNJ-3790892 promote activation of 

primary murine T-cells. (A) Human-derived Jurkat T-cell line was unstimulated, or 

stimulated with 1 μg/mL functional antibodies against CD3/CD28 and treated for 6 hours 

with indicated ritanserin analogs at 5 μM. T-cell activation was assessed by qPCR 

measurement of CD69 mRNA levels. (B) Primary isolated murine T-cells from WT and 

DGKα-/- (KO) mice were stimulated and treated for 6 hours with indicated inhibitors and 

T-cell activation assessed by CD69 expression as described in (A). **p<0.01, ***p<0.001 
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Discussion 

The large number of mammalian DGK isoforms and apparent lack of substrate 

specificity has made deciphering the individual roles of the different isoforms into an 

immensely complex task. Having access to selective and specific pharmacological 

compounds that modulate the activity of individual DGK isoforms is crucial to 

interrogating the physiological roles of these enzymes. DGKα is a member of the type I 

isoform group of DGKs that has been implicated in a number of pathological conditions, 

including glioblastoma and melanoma, and represents a promising therapeutic target (135). 

The other type I DGKs, β and γ, possess the same structural domains as DGKα, most 

notably calcium-binding EF hand motifs which enhance their activity in the presence of 

calcium. Their structural and functional similarity highlight the importance of identifying 

specific and selective inhibitors for DGKα. Liu et al have reported on a DGKα inhibitor, 

CU-3, with a novel scaffold that proved to be both potent and highly selective over all other 

DGK isoforms and was efficacious in improving the activation of Jurkat T cells assayed 

for IL-2 production measured by cDNA PCR amplification (78). Velnati and colleagues 

recently identified a novel pharmacophoric structure for inhibiting DGKα with the 

compound AMB639752, which has improved selectivity for type I DGK isoforms and 

eliminates anti-serotonergic activity that is a significant potential limitation of the ritanserin 

analogues (148). However, the selectivity of AMB639752 for DGKα over other type I 

isoforms is unknown, and both scaffolds lack indications of in vivo activity. 

The identification of ritanserin as a DGKα inhibitor demonstrates the value in 

repurposing therapeutics, as previous clinical trial data has already shown that it is safe and 
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well tolerated in human patients (81). Initially designed as a serotonin receptor antagonist, 

its ability to inhibit DGKα suggested its potential for use in the treatment of certain cancers 

such as glioblastoma and melanoma(21). While ritanserin was found to effectively inhibit 

DGKα and demonstrate cytotoxic effects in cancer cells, its potency was not a great 

improvement beyond those of the previously identified DGKα inhibitors R59022 and 

R59949. Furthermore, in this study we found that while ritanserin has a high degree of 

specificity for type I DGK isoforms (21), there is little specificity between the type I 

isoforms (Figure 3.1). By screening a library of 188 ritanserin analogs initially created by 

Janssen Pharmaceuticals, we were able to identify 15 additional compounds with 

significant inhibitory activity against DGKα (Figure 3.2, Table 1). We found that two of 

these compounds in particular, JNJ-3790339 and JNJ-3940447, demonstrated a high 

degree of selectivity for DGKα over the other type I DGKs (Figure 3.3). We also 

investigated the activity of these inhibitors on a DGK from an alternate subtype, the type 

IV DGKζ, due to its known role in promoting T-cell anergy, a function it shares with 

DGKα. We found that neither ritanserin nor the analogs JNJ-3970339 and JNJ-3940447 

demonstrated any significant inhibitory activity with DGKζ (Figure 3.4). It is possible a 

compound with dual inhibitory functions against DGKα and DGKζ may have higher 

therapeutic potential and thus it may be worth further investigating the activity of these 

ritanserin analogs against DGKζ. Even when we tested these compounds at their IC90, JNJ-

3790339 maintained a high specificity for DGKα and JNJ-3940447 demonstrated only 

moderate activity against DGKζ and a downward trend in DGKγ activity that was not 

statistically significant (~68% inhibition against DGKα vs ~31% against DGKs γ and ζ, 

not shown). Unfortunately, it remains unclear how the minor differences in the structures 
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of these two compounds yield this higher selectivity. There are currently no crystal 

structures for any of the type I DGKs, and there was not enough accessible information on 

structures within this library to perform a structure-activity relationship analysis.  

The enhanced potency and selectivity of JNJ-3790339 and JNJ-3940447, however, 

supported further investigation into their therapeutic potential. GBM is the most common 

primary cancer of the central nervous system and makes up >51% of all gliomas (157). It 

is the most aggressive primary brain tumor with a median survival of 15 months and a 5-

year survival rate of less than 5% (158). GBM is extremely resistant to treatment, even 

with surgical resection followed by concurrent radiation and chemotherapy, highlighting 

the need for novel therapeutics. We have previously shown that the overexpression of 

DGKα found in GBM cells suppresses cAMP levels to drive the key oncogenic pathways 

mTOR and HIF-1α (19). Melanoma is another notoriously aggressive and invasive cancer, 

and while the advent of immunotherapy has resulted in improved patient outcomes over 

the past decade, there has been demonstrated potential for the efficacy of adjuvant DGKα 

inhibition (19). Inhibition of DGKα with  ritanserin or its analog R59022 results in toxicity 

to GBM cell lines that does not occur in non-cancer derived cell lines (19,22). We tested 

JNJ-3790339 and JNJ-3940447 for their ability to induce cell death within the melanoma 

cell line A375 and GBM cell line U251 (Figure 3.5). We found that JNJ-3790339 was 

similar to ritanserin in inducing cancer cell death across all tested concentrations, while 

compound JNJ-3940447 induced relatively little cytotoxicity in both the cancer cells and 

Jurkat T-cells. The lack of direct correlation between DGKα inhibition and cytotoxicity 

within cancer cells suggests that there may be additional specific properties of these drugs 

affecting their action in cells, such as cell permeability, retention, or off-target effects.  
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In addition to their direct effects on cancer cells, novel inhibitors to DGKα have 

potential to become valuable as adjuncts to cancer immunotherapies. The ability of 

ritanserin to upregulate T-cell activation is an attractive benefit of DGKα inhibition, since 

immunotherapies have emerged as very effective treatments for some cancer patients. 

Treatment of immunogenic malignancies such as melanoma have yielded major 

improvements in patient survival with the advent of immune checkpoint inhibitors. These 

treatments reverse the immunosuppressive effects of PD-1/PD-L1 and CTLA4, enabling 

T-cells to combat tumor progression. Combining these drugs with an agent such as 

ritanserin could prove valuable in the clinic, with possible synergistic effects; notably, 

DGKα has been shown to mediate resistance to PD-1 inhibitors (84), We sought to 

determine if JNJ-3790339 and JNJ-3940447 could also promote T-cell activation, using a 

human T-cell line and primary T-cells isolated from WT and DGKα-/- mice. The range of 

analogs we tested enabled us to get a preliminary sense of correlations between DGKα 

inhibitory potency and T-cell activation. We observed in the Jurkat human T-cell line that 

JNJ-3790339 enhanced the upregulation of CD69 gene expression, an early marker for T-

cell activation, and exhibited an improved response over ritanserin (Figure 3.6). 

Interestingly, JNJ-3790892 also displayed a significant increase in CD69 expression above 

DMSO in primary T-cells but no improvement in potency or selectivity over ritanserin. 

The differential effects of the two compounds across different cell types might be due to 

differences in drug permeability and retention, or slight modification by inhibition of other 

target. These may stem from species-specificity differences, similar to how ritanserin is 

able to promote CD25 and CD69 expression in human T-cells, but not in mouse T-cells 

(147).  Importantly, we confirm that these effects are DGKα-mediated, as primary T-cells 
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harvested from the spleens of DGKα-/- mice do not show enhanced T-cell activation upon 

treatment with DGKα inhibitors (Figure 3.6). It will be important in the future to include 

normal cell controls to confirm that our compounds at their tested concentrations are not 

cytotoxic to cell populations we wish to preserve in a clinical setting. These can include 

primary mouse and human T-cells, as well as lines such as those from human fibroblasts. 

Controls for GBM lines can include normal human neural stem cells that propagate 

indefinitely in their undifferentiated state, or which can be differentiated into astrocyte 

control cells.  

In summary, through these experiments we have identified compounds that more 

potently and selectively inhibit the promising immunotherapy and cancer target DGKα. In 

particular, we have identified JNJ-3790339 as a compound with superior selectivity for 

DGKα, similar induction of cytotoxicity in cancer cells, and improved ability to upregulate 

T-cell activation. JNJ-3790339 shares a high degree of structural similarity to ritanserin 

and would likely behave similarly in vivo. We recognize that there is some inconsistency 

between potency of DGKα inhibition and promotion of T-cell activity with our newly 

identified compounds. Reasons for this may include variable penetration of the different 

compounds across cell membranes, as well as different susceptibility to cellular efflux 

pumps, which are mechanisms demonstrated to influence resistance to chemotherapy 

(159,160). Activity against other targets including serotonin and possibly dopamine 

receptors may also modulate these drugs’ ability to influence T-cell activation. Further 

investigation is needed to determine a complete structure-activity relationship for this class 

of drugs, as well as cell permeability and retention, their activity against serotonin 

receptors, and their in vivo pharmacokinetic profile. The potential clinical benefit of these 



88 
 

drugs alone and in combinations with available immunotherapies underscores the 

importance of further pursuit of these repurposed analogs. 
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Therapeutic potential and considerations with DGKα inhibition 

The studies presented in Chapters 2 and 3 reintroduce DGKα as a druggable target 

but add a novel role in macrophage activation. With its previously described function as an 

immune checkpoint due to its effects on T-cell modulation (28), this evidence provides 

new insight into a broader role as an important immune regulator. These effects were 

demonstrated in the physiological setting of wound healing, with DGKα-/- mice having 

greater numbers of macrophages present at wound sites in response to injuries (Figures 

2.10, 2.11). The therapeutic potential in this area alone is broad, ranging from ischemic 

stroke, to burn healing, and the advent of a possible new treatment option could have far-

reaching clinical effects. Modest improvements in healing time may be a challenging yet 

plausible outcome of DGKα inhibition, as suggested by the above study (Figure 2.9). 

Macrophage plasticity is an important characteristic of these cells that may fail in certain 

settings; for example, failure to transition between pro- and anti-inflammatory phases can 

result in chronic, unresolving inflammation as in diabetic wound healing(49). This sort of 

pathology may substantially benefit from a therapy modulating the activation of these cells. 

These experiments were performed in whole organism KO of DGKα with the enzyme 

absent in all cells, so it will be important to determine if this treatment option would be 

viable with systemic administration of an inhibitor or through local administration of a 

topical formulation of an inhibitor.  

In addition to wound healing, there are a great number of pathologies that are 

directly influenced by macrophage function. In type 1 diabetes, pro-inflammatory 

macrophages trigger inflammatory responses initiating insulitis and pancreatic β cell death, 

while anti-inflammatory macrophages negatively regulate the disease by decreasing 



91 
 

hyperglycemia, insulitis, and inflammation in the pancreas (161). In type 2 diabetes, pro-

inflammatory macrophages are implicated in insulin resistance and the activation of 

inflammatory signals during disease progression, while anti-inflammatory macrophages 

attenuate the inflammation of adipose tissue. It is evident that this cell type is associated 

with many of the complications that emerge in diabetes (162,163), so DGKα inhibition 

may function as a tool to regulate those effects and further elucidate their roles. Our results 

suggest that DGKα knockout/knockdown increases macrophage responsiveness, and this 

might worsen some pathologies, but help others. 

 

Effects of DGKα inhibition in cancer 

Macrophages play a vital role in cancer development and progression. Cancers have 

sometimes been referred to as wounds that don’t heal (164–166). This is due in part to the 

similarities between the remodeling of the ECM, which occurs during both wound healing 

and during metastasis. During normal wound healing, negative feedback mechanisms 

terminate reparative responses once healing is complete, an event that goes unregulated 

during metastasis. During tumor progression, tumor-associated macrophages (TAMs) 

promote many of the processes which support tumor growth and local invasion. These cells 

can promote angiogenesis, inhibit T-cell-mediated cytotoxicity, and contribute to ECM 

remodeling to facilitate cell extravasation (167). While studies have shown that TAMs are 

able to exhibit polarization in both pro- and anti-inflammatory directions, they are largely 

considered to have acquired the M2-like anti-inflammatory phenotype and commonly 

express biomarkers such as MMP2/9, and activated STAT-3 (168). Signaling ligands 

secreted by macrophages – including TGF-β, VEGF, PDGF, M-CSF, and IL-10 – promote 
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tumor initiation and growth, fostering conditions that contribute to therapeutic failure 

(169). More understanding regarding the regulatory mechanisms of macrophages, 

including TAMs, has great potential to improve therapeutic strategies for disease 

management. Tumor cell cytotoxicity as a result of DGKα inhibition has been previously 

demonstrated (19), but it will be very important for the feasibility of this treatment strategy 

to investigate the role DGKα plays in the setting of the tumor microenvironment, where 

TAM activation may exacerbate disease progression. 

 

DGKα as an immunotherapeutic target 

In the realm of immunotherapy, DGKα has emerged as a potential target for 

combination therapy, as it has been demonstrated that DGKα inhibition enhances the 

efficacy of anti-PD-1 therapy (84). There is a need for more potent and specific DGKα 

inhibitors, and the main interest in developing them has been as boosters of T-cells 

alongside other therapies such as anti-PD-1 checkpoint inhibitors. A recent study 

demonstrated anti-cancer synergy in combining anti-PD-1 inhibition and DGKα inhibition 

(29). Acquired treatment resistance is a problem frequently encountered, despite the 

unprecedented clinical success of immune checkpoint inhibitors (170). The mechanisms of 

tumor immune resistance are complex, involving changes in the antitumor immune 

response pathways as well as in the signaling pathways within tumor cells themselves, with 

both leading to the formation of an inhibitory immunosuppressive microenvironment 

(171). Intrinsic or primary drug resistance, wherein a malignancy is totally unresponsive 

to immunotherapy from first dose, is another avenue of immunotherapy resistance. One 

proposed mechanism for the development of primary resistance is the blockade of immune 
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checkpoints leading to the polarization of immunosuppressive cells, such as M2 

macrophages (171). Primary resistance also presents with upregulated expression of 

chemokines with immunosuppressive potential, such as IL-10 or VEGFA, and macrophage 

chemotaxis genes, including CCL2 and CCL13 (172). DGKα is also implicated in 

facilitating treatment resistance by promoting T-cell exhaustion as well as anergy, and 

DGKα inhibition has been found to restore cytotoxic function of CAR-T and CD8+ T-cells 

(29). The combination of DGKα inhibition with anti-PD-1 treatment resulted in a 

synergistic effect promoting induction of AP-1, an important regulator of the Ras/ERK 

pathway that is associated with T-cell activation. However, there is also new evidence to 

suggest that DGKζ inhibition may more strongly boost T-cell function than does DGKα 

inhibition (173). That being said, the effects of DGKα and DGKζ knockdown may have 

varying effects across cell types, and this observation on the relative potency of DGKα 

versus DGKζ may not hold true in other immune cell types. While our data indicate a 

macrophage-activating effect for DGKα knockout, one prior study has suggested that 

DGKζ knockout does the opposite and may suppress macrophages (131). Therefore, DGKα 

in combination with other immunotherapies might be a more effective treatment option 

than DGKζ inhibition in cancers where macrophages may be used to combat the tumor, as 

in human osteosarcoma (174).  

Future experiments incorporating anti-PD-1 checkpoint inhibitors alone or in 

combination with DGKα inhibition can be used in cancer models to observe their effects 

on efficacy, with the hypothesis that DGKα inhibition will improve treatment outcomes. 

These studies using various mouse models, from nude mice lacking T-cells, to SCID mice 

lacking both T- and B-cells, can probe for the importance of various immune cell subsets 
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in DGKα’s ability to enhance checkpoint inhibitor therapy. T-cell depletion using CD3, 

CD4 or CD8 antibody may similarly highlight the relevant subsets in combination 

treatment. It will be particularly important when following up the present studies with 

testing of DGKα inhibitors in cancer models to deplete macrophages with techniques such 

as clodronate liposomes, to determine their role in the activity of DGKα inhibitors alone or 

in combination regimens. 

With new evidence that DGKα is also able to regulate macrophage activation, there 

may be an additional immunotherapeutic indication for combination DGKα treatment. 

Anti-CD47 therapy is a promising addition to the catalogue of immunotherapies for cancer 

treatment. While to date the majority of immunotherapies have been agents targeting 

CTLA-4 and PD-1/PD-L1, targeting macrophages presents the opportunity to abrogate 

myeloid-specific immune checkpoints as well – such as blockade of the CD-47/SIRPα 

interaction, which has proven efficacious in early studies in blood cancers as well as solid 

tumors (175,176). CD47 is a powerful “don’t-eat-me” signal suppressing phagocytosis. It 

was shown with the transfusion of CD47-/-  red blood cells (RBCs) into WT mice that the 

mutant RBCs were rapidly eliminated from circulation (177), but splenectomized mice and 

mice having undergone macrophage depletion showed impaired removal of CD47-/- RBCs. 

It has also been suggested that targeting the CD47/SIRPα axis may alter the polarization 

state of macrophages in the tumor (178). In glioblastoma, anti-CD47 treatment was found 

to enhance tumor cell phagocytosis by both M1 and M2 macrophages, and can shift 

macrophages toward an M1 phenotype in vivo (179). Given our findings that DGKα 

knockout enhances macrophage responsiveness, we hypothesize that adding DGKα 

inhibition to a pro-phagocytic therapy such as anti-CD47 antibodies will enhance its 
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efficacy. CD47 is highly expressed on many different types of cancer so therapies which 

block the CD-47/SIRPα interaction may be broadly applicable and amenable to 

combination with DGKα inhibition. This is among the future directions being pursued as 

an outcome of this project.   

Among other possible therapeutics that have emerged resulting from their ability to 

regulate macrophage activation is niacin, a lipid-regulating agent used for treatment of 

high-grade inflammatory diseases, and which has been demonstrated to impair glioma 

tumor growth and stimulate myeloid cells (180–183). Niacin, or nicotinic acid (NA), is a 

member of the vitamin B family and known as one of the most effective agents helping to 

protect against cardiovascular risk factors by increasing high density lipoprotein (HDL) 

levels and simultaneously decreasing very low density lipoprotein (VLDL) and low density 

lipoprotein (LDL) (184). Well-known for its functions in the treatment and prevention of 

atherosclerosis, its newly uncovered ability to control brain tumor growth is suggested to 

be due to promotion of microglial anti-GBM activity. It was previously shown that while 

macrophages and microglia from healthy individuals were able to curb brain tumor-

initiating cell (BITC) growth in culture, this effect was lost in cells from patients with GBM 

(185) – and NA has been proposed as a means to overcome such compromised immunity. 

NA treatment of mice bearing intracranial BTICs derived from GBM patients increased 

the macrophage and microglia representation within the tumor (183). NA is safely used in 

humans at high doses, and it is already being incorporated into a clinical trial in Alberta, 

Canada for patients with newly-diagnosed glioblastoma. There may be even stronger 

potential for combination treatment with an adjuvant such as ritanserin, and our laboratory 

will be investigating this combination as well. Such a combination could fulfill some of 
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the exciting potential that may arise from repurposing existing drugs. DGKα inhibition in 

combination with NA treatment has the potential to further boost the performance of anti-

tumor microglia and macrophages in cancers such as GBM, a setting in which each has 

demonstrated single-agent efficacy (19,183). 

Additionally, the CSF-1/CSF-1R axis is a key macrophage signaling pathway 

which has been linked to increased tumor cell survival, proliferation and enhanced motility, 

and its inhibition has shown potential for improving prognosis in breast and prostate 

cancers through modulating TAMs (186–189). TAMs in the tumor microenvironment are 

known to impose tumor-promoting functions, leading to tumor growth and treatment 

resistance. CSF-1R inhibition represents another strategy to modulate TAMs, which 

depletes macrophages and reduces tumor volume in several xenograft models (190). With 

the intended purpose of DGKα inhibition being to enhance the activity of macrophages or 

microglia in a given setting, promotion of TAM activation in a cancer setting could be an 

undesirable effect. However, there are data to suggest that after CSF-1R inhibition glioma 

TAMs lose M2 polarization and show enhanced phagocytosis (191). This therapeutic 

strategy might therefore also benefit from combination with DGKα inhibition, with the 

hope of increasing activation of these anti-tumor macrophages. Macrophage 

responsiveness to such therapies may be enhanced by the stimulatory effects from DGKα 

inhibition.  

 

Identification of mechanisms behind DGKα-loss mediated macrophage responsiveness 

An important area of investigation that must be addressed before implementing 

DGKα inhibition in the clinic is the identification of the key mechanisms responsible for 
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the increased responsiveness of macrophages with DGKα knockout/knockdown. While we 

have provided molecular evidence of enhanced macrophage activation (Figure 2.1), as well 

as in vivo support for an effect in two wound models, we have not yet dissected the 

mechanism of action responsible for this apparent activation. It has previously been shown 

that DGKα inhibition is associated with increased PKC activation (21). As a key mediator 

of the effects of DAG in cells, PKC is worthy of further study, as it also has been reported 

as a key element in macrophage cell signaling (48,116,117). In our research, we too 

observed a trend toward increased PKC activation following DGKα knockdown, and future 

experiments on DGKα in macrophages could test whether PKC antagonists block the 

effects of DGKα KO/KD or inhibition, and whether PKC agonists elicit similar cell 

responsiveness. PKC signaling in macrophage activation has been found to mediate the 

upregulation of iNOS expression and NO production in activated J774 macrophages in an 

NF-κB dependent manner (47), and this mechanism may be integral to our own 

observations with DGKα loss and knockdown. Early investigation into potential 

mechanisms included the assessment of the NF-κB transcription factor family. 

Immunoblots for IκBα and p-IκBα at multiple time points with and without LPS treatment 

showed predictable expression changes with the addition of LPS, but no differences were 

found across the WT and Dgka-/- BMDMs (data not shown). NF-κB and its upstream 

drivers therefore did not supplement PKC as potential mechanisms for Dgka loss-induced 

responsiveness.  

Further research will also incorporate unbiased approaches to seeking potential 

mediators of the effects of DGKα knockout/inhibition on macrophages using profiling 

strategies such as RNA-seq and phosphoproteomics of Dgka-/- versus WT mouse 



98 
 

macrophages to identify transcriptomic and signaling differences. Our laboratory has 

previously demonstrated that the prenyltransferase geranylgeranyltransferase type 1 

(GGTase-1) is a mediator of mesenchymal GBM cell sensitivity to ritanserin (22). We 

consider the possibility that GGTase-1 may also act as another potential mediator of DGKα 

effects on macrophages, as previous studies have demonstrated the ability of GGTase-1 to 

regulate macrophage activity (192,193). 

Additional studies should also be performed to determine if DGKα loss promotes 

increased phagocytic activity and/or increased monocyte differentiation. Increased 

migration toward a chemoattractant was demonstrated in our work (Figure 2.8) and this 

provides some insight into the effect of DGKα on macrophage motility. However, insight 

into different functional mechanisms of these cells would provide a more thorough 

illumination of the exact function of DGKα as well as provide additional evidence to 

support DGKα as a mediator macrophage activation. Fluorescent bead internalization in 

conjunction with imaging at regular intervals could illustrate the rate and volume of 

macrophage phagocytosis in normal versus DGKα-deficient macrophages. And while the 

ontogeny of macrophages has been well studied and established, the potential for DGKα 

influence on macrophage differentiation remains unexplored; the observed increase of 

macrophage numbers at wound sites is also a phenomenon that is not fully understood and 

could also be related to the effects of DGKα on monocyte differentiation. The increase in 

local macrophage cell number may represent enhanced differentiation of blood circulating 

monocytes, proliferation of tissue-resident macrophages, or chemotaxis of nearby 

macrophages to the area, and in our brain injury model could also reflect monocytes and 

macrophages introduced into the brain through blood vessel rupture as a result of the injury 
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itself. Analysis by flow cytometry may be useful for determining the identity of myeloid 

cells in response to brain injury in DGKα-/- mice, with antibodies specific for F4/80, CD45, 

CD11b and TMEM119 providing insight into predominant cell type. Probing for Ki67 and 

DGKα expression in vivo may also shed light on whether the propensity for proliferation 

depends on DGKα status.  

Additional testing will also incorporate the use of small-molecule DGKα inhibitors 

against macrophages in various settings. This includes investigating the role of such 

compounds in wound models such as the burn and cortical stab wound injury models. 

These studies should better determine the potential of DGKα inhibition as a wound healing 

treatment, versus our previous studies which relied on knockout of the enzyme. While 

testing the effects of small-molecule DGKα inhibitors on macrophages is vital for potential 

translation of our findings, it introduces additional levels of complexity. Factors such as 

dose and schedule of DGKα inhibitors may prove to be extremely important; unpublished 

data from our laboratory already suggests the importance of dosing schedule on the efficacy 

of DGKα inhibitors in treating GBM. Intermittent dosing has proven to be far more 

effective in enhancing microglia and macrophage infiltration into GBM in an 

immunocompetent mouse model, as well as with reducing tumor burden. It will be 

instructive to observe how effects of intermittent or continuous small-molecule DGKα 

inhibition compares with effects on macrophages in Dgka-/- mice. 

 

Development of novel small-molecule DGKα inhibitors 

To maximize the potential benefits of DGKα inhibition, potent and specific 

inhibitor compounds must be available for therapeutic use. The identification and 
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development of DGK inhibitor compounds has been a research area of growing interest. 

Until fairly recently, R59022 and R59949 were the only available known DGKα inhibitors. 

Currently Bristol Myers Squibb is pursuing DGKα and DGKζ inhibitors, and other 

companies appear to be developing them as well. A successful method for uncovering 

novel inhibitors could stem from comparing the structures of similar inhibitory compounds 

to develop an understanding of shared chemical structures that may be necessary – or need 

to be eliminated – to develop potent and specific inhibitors for DGKα (148). With our own 

research as well, we began with a library of structural analogs to ritanserin as the basis of 

our search. While still able to discern novel data from the available compounds and data at 

our disposal, hurdles in the form of collaborator non-transparency prevented a full 

accounting of all the structural insights which exist in our compound library of interest. 

Others involved in the development of DGKα inhibitors are also utilizing a different 

approach. The identification of CU-3 contrasts those previously mentioned given its 

structural dissimilarity to the previously known inhibitors. CU-3 was found to selectively 

inhibit DGKα with the relatively low IC50 value of 0.6μM and to competitively reduce the 

affinity of DGKα for ATP, but not DAG (78). Caspase-3/7 activity in a human 

hepatocellular carcinoma line in which DGKα is highly expressed was assessed following 

CU-3 treatment and found to be enhanced, indicating induction of apoptosis by the drug. 

IL-2 production was also enhanced with the addition of CU-3 in Jurkat T leukemia-cells, 

making it a more potent inhibitor of DGKα with similar ability to promote T-cell activation. 

Little is known, however, about the safety and efficacy of this compound as a potential 

therapeutic agent. Utilization of novel compound structures as opposed to structural 

analogs of R59022, R59949, and ritanserin are an attractive avenue for compound 
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discovery. These may avoid issues related to unwanted serotonin receptor interactions, 

which have known side effects including somnolence. It may be possible, however, to 

identify ritanserin analogs that lack the serotonin receptor inhibition but retain full or more 

potent DGKα inhibition. Novel compound structures based on the deconstruction of 

ritanserin are also the subject of closer investigation (150). These studies provide crucial 

insight into the structure-function relationships of compound components. Information 

regarding the cell permeability and retention of drugs will be an important next step for the 

compounds identified in the aforementioned study. This will enable the future development 

of safe, potent, and specific inhibitors to a target with increasingly-recognized therapeutic 

potential.  

The studies presented herein support the continued study of DGKα as a promising 

target for immunotherapeutic consideration, with slowly growing availability of small 

molecule inhibitors for research use and, potentially in the future, clinical application. 

There remains very much to expand upon in the data presented, and some of this work is 

currently ongoing. DGKα presents unique immune-modulatory capabilities, in that DGKα-

/- macrophages show enhanced responsiveness to divergent stimuli. This implies that 

DGKα inhibition may potentially act as an amplifier of macrophage responses, and 

heighten its potential in combination with other macrophage and microglia modifying 

agents, as described above. With a clearer understanding of the precise mechanisms 

underlying DGKα-mediated macrophage regulation, we may better establish a foundation 

for the future immunotherapeutic development of DGKα inhibitors – with the potential for 

improved patient outcomes.  
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