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ABSTRACT 

Alterations in metabolism lead to disruption of normal tissue homeostasis and are 

hallmarks of many human diseases, including cancer, diabetes and obesity. This work focuses on 

the mitochondrial transporter Slc25a1, which promotes the flux of the essential metabolic 

substrate, citrate, across the mitochondrial membrane. We have shown that Slc25a1 is necessary 

for multiple branches of metabolism, contributing to the utilization of carbohydrates, lipids, and 

to the regulation of oxidative phosphorylation (OXPHOS), a primary mechanism by which cells 

derive energy.   

The first study investigates how Slc25a1 influences the immune response against tumors, 

an area of great interest in the cancer field. Upregulation of Programmed Death-Ligand-1 (PD-L1) 

or of its receptor, Programmed Cell Death Protein 1 (PD-1), allows tumor cells to escape immune 

surveillance and, accordingly, monoclonal antibodies inhibiting PD-L1/PD-1 (immune checkpoint 

inhibitors, ICIs), promote the elimination of tumors by the immune system. ICIs have shown 

extraordinary success in the clinic, but only in a subset of patients, driving intense research towards 

the identification of the molecular determinants of response or resistance. We have found that 

tumors with high levels of Slc25a1 display a significantly better response to ICIs, while low levels 

of Slc25a1 correlate with resistance. Mechanistically, we attribute this favorable response to the 

ability of Slc25a1 to enhance the levels of PD-L1, making it available for antibody targeting, and 

to generate a pro-inflammatory environment that facilitates tumor killing. These findings imply 
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for the first time that Slc25a1 is an important contributor to the anti-tumor immune response and 

may provide a useful biomarker predictive of ICI outcomes. 

The second study builds upon the concept that citrate is necessary for lipid metabolism and 

investigates the role of this protein in obesity, diabetes and obesity-driven non-alcoholic fatty liver 

disease (NAFLD), all conditions that also increase cancer risk and for which there are very limited 

therapeutic options. We demonstrate that in mouse models of diet-induced NAFLD, inhibition of 

Slc25a1 with a specific compound, CTPI-2, completely prevents lipid build up in the liver 

(steatosis), also starkly mitigating obesity. Importantly, mice treated with CTPI-2 could afford a 

very high fat dietetic regimen for a prolonged period of time, but without developing significant 

liver damage, obesity or disruption of glucose homeostasis. Mechanistically, in addition to 

regulation of lipid synthesis, we show for the first time that Slc25a1 inhibition also blunts 

gluconeogenesis, which is primarily involved in the regulation of the blood glucose levels, leading 

to normalization of hyperglycemia and glucose tolerance. Our data reveal for the first time that 

Slc25a1 provides a potentially exploitable novel therapeutic target for preventing diet-induced 

obesity and liver pathology. 
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CHAPTER I 

INTRODUCTION 

I.A. Regulation of metabolism and human diseases  

Metabolism is a cornerstone of any living system, and it is indispensable for maintaining 

physiological homeostasis. Metabolism refers to a complex network of biochemical processes that 

either degrade biomolecules to generate energy (catabolism) or utilize energy to synthesize 

biomolecules (anabolism); additionally, the elimination of toxic byproducts generated by these 

biochemical processes is another branch of metabolism 1. There are approximately 11,414 

annotated biochemical reactions, in the Kyoto Encyclopedia of Genes and Genomes, that involve 

18,700 metabolites in living organisms, underlying the complexity of metabolism 2. In humans, 

the core metabolism predominantly involves the pathways devoted to the utilization of abundant 

nutrients, particularly carbohydrates, proteins and lipids 1. The core metabolic pathways include 

glycolysis, the tricarboxylic acid (TCA) cycle, OXPHOS, fatty acid ß-oxidation, the pentose 

phosphate pathway, gluconeogenesis and the urea cycle3.  

The human body comprises several organs and tissues that are made out of specific cell 

types, and serve different physiological purposes making their energy and metabolic demands 

variable under physiological conditions. The body’s metabolism is dynamic, and as such the 

metabolic pathways are tightly regulated to meet the tissue- and context-specific energetic 

demands, through signaling events 4. A first level of regulation occurs via hormones or growth 

factors that act as extrinsic regulators of the metabolism 5. Upon binding to their receptors on target 

cells, they can trigger signaling cascades that either upregulate or downregulate the expression of 

metabolite transporters or key enzymes involved in metabolic pathways. A good example of this 

regulation is provided by insulin that modulates glucose uptake and metabolism in liver, fat and 
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muscles in response to changes in blood glucose level 6. Secondly, like all cellular proteins, the 

expression, abundance and stability of metabolic enzymes are controlled by transcriptional, 

translational, and post-translational molecular mechanisms 5. For example, the transcription factor 

sterol regulatory element-binding protein (SREBP) is activated and translocated to the nucleus, in 

response to low sterol levels, to drive the gene expression of the sterol biosynthetic enzymes 7; 

alternative splicing of the pyruvate kinase (PK) mRNA regulates the fate of pyruvate by altering 

the ratio of M1 to M2 isoforms that have distinct substrate affinities 8; and tyrosine phosphorylation 

of the PK-M2 inhibits its catalytic function shifting the glycolytic flux toward anabolic pathways 

to support cell growth 9. Lastly, the activity of the metabolic enzymes is regulated by the allosteric 

feedback loops in which the enzymatic activity can be promoted or inhibited by upstream or 

downstream reaction products 10. In glycolysis, the activation of PK by fructose 1,6 bisphosphate 

is an example of feed forward regulation 11, while the inhibition of phosphofructokinase (PFK) by 

high ATP levels or by citrate is an example of negative feedback regulation 12. These complex 

mechanisms of regulation underlie that the human body employs multilevel mechanisms that 

function simultaneously to regulate the metabolic flux in accordance with the tissue- and context-

specific demands.  

Perturbation of the tight control of metabolic regulation is associated with a wide range of 

pathological processes in humans. Such deregulation can be genetically determined or acquired 

during lifetime as a consequence of age, of environmental and of dietary factors 3. Genetically-

determined metabolic disorders are defined as inborn errors of the metabolism that are in most 

cases inherited and disrupt all branches of  metabolism, including carbohydrate, protein, fatty acid, 

or glycogen storage. This large group of diseases (approximately 500) involves in the majority of 

cases alterations in genes encoding for metabolic enzymes or for ion and metabolite transporters, 
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including Slc25a1. Given that the hallmark alteration in most cases is a loss of function mutation, 

these diseases cannot be easily corrected therapeutically, but genetic therapy has been shown to be 

effective in some cases 13.  

Metabolic alterations that occur in cancer have only recently been recognized not as simple 

hallmarks, but rather as driver alterations that contribute to virtually all steps of tumor progression, 

from initiation, to maintenance and also to the success of therapeutic interventions. Contrary to the 

original Warburg’s hypothesis, whose central tenet poses that the tumor mitochondria are 

dysfunctional, a central stage in tumor cell metabolism is now occupied by the mitochondria, as it 

is clear that tumor cells depend upon mitochondrial activity for growth and survival and that such 

dependency is accentuated in specific cell populations, particularly in therapy-resistant cells, as 

discussed later. In addition, it has also emerged that tumor cells alter virtually all metabolic 

pathways relatively to normal cells, not only to meet the energetic demand, but also to build 

biomass and to maintain the pool of metabolites that are required for redox balance, as well as for 

epigenetic regulation, another key contributor to cancer. The cellular pools of acetyl-coenzyme A 

(Ac-CoA), nicotinamide adenine dinucleotide (NAD), or of nicotinamide adenine dinucleotide 

phosphate (NADPH) in turn derived by the catabolism of glucose or glutamine, act to stimulate 

the activity of acetyltransferases or deacetylases for transcription and epigenetic control, or to 

maintain an adequate pool of glutathione for redox balance, respectively. In tumor cells this 

metabolic reprogramming is driven by mutations in oncogenes, growth factors, and also very 

importantly by dietary habits or obesity 14–16. Paralleling the discovery of the drivers of metabolic 

alterations in cancer, there has been a growing effort to design drugs targeting metabolic 

abnormalities. As of today, inhibitors of glycolysis, of glutamine metabolism, and of mitochondrial 

OXPHOS have become available and some have entered into the clinic 17,18. My own work has 
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focused on the identification and functional characterization of Slc25a1 inhibitors and their 

applications, as discussed below. 

 

I.B. Activities of the mitochondrial citrate transporter, Slc25a1, on metabolism1 

The solute carrier 25a1 (Slc25a1), also known as citrate transporter protein (CTP) or 

citrate/isocitrate carrier (CIC), is a mitochondrial transporter embedded in the inner mitochondrial 

membrane and encoded in the nucleus by the Slc25a1 gene located on chromosome 22q11.2.  

Members of the Slc25 family of transporters have the fundamental function of facilitating the 

transit through the impermeable mitochondrial membrane of ions and metabolites that are required 

for the growth, differentiation and survival of all cells at all stages of life. Slc25a1 is the only 

known human mitochondrial transporter for citrate, which renders its activity of great importance. 

The main function of Slc25a1 consists of promoting the export of citrate or isocitrate from the 

mitochondria to the cytosol in exchange for mitochondrial entry of cytosolic malate in an 

electroneutral exchange that therefore does not alter mitochondrial membrane potential (Fig. 1). 

Citrate in turn plays fundamental roles in both the mitochondria and the cytoplasm. In the 

cytoplasm, citrate provides the main source of Ac-CoA, which is in turn necessary for fatty acids 

and sterol biosynthesis. It also serves as an allosteric regulator  binding to key enzymes that control 

glycolysis, lipogenesis and gluconeogenesis 19,20. The activity of PFK, a glycolytic enzyme, is 

inhibited by citrate binding, while fructose 1,6-bisphosphatase (Fbp1) and Acetyl-CoA 

 

1 Chapter IB, IC and ID are adapted from: Mosaoa, R. et al. The Mitochondrial Citrate Carrier 
Slc25A1/CIC and the Fundamental Role of Citrate in Cancer, Inflammation and 
Beyond. Biomolecules 2021, 11, 141. https://doi.org/10.3390/biom11020141 
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Carboxylase Alpha (ACACA) necessary for gluconeogenesis and lipid synthesis, respectively, are 

activated by citrate 21–23. In the mitochondria citrate enters the TCA cycle, promoting OXPHOS. 

 

 
 
Figure 1. Preview of the activities of Slc25a1. 

 

Our group has shown that through a reverse import activity, Slc25a1 can also promote the 

entry of cytoplasmic citrate into the mitochondria, stimulating the TCA cycle, OXPHOS and 

maintaining redox balance. In a recent manuscript, we demonstrated that these activities are 

important for the expansion of cancer stem cells (CSCs), while other groups proposed the same 

mechanism as important for adaptation to anchorage independent growth of tumor cells 24,25. In 

addition, Slc25a1 is a mediator of the “mitochondrial-to-nucleus-cross-talk” through which 

metabolic adjustments originating in the mitochondria are transmitted to the nucleus and reshape 

the transcription program via epigenetic regulation 26. This activity of Slc25a1 is still understudied 

but is proposed to arise from its ability to provide Ac-CoA for acetylation reactions, to enhance 

the availability of TCA cycle intermediates that act as epigenetic regulators, such as succinate, 
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fumarate and alpha-ketoglutarate, and to prevent the accumulation of L- and D-2-hydroxyglutaric 

acids, two oncometabolites that inhibit histone demethylases and are abnormally elevated when 

Slc25a1 activity is impaired 19.  

Through these activities citrate and Slc25a1 exert a fundamental role in regulating the 

energetic demand and energetic resources of cells and tissues under physiological conditions. It is 

therefore not surprising that loss of Slc25a1 is pathogenic and in fact, mutations or mono-allelic 

deletions of the Slc25a1 gene have been linked to a complex and highly heterogeneous spectrum 

of developmental diseases 27. Alterations of Slc25a1 activity also occur in auto-immune disorders, 

such as rheumatoid arthritis and Bechet’s disease, and in Down Syndrome 28,29. Further, 

amplifications of the Slc25a1 gene or enhanced transcription rates hallmark several cancer types 

as well as metabolic disorders 30,31.  

 

I.C. Pro-oncogenic activities of Slc25a1 and the reversal of the Warburg effect 

For many years the field of tumor cell metabolism has been pervaded by the assumption 

that the mitochondria are dysfunctional in cancer cells and that tumors depend upon glycolysis for 

growth. The Warburg Effect, described by Otto Warburg in 1920, is based upon the observation 

that cancer cells avidly uptake glucose and direct it towards fermentation to lactate in the 

cytoplasm even at high oxygen concentration, rather than to the complete oxidation in the 

mitochondria, a much more efficient pathway for ATP generation 32,33. This is of course the basis 

for Positron Emission Tomography, or PET scan. However, two important concepts have emerged 

in more recent years. First, the lactate generated through glycolysis can fuel the TCA cycle and 

mitochondrial oxidative phosphorylation 34 and therefore glycolysis is not mutually exclusive with 

OXPHOS as these pathways can operate simultaneously in tumor cells. Second, and equally 
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important, tumors contain metabolically heterogeneous populations of cells that utilize different 

branches of the metabolism depending upon proliferation rates as well as upon the location of cells 

within tumors which, due to the irregularity of the tumor vasculature are exposed to hypoxia and 

lesser access to nutrients. This heterogeneity has not only been shown in organotypic models, but 

also in patients affected by lung cancer and glioblastoma 34–36.  

Several lines of evidence have demonstrated that Slc25a1 supports the outgrowth of cancer 

cells derived from different tumor types, yet the pro-proliferative activity of Slc25a1 relies upon a 

reversal of the Warburg effect, promoting OXPHOS and blunting aerobic glycolysis 24,30,37. Indeed, 

our group and my own work has shown that a consequence of Slc25a1 inhibition, genetically or 

pharmacologically, is impairment of mitochondrial oxidative capacity, reduction of mitochondrial 

derived ATP output, accumulation of Reactive Oxygen Species (ROS), as well as reduced 

abundance of TCA cycle intermediates. How Slc25a1 influences OXPHOS is still not entirely clear, 

but we have proposed that such regulation might occur at least in part due to promotion of malate 

entry in the cytoplasm, which in turn increases TCA cycle flux, and maintains adequate ratios of 

reducing equivalents, including NADH/NAD+ for the electron transport chain.   

Oxidative phosphorylation also provides a mechanism of resistance and adaptation to 

various stress conditions, as well as to chemotherapeutic agents and radiotherapy (Fig. 2). In lung, 

prostate and glioblastoma cancer cells, Slc25a1 inhibition results in compromised mitochondrial 

oxidative capacity and oxidative stress and leads to increased sensitivity to radiation therapy 38,39. 

Our group has recently shown that cancer cells resistant to platinum derived agents or to inhibitors 

of the Epidermal Growth Factor Receptor (EGFR), develop an addiction towards Slc25a1-mediated 

promotion of mitochondrial respiration and thus, inhibition of Slc25a1 leads to synthetic lethality24. 

Importantly we showed that these therapy-resistant populations have characteristics of CSCs, are 
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slow replicating and acquire markers of dormancy in a mitochondrial respiration-dependent 

manner. Slc25a1 allows these cells to survive therapeutic attacks in a paradoxical high energetic 

state. 

 

Figure 2. Involvement of Slc25a1-dependent oxidative metabolism in adaptation to 
stress.   
 

 
These results support the idea that the CSCs population provides a reservoir of cells left 

behind by conventional therapies and suggest that inhibition of Slc25a1 can be exploited as a 

therapeutic strategy to specifically target and eradicate this population of therapy-resistant cells. 

We have also shown that Slc25a1-dependent mitochondrial oxidative metabolism and redox 

balance also provides a mechanism of adaptation and survival when tumor cells are challenged by 

limiting concentrations of glucose, and other groups demonstrated a dependency upon Slc25a1 

when tumor cells must overcome the addiction to the extracellular matrix and adapt to anchorage 

independent growth 25,30, which is fundamental for the invasive and metastatic behavior. 
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In essence, these observations indicate that there is a therapeutic opportunity for targeting 

Slc25a1 activity in mitochondria, particularly in stress growth conditions and in cancer cell 

populations (e.g., cancer stem cells, therapy-resistant cells, metastatic, circulating tumor cells) that 

develop a strong dependency upon this protein and mitochondrial oxidative metabolism for 

survival.   

 

I.D. Discovery of the most potent Slc25a1 inhibitor compound  

 Given the involvement of Slc25a1 in cancer, the development of its inhibitors has been at 

the cornerstone of the field, but not without challenges (Fig. 3). The first-generation inhibitor, 

Benzenetricarboxylate, BTA, is a false and non-cleavable analog of citrate that had been widely 

employed in in vitro assays on reconstituted liposomes to block Slc25a1 transport activity 40–43. In 

vivo, BTA requires very high concentrations (5 mM) to inhibit Slc25a1 activity and is also 

potentially able to interfere with the activity of other citrate binding proteins. A second inhibitor, 

CTPI-1, or 4-Chloro-3-[[(3-nitrophenyl)amino]sulfonyl]-benzoic acid (CNASB), was discovered 

by the Kaplan group based on an homology model of C. elegans mitochondrial citrate transporter. 

CTPI-1 is the first competitive inhibitor and was shown to interact with key residues involved in 

citrate binding 44. Among these, Arg181 in the yeast protein is replaced by Lys190 in the human 

protein. Given that this residue is in the citrate binding pocket, the affinity of CTPI-1 for the human 

protein is not ideal, with an experimental KD of 60 µM, as we determined with Surface Plasmon 

Resonance (SPR) 24. Accordingly, CTPI-1 also requires very high concentrations for in vivo activity 

(1-2 mM). Based on this, our group undertook several approaches to optimize compounds specific 

for the human Slc25a1 protein, employing an in silico homology model, docking experiments and 
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searching similar compounds in available databases, followed by SPR to characterize the 

interaction of purified Slc25a1 with identified candidates 24. 

Figure 3. Comparison of the structure of Slc25a1 inhibitors. The in vivo activity as IC50 is 
indicated for each of the compounds.   

 

By exchanging the position of the chlorine atom, we identified a compound (CTPI-2, or 2-

(4-Chloro-3-nitro-benzenesulfonylamino)-benzoic acid) that exhibited an experimental KD 

between 1- and 3.5 µM, a 20-fold improvement in binding activity relative to CTPI-1 and inhibited 

citrate transport and tumor proliferation at significantly lower doses (10-50 µM). CTPI-2 is 

currently the most potent Slc25a1 inhibitor agent. We modeled the structure of CTPI-1 and CTPI-

2 in Slc25a1 and we found a much better fit for the latter, as shown in (Fig. 4).  

The specificity of CTPI-2 for Slc25a1 was interrogated by our group and by my own 

experiments, through comparative transcriptional and metabolomic profiling of cells treated with 

CTPI-2, harboring the Slc25a1-short-hairpin RNA (shRNA), or over-expressing Slc25a1. These 

analyses provided a good degree of confidence that Slc25a1 is the bona fide target of CTPI-2, 

although as is always the case, we cannot entirely exclude the existence of additional unknown 

targets. Our work has shown that CTPI-2 and other Slc25a1 inhibitors belong to a novel class of 

promising therapeutics with potential applications in several disease states.  
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Figure 4. A binding model for citrate, CTPI-1 or CTPI-2 in complex with a homology 
model of human Slc25a1. The Dock6.7 software provided a score for binding and a potential 
pose for the structure. Refinement of the structure using AMBER MD module in the UCSF 
Dock6.7 suite of software was performed to give the optimized models. The model shows the 
relevant amino acids previously known to be involved in citrate binding, including Lys147, 
Lys245, Arg285, Lys50 and Arg282.   
 

In this thesis, the focus is on the role of Slc25a1 in lung cancer and in nonalcoholic fatty 

liver disease (NAFLD). 
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CHAPTER II 

SLC25A1 AFFECTS THE ANTI-TUMOR RESPONSE TO INHIBITORS OF 

PROGRAMMED CELL DEATH LIGAND 1, PD-L1 

II.A. Introduction 

II.A.1. A brief introduction to lung cancer: epidemiology, histological subtypes, genetic 

alterations, and treatments 

Lung cancer is one of the most common diagnosed cancers both in men and women, 

worldwide. According to the American Cancer Society (ACS), it is estimated that more than 

200,000 men and women would be diagnosed with lung cancer in 2021, and more than 130,000 

deaths would be due to the lung cancer disease in the United States alone 45. Additionally, the 

American Lung Association states that the five-year survival rate for patients with localized lung 

cancers is 56%, and this survival rate is reduced to 5% in the metastasized lung cancer cases 46. 

There are several important risk factors for the development of lung cancer which mostly involve 

active and passive tobacco smoking 47, as well as exposure to radon 47, and to several chemical 

agents, particularly asbestos and arsenic 48. Furthermore, exposure to radiation, such as the X-rays 

for diagnostic or therapeutic purposes is another risk factor for lung cancer. What is common 

among most of the above risk factors, is their ability to stress and damage the cells of the lung 

tissues introducing genetic alterations in the sequences of oncogenes and tumor suppressor genes. 

The continuous accumulation of these genetic alterations over time leads to the formation and 

development of the malignant lung tumors.  

Histologically, there are 2 main subtypes of lung cancer, specifically Small Cell Lung 

Cancer (SCLC) and Non-Small Cell Lung Cancer, and the latter is further classified into 

adenocarcinoma, squamous cell carcinoma, and large cell carcinoma 49. Only 10% -15% of lung 
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cancer patients are diagnosed with SCLC, while the majority, 80% - 85%, are diagnosed with 

NSCLC. In addition to the histological differences between the main two types of lung carcinomas, 

SCLC and NSCLC can be distinguished by the expression of neuroendocrine markers in the 

former50 as well as based on defined genetic driver alterations 51.  

The EGFR gene is mutated in 10% - 35%, the Kirsten Rat Sarcoma 2 Viral Oncogene 

Homolog (KRAS) gene is mutated in 15% - 25% and the Anaplastic Lymphoma Kinase (ALK) gene 

is rearranged in 3% - 7% of the NSCLC patients 52. These mutations result in constitutive activation 

of EGFR, ALK and KRAS, in turn leading to increased cell proliferation rates through different 

mechanisms 53–58. Additional genetic alterations frequent in NSCLC include tp53, and the V-Ros 

UR2 Sarcoma Virus Oncogene Homolog 1 (ROS1) gene mutations 59. In addition, mutations in the 

tp53 and Retinoblastoma (Rb) genes, are more frequently seen in SCLC 60. These mutations serve 

not only as molecular markers but also inform therapeutic decisions. For example, targeted 

therapies directed against various driver mutations in tyrosine kinases, including those occurring 

in EGFR and ALK genes, have improved outcome in NSCLC patients whose tumors harbor these 

genetic abnormalities 53,54,61, while platinum-based chemotherapy still remains the treatment of 

choice for most patients with tumors without “druggable" targets, such as KRAS or tp53.  

These and other targeted therapies directed against various driver mutations have improved 

outcome in NSCLC patients, but mortality rates remain high. The main cause of high mortality in 

NSCLC is still the development of drug resistance and of metastatic disease. More recently drugs 

that target the immune system, generally defined as immunotherapeutic agents, have added 

significant benefit and have shown significant activity in advanced lung cancer. This topic has 

been the focus of my research and is described in this chapter.  
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II.A.2. The immune system is a key regulator of lung cancer progression 

The immune system is the principal system of defense against pathogenic infections and 

tumorigenesis. Cancer cells diverge from normal cells due to the accumulation of oncogenic 

mutations 62. As a result of the malignant transformation, cancer cells express tumor-specific 

immunogenic antigens that are protein products or peptides derived from mutated or rearranged 

genes 63. According to the concept of cancer immunosurveillance, the immune system can 

recognize transformed cancer cells due to their expression of the tumor-specific antigens and then 

elicits immune responses that leads to their elimination 64. The elimination of cancer cells by the 

immune system is a multistep process that has been outlined by Tang et al and Fitzgerald et al.  

65,66 (Fig. 5). First, antigen-presenting cells (APCs) such as dendritic cells must take up tumor-

specific antigens from the tumor microenvironment and present them on their surfaces using the 

Major Histocompatibility Complex (MHC) molecules. Second, the APCs must migrate to draining 

lymph nodes and present the antigens to naïve T-cells. This results in priming and activation of 

the immature T-cells transforming them into effector T-cells. Next, the effector T-cells travel via 

the blood circulation and infiltrate the tumor site. Within the tumor microenvironment, the effector 

T-cells detect and target the cancer cells via the interaction between the T-cell receptors and the 

MHC molecules leading to their destruction and elimination by the action of released granzymes 

and perforins. In short, the antigenicity of cancer cells makes them immunogenic cells that are 

susceptible to detection and destruction by immune specific responses.  

Given the cancer immunosurveillance ability, the question becomes how do cancer cells 

grow and develop into lethal tumors? This discrepancy has been explained by the concept of cancer 

immunoediting that describes the interaction between cancer cells and the immune system as a 

three-phase process that comprises elimination, equilibrium and escape 64. During the early cancer 
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formation, highly immunogenic cancer cells are detected and destroyed by innate and adaptive 

immune cells while other cancer cells with reduced immunogenicity may remain unaffected during 

the elimination phase. Although the elimination of the highly immunogenic cancer cells restricts 

their growth, it imposes a selective pressure that favors less immunogenic clones 64.  

 

 
Figure 5. The steps of cancer immunity cycle during elimination, equilibrium and escape.  
Adapted from Fitzgerald, A.A.; Li, E.; Weiner, L.M. 3D Culture Systems for Exploring Cancer 
Immunology. Cancers 2021, 13, 56. 

 

It has been shown that among the cells that escape the elimination phase are CSCs that are 

dormant, expressing markers of stemness, and tumor-initiating 67. The CSCs have a long lifespan 

that make them susceptible to an increased oncogenic mutation rate, and they divide 

asymmetrically, producing differentiated immunogenic cancer cells and stem-like daughter cells 

67. The current model envisions that the immune cells can detect and eliminate the differentiated 
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immunogenic cancer cells while the CSCs remain unaffected, constantly emerging from an 

equilibrium state. Overtime, the continuous selection for resilient cancer clones, that have reduced 

antigenicity and immunogenicity due to adopting mechanisms of immune evasion, launches the 

escape phase. In this final phase of the cancer immunoediting, the immune system loses its control 

over cancer cells leading to their growth into clinically apparent tumors. In essence, the concept 

of cancer immunoediting shows that the antitumor immunity is a complex process and has the 

capacity to restrict or promote cancer development and growth. 

 Cancer cells with sufficient antigenicity and intact antigen presentation machinery can also 

escape the immunosurveillance by reducing their immunogenicity via expressing 

immunoinhibitory molecules like members of the immune checkpoint pathways 65,68. The full 

activation of T-cells does not solely rely on the binding of the T-Cell Receptor (TCR) and peptide-

MHC-I complex. Additionally, it requires additional co-signaling that is mediated by the binding 

of T-cell co-stimulatory or co-inhibitory receptors and their corresponding ligands that are 

expressed on the APCs or cancer cells 69. The effect of the T-cell co-signaling can be 

immunostimulatory leading to T-cell activation and expansion or immunoinhibitory leading to T-

cell exhaustion 69. The Cytotoxic T Lymphocyte Associated Antigen-4 (CTLA-4) is a co-inhibitory 

receptor that is usually expressed on activated effector T-cells and negatively regulates the 

activation and expansion of T-cells 70. CTLA-4 mainly function via competing with CD28, a 

positive co-stimulatory receptor, over their common ligands CD80 and CD86 preventing the T-

cell co-stimulation as well as via promoting T-cell cycle arrest 71. Furthermore, PD-1 is another 

very important and well-studied co-inhibitory receptor that is predominately expressed on T-cells, 

and upon binding with its ligand PD-L1, it induces the suppression of activated effector T-cells 65.  
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CTLA-4 and PD-L1/PD1 belong to an important category of molecules defined as 

“checkpoint proteins”, because they act as an “off switch” on the immune system. In NSCLC and 

other types of cancer, PD-L1 expression is elevated, and this elevation is recognized as a means of 

tumor immune evasion but also provides a therapeutic opportunity, because high expression of 

PD-L1 in some tumors predicts the response to immunotherapeutic agents 72.  

It is further evident that the composition of the tumor microenvironment and the nature of 

the immune cells that infiltrate tumors play very crucial roles in tumor growth and can contribute 

to an immunosuppressive phenotype. Tumor-Associated Macrophages (TAMs), Myeloid-Derived 

Suppressor Cells, and Regulatory T-Cells, are three examples of the immunosuppressive immune 

cells that infiltrate the tumor microenvironment 65. These immune cell populations promote tumor 

growth and progression as well as immunosuppression via expressing immunoinhibitory cell-

surface proteins such as PD-L1 and secreting immunosuppressive cytokines and chemokines 73.   

 

II.A.3. Anti-PD-1/PD-L1 immunotherapy and the role of interferons  

Tumor-immunotherapy refers to cancer treatment modalities that aim to restore or boost the 

ability of the body’s immune system to recognize and fight cancer cells. As mentioned before, 

deregulation of the activity of PD-L1 and PD-1 is a very well-known mechanism by which tumor 

cells escape immune surveillance. Many tumors upregulate the levels of PD-L1, and such induction 

allows cells to evade the anti-tumor immune response 74. Accordingly, checkpoint inhibitor agents 

targeting the PD-L1/PD1 axis allow for the successful deployment of the anti-tumor immune 

response and lead to tumor killing acting either as monotherapy or in combination therapy 75. 

Although clearly effective, the success of ICIs unfortunately still faces the challenge of only a small 
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number of patients achieving clinical responses. This observation has driven intense research in the 

past years around the identification of the contributors to favorable outcomes. 

There are many contributors to the outcome to ICIs and one very important determinant is 

the composition of the tumor immune environment. In recent years it has emerged that the expression 

levels of PD-L1 itself, and the presence of an “inflamed” and T-cell enriched immune environment 

often characterized by IFN-I activation, are linked to the sensitivity to ICIs 76–80. Type I interferons 

are particularly interesting and are an object of intense investigation. IFN-I is a family of cytokines 

that consists of 18 distinct members among which IFN-⍺ and IFN-β have fundamental roles in 

inflammation during infections and cancer 80. During infections the IFN-I response is activated by 

the presence of cytosolic viral nucleic acids (RNA or DNA) and leads to innate immunity and 

antiviral activity. This activity is sustained by the ability of IFN-⍺- or IFN-β to induce the 

transcription and expression of many genes involved in viral clearance and in the inflammatory 

response. It is becoming apparent that cancer cells can also engage the IFN-I pathway through the 

induction of a “virus mimicry” state, in turn triggered by the aberrant presence of endogenous, rather 

than viral, nucleic acids in the cytosol 81–83. A virus mimicry state can be induced therapeutically by 

demethylating agents that lead to epigenetic activation of “endogenous genomic parasites”, such as 

transposons, and such activation selectively targets and impairs the CSCs population 84,85. In 

addition, radiation therapy also induces a virus mimicry state and activation of IFN-I, due to DNA 

damage and exit of fragments of DNA from the nucleus and this response synergizes with 

immunotherapy 86. Thus, in some situation the anti-viral response mediated by IFN-I is advantageous 

to cancer therapy. Interestingly, it has been shown that low levels of cytosolic DNA are present in 

the majority of cancer cells and are responsible for the chronic and subliminal induction of IFN-I 87. 

In addition, the cytoplasmic localization of micronuclei, originating as errors in chromosome 
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segregation, creates a virus mimicry state, activates the IFN-I pathway and in this case favors 

metastasis 88. Therefore, the IFN-I response can play positive or negative roles in tumor development 

and in the response to therapy. 

The canonical IFN-I pathway leads to the activation of hundreds of genes, Interferon-

Stimulated Genes (ISGs), and these have complex effects on cell growth and on the immune system. 

A specific subset of ISGs, defined as IRDs, (DNA damage Resistance Signature), is over-expressed 

in many tumor types and have been linked to induction of stemness, to the maintenance of the CSCs 

population, and to resistance to cell death 89–92. These data have led to the suggestion that the IFN-I 

activated genes in some situations can provide a survival advantage to cancer cells 93. In the context 

of ICI therapy, seminal work performed by the Minn group identified a multigene signature within 

the ISGs that associated with resistance to ICIs 94. Based on this and on other evidence it is proposed 

that low, chronic and sustained activation of IFN-I can be detrimental to immunotherapy, eliciting 

physiological adaptive feedback loops, which also includes the induction of PD-L1 itself. Indeed, 

activation of PD-L1 by IFNs in the context of viral infections is a very important feedback loop that 

prevents immunological tissue damage due to excessive activity of the immune system. However, 

in cancer cells this mechanism can eventually drive immunosuppression. 

On the other hand, IFN-I signaling has been shown to trigger anti-tumor immunity and 

systemic administration of IFN-⍺ and IFN-β can enhance the response to immunotherapy 95–97. 

Furthermore, while my work was in progress a recent landmark paper described a large-scale 

proteomic approach to identify markers of response in melanoma and demonstrated that IFN-I 

activation strongly and favorably correlates with the response to ICIs. This association and favorable 

response also correlate with a mitochondrial oxidative phosphorylation signature 98. Most 
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interestingly for my own work, in this paper the levels of Slc25a1 itself were shown to be elevated 

in the patient population that responded to ICIs.  

Viewed together, these lines of evidence suggest that the trigger(s), the context and likely 

the quantity and quality of the IFN-I activation may be important for outcome. Importantly, up until 

now, it is not known whether tumor-intrinsic signals (e.g., not mediated by therapy) can lead to a 

virus mimicry state that impacts upon the response to immunotherapy. 

 

II.B. Results  

II.B.1. Antiviral IFN-I response is activated in Slc25a1-expressing lung and melanoma 

cancer spheres 

It has previously shown that Slc25a1 plays a key role in the promotion of a stemness 

phenotype and in the expansion of the CSCs population, modeled in spheroid conditions and 

identified with specific stem cell markers 24. This work demonstrated that Slc25a1 promotes the 

expansion of CSCs by inducing the mitochondrial oxidative respiration and, vice versa, inhibition 

of Slc25a1 limits the self-renewal ability of CSCs leading to tumor inhibition and enhancing the 

sensitivity to various chemotherapeutic agents24.  

The purpose of my project was to identify the signaling pathways engaged by Slc25a1 in 

spheroid conditions and in the lung CSC population. For these experiments the lung 

adenocarcinoma H1299 cell line stably over-expressing Slc25a1 was used. The H1299 cells were 

selected due to their low expression level of endogenous Slc25a1 relative to other available lung 

cancer cell lines (e.g., Fig. 6A and 99). For the in vitro modeling and enrichment of CSCs, a three-

dimensional anchorage-independent culturing system was utilized in which cancer cells were 

grown in low-attachment plates in a serum-free medium supplemented with defined growth 
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factors. Growing cancer cells in these culture conditions allowed for tumor sphere formation and 

enrichment of the stem cell population, as validated by our group and by others 100. To identify the 

transcriptional program driven by Slc25a1, gene expression arrays were performed using the 

Illumina platform in control versus Slc25a1 over-expressing H1299 cells grown in either 

monolayer or in spheroid conditions (Fig. 6A). The results of the gene expression arrays revealed 

the upregulation of a wide range of genes associated with the IFN-I response in cells expressing 

Slc25a1 relative to control spheres (Fig. 6B). I then validated the expression arrays data by 

assessing the mRNA levels of members of the ISG family with Quantitative Real Time Polymerase 

Chain Reaction (qRT-PCR). This approach confirmed the induction of this gene set in Slc25a1-

expressing spheres (Fig. 6C). Additionally, I found that the ISGs were also induced in naïve H1299 

cells grown in spheroid conditions relative to monolayers, accompanied by an increase of Slc25a1 

itself in spheroids versus monolayers (Fig. 6A and 6D). The combination of these results 

importantly indicates that the induction of this gene set is not a consequence of the artificial 

Slc25a1 over-expression, but rather a hallmark of tumor spheroids.  

To rule out that the induction of the IFN-I response is a cell type-specific phenomenon, I 

additionally assessed the ISGs mRNA levels in murine melanoma B16F0 cells over-expressing 

Slc25a1. Parental B16F0 cells also have very low basal levels of the protein (not shown here but 

see Fig. 15A). Similar to H1299 cells, we observed induction of the ISGs by Slc25a1 in B16F0 

spheres as compared to control (Fig. 6E). Similar results were also obtained in the kidney 

embryonic carcinoma 293T cell line (not shown).  
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Figure 6. Antiviral IFN-I response is activated in Slc25a1-expressing lung and melanoma 
cancer spheres. (A) Slc25a1 protein levels in control H1299 cell and H1299 cells that stably 
over-express Slc25a1 grown in monolayer or in spheroid culture conditions. The images shown 
come from the same autoradiogram at identical exposure times where lanes in between were 
cut. (B) Heatmap of enriched genes identified by Illumina arrays in H1299 control or Slc25a1-
expressing spheres representing the ISGs. (C) Fold change in gene expression of the indicated 
ISGs in Slc25a1 over-expressing H1299 spheres (red, n=3) relative to control H1299 spheres 
(blue, n=3). (D) Fold change in gene expression of the indicated ISGs in H1299 cell grown in 
spheroid condition (red, n=3) relative to monolayers (blue, n=3). (E) Fold change in gene 
expression of the indicated ISGs in Slc25a1 over-expressing B16F0 spheres (red, n=3) relative 
to control B16F0 spheres (blue, n=3). The error bars represent standard deviations, asterisks 
refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.  
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II.B.2. The induction of the IFN-I response is enriched in the cancer stem cell populations  

Given the observed induction of the IFN-I response in cells grown as spheroids and given 

the enrichment of CSCs in these conditions, we hypothesized that the activation of IFN-I occurs 

specifically in the CSCs population. Similar to embryonic and adult stem cells, CSCs can be 

identified and isolated based on the expression of stemness-associated markers, among which 

cluster of differentiation CD133, CD44 and CD24 are cell surface proteins that have been validated 

for the isolation of CSCs 100. CD133 is a transmembrane glycoprotein expressed in stem cells of 

different origins including hematopoietic, neuronal and glial cells as well as in CSCs 101,102. When 

isolated from tissues of patients diagnosed with NSCLC, CD133-positive cells showed increased 

self-renewal capacity and tumorigenicity relative to CD133-negative cells 100,102. CD44 is another 

transmembrane glycoprotein that is expressed in hematopoietic stem cells as well as in many types 

of cancers, and plays roles in cell signaling, division, adhesion and migration 103,104. Cancer cells 

with high CD44 expression and low or no CD24 expression, were first isolated from tissues of 

patients diagnosed with breast cancer 105–107. To test our hypothesis, Slc25a1 expressing cells were 

allowed to grow in spheroid conditions for three days, and then the CSCs were isolated based on 

their cell surface markers with Fluorescence-Activated Cell Sorting (FACS), and the mRNA levels 

of the ISGs in isolated CSCs were measured using qRT-PCR.  

The results of these experiments showed that a set of ISGs were present only in the CD133-

positive population relative to CD133-negative cells (Fig. 7A), as well as in the CD44-positive/ 

CD24-negative cells (Fig. 7B). In light of these results, we conclude that the activation of the IFN-

I response occurs in the CSC population also consistent with literature showing that IFN-I 

promotes the expansion of this population 89. 
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Figure 7. The induction of the IFN-I response is enriched in the CSCs population. (A) Fold 
change in gene expression of the indicated ISGs in CD133+ CSCs that were isolated from 
Slc25a1 over-expressing spheres (red, n=3) relative to CD133- cells (blue, n=3). (B) Fold change 
in gene expression of the indicated ISGs in CD44+/CD24- CSCs that were isolated from Slc25a1 
over-expressing spheres (red, n=3) relative to total unsorted Slc25a1 over-expressing spheres 
(blue, n=3). The error bars represent standard deviations, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001 by unpaired T-test.     

 

II.B.3. Slc25a1 promotes cytosolic mtDNA accumulation and induces a virus mimicry state     

Upon recognizing the activation of the IFN-I response in Slc25a1 cancer spheres, our focus 

became identifying the molecular mechanism by which Slc25a1 drives this response. During 

infections, IFN-I is activated by the presence of nucleic acids in the cytosol, that are sensed by the 

Pattern Recognition Receptors (PRRs) that bind and recognize RNA or DNA and include the 

endosomal Toll-Like Receptors (TLRs) or the cytosolic nucleic acid sensors such as Retinoic 

Acid-Inducible Gene 1 (RIG-1) and cyclic GMP-AMP Synthase (cGAS). Cytosolic DNA is 

specifically sensed via cGAS. The release of mtDNA into the cytosol due to mitochondrial stress 

or damage has been recently recognized as a driver of the IFN-I response during the anti-viral 

immune response 107–110. However, whether and how cytosolic mtDNA contributes to cancer is 

still unclear. Given the bacterial origin of the mitochondrial DNA, its cytosolic presence can be 

detected and recognized as non-self by the cytosolic DNA sensors such as cGAS triggering a 
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signaling cascade that activates the IFN-I response 111–113. We therefore investigated whether 

Slc25a1 induces mtDNA accumulation in the cytosol, by using primers designed to amplify 

regions of mitochondrial genes including Cytochrome B (CYTB), NADH Dehydrogenase (ND2) 

and 16S ribosomal RNA gene (16S) (Fig. 8A), as shown elsewhere 107. The purity of our cytosolic 

fractions was confirmed by performing immunoblotting for Optic atrophy gene 1, OPA1, a 

mitochondrial marker, and actin, a cytoplasmic marker (Fig. 8B). The results of these experiments 

indicated a significant increase in the levels of cytosolic mtDNA in Slc25a1 over-expressing 

H1299 or 293T cells relative control cells (Fig. 8C and 8D).    

 

 
 
Figure 8. Slc25a1 promotes cytosolic mtDNA accumulation. (A) A schematic diagram 
depicts the human mitochondrial genome with blue spots indicating the genes amplified by 
specific primers. (B) OPA1 and actin protein levels in cytosolic or mitochondrial fractions of 
H1299 cells. (C) Levels of mtDNA in the cytosolic fraction of Slc25a1over-expressing H1299 
cells (red, n=3) relative to control H1299 cells (blue, n=3). (D) Levels of mtDNA in the cytosolic 
fraction of Slc25a1over-expressing T293 cells (red, n=3) relative to control T293 cells (blue, 
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n=3). The error bars represent standard deviations, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p 
≤ 0.001 by unpaired T-test.     

 

II.B.4. Cytosolic mtDNA mediates the activation of the IFN-I response 

We next sought to investigate the involvement of mtDNA as a mediator of the IFN-I 

response. Given that mtDNA is known to exit from the mitochondria via the Mitochondria 

Permeability Transition Pore (MPTP) 114,115, I first inhibited the opening of the MPTP with 

Cyclosporine A (CsA), that suppresses pore opening by binding to cyclophilin D, and asking the 

question of whether MPTP inhibition would block the induction of the IFN-I pathway. I observed 

a significant reduction in the ISGs expression levels in CsA-treated spheres relative to untreated 

spheres (Fig.9A), indicating a mediatory role for MPTP opening in the induction of the IFN-I 

response. Presumably, the inhibition MPTP opening also blocked the release of mtDNA into the 

cytosol, although we have not yet experimentally examined this possibility.  

To further confirm the involvement of mtDNA, the effect of mtDNA depletion on the 

induction of the ISGs was next studied. To this end, I employed a well-established protocol in 

which mtDNA depletion was achieved by treating cells with a very low concentration of Ethidium 

Bromide (EtBr) for a period of four days 116. EtBr at low concentration intercalates into mtDNA 

preventing its replication, while having no observable effect on genomic DNA 116. The depletion 

of mtDNA was confirmed by measuring the ratio of mtDNA versus genomic DNA in total cell 

extracts with qRT-PCR (Fig. 9B). Additionally, I measured the amount of mtDNA in the cytosolic 

fractions of both EtBr treated and untreated cells, and I observed a significant reduction in the 

cytosolic accumulation of mtDNA in the former, which was consistent with the depletion of total 

mtDNA (Fig. 9C). Next, both EtBr treated and untreated cells were allowed to grow in spheroid 

conditions, and the ISGs mRNA levels were studied. I clearly observed a reduction in the ISGs 
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expression levels in EtBr-treated cells that was consistent with the depletion of total mtDNA and 

the reduction in the cytosolic accumulation of mtDNA (Fig. 9D). Additionally, to rule out that 

EtBr had an effect on the expression of the nuclear encoded genes, I assessed the expression levels 

of the housekeeping genes Small Nuclear Ribonucleoprotein D3 (SNRPD3) and TATA-Box 

Binding Protein (TBP) and I did not observe changes in their expression levels in EtBr treated cell 

as compared to untreated cells (not shown). Collectively, this set of data suggests that the release 

of mtDNA via the MPTP mediates the Slc25a1-dependent IFN-I response. 

 

 

 
Figure 9. Cytosolic mtDNA mediates the activation of the IFN-I response. (A) Fold change 
in gene expression of the indicated ISGs in Slc25a1over-expressing H1299 spheres treated with 
CsA (red, n=3) relative to control untreated spheres (blue, n=3). (B) Ratio of mtDNA to genomic 
DNA (Glyceraldehyde-3-Phosphate Dehydrogenase, GAPDH) measured by qRT-PCR on total 
extract of Slc25a1over-expressing H1299 cells treated with EtBr (red, n=3) relative to control 
untreated cells (blue, n=3). (C) Levels of mtDNA in the cytosolic fraction of Slc25a1over-
expressing H1299 cells treated with EtBr (red, n=3) relative to control untreated cells (blue, 
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n=3). (D) Fold change in gene expression of the indicated ISGs in Slc25a1over-expressing 
H1299 spheres treated with EtBr (red, n=3) relative to untreated control spheres (blue, n=3). 
The error bars represent standard deviations, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 
0.001 by unpaired T-test. 

 

II.B.5. The cGAS/STAT1 pathway is responsible for the activation of the IFN-I response  

As mentioned before the presence of nucleic acids in the cytosol can engage different 

PRRs, specifically the NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome, cGAS 

or Toll-Like Receptor 9 (TLR9). cGAS catalyzes the production of the secondary 2’3’-cyclic 

GMP-AMP (cGAMP) that binds to the Stimulator of Interferon Genes (STING) triggering its 

trafficking and oligomerization, which in turns recruits the TANK Binding Kinase 1 (TBK1) and 

Interferon Regulatory Factor 3 (IRF3) (see Fig. 10D and 117. TKB1 binds to interferon-induced 

protein with tetratricopeptide repeats 2 (IFIT2) and phosphorylates IRF3/Interferon Regulatory 

Factor 7 (IRF7) resulting in the expression of IFN-⍺/IFN-β which then initiate an autocrine and 

paracrine loop by binding to their receptor and activating the Janus Kinase/Signal Transducers and 

Activators of Transcription (JAK/STAT) pathway 118. This loop eventually culminates in the 

amplification of IFN-I signaling via STAT proteins. Importantly, the mRNA levels of cGAS, 

STAT1, IFIT2, and IRF3/IRF7 were induced by Slc25a1 (Fig. 6B), suggesting that this is the 

pathway engaged by Slc25a1. To further test this possibility several experiments were conducted. 

First, looking at the cGAS and STAT1 protein levels, both cGAS and STAT1 were found 

upregulated in Slc25a1 spheres (Fig. 10A), which is in agreement with our gene expression array 

data (Fig. 6B). Second, I tested the hypothesis that the release of mtDNA into the cytosol triggers 

the IFN-I response via engaging the cGAS/STAT1 pathway. To this end, I performed shRNA 

knock-down for cGAS or STAT1 and I assessed the ISGs mRNA levels. I found that the knock-
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down of either cGAS or STAT1 abrogated the ISGs expression compared to control shRNA (Fig. 

10B and 10C).  

 
Figure 10. The induction of the cGAS/STAT1 pathway is responsible for the activation of 
the IFN-I response. (A) Slc25a1, cGAS and STAT1 protein levels in Slc25a1 over-expressing 
H1299 cells relative to control H1299 cells. (B) Fold change in gene expression of cGAS and 
the indicated ISGs in Slc25a1 over-expressing H1299 spheres infected with cGAS shRNA 
lentiviruses (red, n=3) relative to empty vector lentiviruses (blue, n=3). (C) Fold change in gene 
expression of STAT1 and the indicated ISGs in Slc25a1over-expressing H1299 spheres infected 
with STAT1 shRNA lentiviruses (red, n=3) relative to empty vector lentiviruses (blue, n=3). (D) 
Schematic representation of the Slc25a1-IFN pathway and of components that we found 
regulated (indicated in red). The error bars represent standard deviations, asterisks refer to *p ≤ 
0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test. 
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In summary my results are consistent with a model depicted in (Fig. 10D) whereby 

cytosolic mtDNA and the IFN-I pathway are potential downstream effectors of Slc25a1 signaling 

and they show, for the first time, that Slc25a1 is an important player in regulating the crosstalk 

between the mitochondria and the nuclear activation of IFN-I. Given that IFN-I signaling plays a 

key role in the remodeling of the tumor immune environment and in the response to ICI therapy, 

these findings raise the possibility that by modulating this pathway, Slc25a1 may impinge upon 

the anti-tumor immune response, as investigated later. In addition, my data provide the first line 

of evidence that Slc25a1 induces a constitutive virus mimicry state via mtDNA and induction of 

the cGAS/STAT1 pathway. 

 

II.B.6. Slc25a1 induces PD-L1 expression in autocrine and paracrine manners 

Given this newly identified role of Slc25a1 in mediating IFN-I activation and considering 

that the IFN-I signaling can influence PD-L1 expression, the question of whether these proteins 

cross-talk was next asked. To address this question, control and Slc25a1-expressing H1299 cells, 

were grown in monolayers or in spheroid conditions and PD-L1 expression was determined therein 

(defined as autocrine). As shown in (Fig. 11A), PD-L1 was strongly induced in cells that were 

grown in spheroid conditions. Most importantly, PD-L1 expression was super-induced by Slc25a1 

and, vice versa, CTPI-2 treatment reduced the levels of PD-L1 (Fig. 11B). In addition, similar to 

CTPI-2, knockdown of Slc25a1 with a previously validated shRNA 24, reduced PD-L1 protein 

levels in HCC827 lung cancer cell line that harbors high endogenous level of the protein (Fig. 

11C).  
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Figure 11. Slc25a1 induces PD-L1 expression in autocrine and paracrine manners. (A) PD-
L1 and Slc25a1 protein levels in control and Slc25a1 over-expressing H1299 cells grown in 
monolayers or spheroid culture conditions. (B) PD-L1 and Slc25a1 protein levels in control or 
CTPI-2 treated Slc25a1 over-expressing spheres. (C) PD-L1 and Slc25a1 protein levels in 
HCC827 cells infected with control or Slc25a1 shRNA lentiviruses. (D) A schematic diagram 
illustrates the experimental design for the conditioned culture supernatant experiment. (E) PD-
L1 and Slc25a1 protein levels in control HCC827 cells or in HCC827 cells treated with 
conditioned culture supernatant that were derived from control or Slc25a1 over-expressing 
spheres. (F) PD-L1 and Slc25a1 protein levels HCC827 cells treated with conditioned culture 
supernatant that were derived from control of CTPI-2 treated Slc25a1 over-expressing spheres. 
(G) PD-L1 and Slc25a1 protein levels in control or CTPI-2 treated H1975 and HCC1937 cells. 
SN stands for supernatant.  
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In a second setting, I studied the effects of the supernatant of spheroid cultures in recipient 

cells (HCC827, defined as paracrine) (Fig. 11D). PD-L1 expression was particularly increased by 

the supernatant derived from Slc25a1-expressing spheres (Fig. 11E) and this induction was again 

prevented by CTPI-2 (Fig. 11F).  

To account for variability in the cellular genetic background, the inhibitory effect of CTPI-

2 on PD-L1 expression was interrogated using the H1975 and HCC1937 cell lines producing 

similar results (Fig. 11G) and indicating that PD-L1 levels are under the control of Slc25a1, at 

least in some cell types.  

 

 Collectively these results lead to the conclusion that Slc25a1 triggers PD-L1 expression 

predominantly in spheroid conditions. Given the enrichment of the CSC population in Slc25a1 

spheroids, my data intriguingly suggests that Slc25a1 may induce PD-L1 to allow the CSC 

population to escape surveillance and the attack from the immune system. Particularly striking is 

also the observation that the cues regulating PD-L1 levels can be propagated in an autocrine and 

paracrine fashion, pointing to the amplification of this signal pathway via soluble factors, which I 

am currently trying to identify. In keeping with the heterogeneity of tumors, the major implication 

of this finding is that signals that induce PD-L1 levels may originate in a population of CSCs 

hallmarked by high Slc25a1 levels and can be potentially amplified and propagated to other tumor 

cells or to the tumor micro-environment. 

 

II.B.7. Slc25a1 induces PD-L1 expression via the ubiquitin ligase adapter Keap1 

I next explored whether this induction of PD-L1 is dependent upon the IFN-I activation 

and virus mimicry triggered by Slc25a1. Contrary to this hypothesis, the depletion of mtDNA with 
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EtBr resulted in PD-L1 upregulation (Fig. 12A). In addition, the genetic knock-down of the 

Interferon Alpha and Beta Receptor Subunit 1 (IFNAR1) in Slc25a1 over-expressing spheres 

resulted in a minimal reduction of PD-L1 levels (Fig. 12B), while the knock-down of either cGAS 

or STAT1 did not substantially influence PD-L1 levels (Fig. 12C). Collectively, these results 

suggest the existence of additional or alternative molecular mechanisms by which Slc25a1 

influences PD-L1 expression. 

 

 
 
Figure 12. The induction of PD-L1 expression is independent of virus mimicry. (A) PD-L1 
protein levels in control or EtBr-treated H1299 spheres used at two different concentrations 
(indicated by +). (B) PD-L1 protein levels in Slc25a1 over-expressing H1299 spheres infected 
with control lentivirus (pLKO) or with pLKO lentivirus harboring a specific shRNA for 
IFNAR1. The knock-down of IFNAR1 was confirmed with qRT-PCR but not shown (C) PD-
L1 protein levels in Slc25a1 over-expressing H1299 spheres infected with control, cGAS or 
STAT1 shRNA pLKO lentiviruses.  
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Our group has previously shown that Slc25a1 enhances the availability of several TCA 

cycle intermediates including fumarate, malate and succinate 24, that in turn regulate the expression 

levels of several proteins through epigenetic or post-translational mechanisms 119.Therefore, I 

sought to examine the possibility that these TCA metabolites are involved in regulation of PD-L1 

expression. This line of investigation led to the exciting discovery that the cell permeable methyl-

ester of fumarate, Dimethyl Fumarate (DMF), that is cleaved into fumarate inside the cells, and to 

a lesser extent also succinate, robustly upregulates PD-L1 at the protein level (Fig. 13A). 

 Fumarate induces non enzymatic post-translational modifications of cysteine residues 

through succination, leading to activation or inhibition of its targets 119–121. The best characterized 

downstream target of fumarate is the Kelch-like ECH-associated protein 1, Keap1, which is the 

substrate-specific adapter of the BCR (BTB-Cul3-RBX1) E3 ligase complex 122–124. Fumarate 

interacts with cysteine residues in Keap1 leading to its succination and degradation. In cells treated 

with DMF, Keap1 levels were significantly reduced, coinciding with the upregulation of PD-L1 

(Fig. 13B). DMF also increased Slc25a1 protein suggesting that fumarate could act as a “Slc25a1 

mimic”. Compellingly, Slc25a1 downregulated Keap1 expression (Fig. 13C), and vice versa, the 

Slc25a1 shRNA resulted in upregulation of Keap1 (Fig. 13D). Further, the knock-down of Keap1 

itself increased PD-L1 protein (Fig. 13E), while its over-expression had the opposite effect (not 

shown). 

 

Taken together, these results provide for a novel model whereby Slc25a1 enhances PD-L1 

via downregulation of Keap1 and suggest that such regulation occurs by enhancing the availability 

of fumarate (Fig. 13F). However, additional experiments are needed to definitively prove that 

fumarate is directly involved in the regulation of Keap1by Slc25a1. 
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Figure 13. Slc25a1 induces PD-L1 expression via Keap1. (A) PD-L1 protein levels in control 
or TCA metabolites-treated H1299 cells (comm. stands for Coomassie blue staining). (B) PD-
L1 and Keap1 protein levels in control of DMF-treated H1299 cells. (C) PD-L1 and Keap1 
protein levels in control or Slc25a1 over-expressing H1299 spheres. (D) Keap1 protein levels in 
H1299 spheres infected with control or Slc25a1 shRNA lentiviruses. (E) PD-L1 protein levels 
in H1299 spheres infected with control or Keap1 shRNA lentiviruses. (F) A schematic diagram 
depicts the potential overall model of Slc25a1-mediated induction of PD-L1.  

 

Given the above observed effect of Keap1 on PD-L1 stability and, considering that Keap1 

binds to its substrates targeting them for ubiquitination and degradation, I next investigated the 

possibility that Keap1 and PD-L1 physically interact. To this end I created a H1299 cell line that 

stably over-expressed Flag-tagged-PD-L1 and subsequently performed anti-Flag immuno-

precipitation experiments in conditions where either autophagy or the proteasomal degradation 

were inhibited by Chloroquine (CHQ) or MG132, respectively, to allow for the enrichment of 

Keap1 substrates, as shown elsewhere 125.  
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Figure 14. Keap1 physically interacts with PD-L1. (A) H1299 cells expressing Flag-PD-L1 
(lanes 2-4), were treated with Chloroquine (lane 3) or MG132 (lane 4) and processed in IP with 
anti-Flag antibody, H1299 cells expressing Keap1 but not Flag-PD-L1 (lane 1) served as control. 

 

As expected, PD-L1 was stabilized when either autophagy or proteasomal degradation 

were inhibited, given that both pathways have been involved in regulation of PD-L1 (Fig. 14A). 

Moreover, inhibition of not only the proteasomal degradation but also autophagy allowed for the 

detection of a strong association between Keap1 and PD-L1. These results are consistent with the 

fact that PD-L1 can be degraded via autophagy as well as the proteasome 126,127, but do not entirely 

inform us as to whether Keap1 directs PD-L1 towards one or the other pathway. Experiments in 

this direction are currently being performed.  

 

In summary, I have identified a novel pathway for the regulation of PD-L1 and 

unequivocally demonstrated that Keap1 is a key contributor to the PD-L1 steady state levels.    

 

II.B.8. Slc25a1 induces IFN-I activation in vivo and sensitizes tumors to anti-PD-L1 blockade  

Driven by the exciting findings of my in vitro work, I moved forward utilizing a syngeneic 

mouse model to ask the question of whether Slc25a1 influences the response to PD-1/PD-L1 
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blockade therapy. To address this question, I employed the murine melanoma B16F0 cell line that 

is well characterized and frequently used to study responses to ICIs. The basal expression level of 

Slc25a1 in the B16F0 cells is low, thus I generated a stable derivative line that over-expresses 

Slc25a1 (Fig. 15A). 

 

 
 
Figure 15. High levels of Slc25a1 are associated with a better response to anti-PD-L1 
blockade. (A) Slc25a1 protein levels in control and Slc25a1 over-expressing B16F0. (B) Tumor 
volumes for the indicated treatment groups from two independent experiments. (C) Tumor 
growth curves of control and Slc25a1 over-expressing B16F0 tumors treated with either PD-
L1(αPD-L1) or isotype control antibodies. The error bars represent the standard deviation, 
asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test. 

 

Both control and Slc25a1 over-expressing cells were subcutaneously injected in C57BL6 

female mice and treatment with the PD-L1 or with isotype matched antibodies was started once 

tumors became palpable, at 200µg per mouse every three days for four times. Consistent with the 

literature, the parental B16F0 tumors are poorly responsive to PD-L1/PD-1 blockade (Fig. 15B 

and 15C). As expected, Slc25a1 over-expressing tumors showed enhanced tumor growth, but 

strikingly, the PD-L1 antibody treatment significantly blunted the growth of these tumors and 

reduced the number of growing tumors within this treatment group (Fig. 15B and 15C).  
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Figure 16. Slc25a1 induces PD-L1 and ISGs expression in vivo. (A-D) The abundance of the 
indicated cell populations as analyzed by FACS. (E) F4/80 and hematoxylin and eosin (H&E) 
staining in control and Slc25a1 over-expressing tumors. (F-H) Fold change in expression of the 
indicated ISGs in control (blue, n=3) or Slc25a1 over-expressing (red, n=3) tumors treated with 
anti-PD-L1 antibody (pattern red, n=3) or the isotype control (pattern blue, n=3). (I) Slc25a1 
and STAT1 protein levels in control or Slc25a1 over-expressing tumors treated with anti-PD-
L1 (αPD-L1) antibody or the isotype control. The error bars represent the standard deviation, 
asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.    

 

Parental and Slc25a1 over-expressing tumors were then harvested and processed for FACS 

analysis to characterize the tumor infiltrate and to assess PD-L1 expression. First, it was observed 

that Slc25a1 led to higher PD-L1 expression in tumor cells (Fig. 16A), as well as in TAMs that are 

abundant in the tumor infiltrate (Fig. 16B), recapitulating my in vitro results. In addition, Slc25a1 
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expression was associated with increased CD45+ T lymphocytes (Fig. 16C) and CD3+ T-cells (Fig. 

16D), indicating a phenotype of enriched mature T-cells. Furthermore, by performing 

immunohistochemistry (IHC) staining using an antibody that recognizes the F4/80 glycoprotein, a 

specific macrophage marker, I observed a dense macrophage infiltrate in the tissues of Slc25a1 

over-expressing tumors (Fig.16E). 

Considering the identified Slc25a1-dependent induction of IFN-I in my in vitro models, I 

next assessed the expression of representative sets of ISGs in these tumors. As shown in (Fig. 16F-

H), Slc25a1 induced the expression levels of the ISGs, but a robust activation, indicative of an 

additive or synergistic effect, was observed only in Slc25a1 over-expressing tumors treated with 

the PD-L1 antibody. This was reflected in the particularly strong induction of STAT1, one of the 

master regulators of the IFN-I signal amplification (Fig. 16I). However, given that this analysis 

was performed in the whole tumor bulk, it must be noted that I currently do not know whether the 

observed induction of ISGs occurs in tumors or in the micro-environment.  

 

II.C. Discussion 

The molecular determinants responsible for sensitivity or resistance to immune checkpoint 

blockade are an object of intense investigation and have only partially been clarified. In this work 

first, I identified a novel molecular mechanism by which Slc25a1 induces a virus mimicry state, 

and I found that such induction is sustained by the mtDNA which in turn triggers the activation of 

the IFN-I pathway. Second, I found that Slc25a1 influences the levels of PD-L1 and by tackling 

the molecular mechanisms of this cross-talk, I identified a previously unknown and entirely novel 

mechanism of regulation of the expression levels of this protein, which involves the activity of 

Keap1.Third, by employing syngeneic mouse models of tumor cells expressing high or low levels 
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of Slc25a1, I found that while Slc25a1 promotes tumor progression and upregulates PD-L1 in vivo, 

at the same time tumors with high levels of Slc25a1 show a far better response to PD-L1 blockade 

and Slc25a1 appears to even sensitize tumors that are otherwise poorly responsive to PD-L1 

inhibition Importantly, this positive response is associated with a robust activation of ISGs. These 

data open many important questions and have important implications. 

As mentioned before, the effects of IFN-I in the response to immunotherapy are complex 

and conflicting. My data suggest that Slc25a1 creates a liability when tumor cells are treated with 

ICIs and I hypothesize that this arises as a consequence of a potent IFN-I response and to the 

enhancement of PD-L1, making this protein available for antibody targeting. These results are 

provocative because chronic induction of IFN-I has been linked to resistance 93. Based on my data, 

I envision that a quantitative dose-dependent effect of the IFN-I gene program is likely necessary 

to mediate tumor-killing and I posit that Slc25a1 and presumably the mitochondrial metabolism- 

acts as “feeders or fertilizers”, amplifying the magnitude of such response. However, given the 

pro-survival activities exerted by a subset of ISGs, it is also possible that the outcome of the 

Slc25a1 and of ICIs, is influenced qualitatively by the composition of the ISG gene program, a 

possibility that I am exploring. 

An important prediction arising from these findings is that in tumors with high Slc25a1 

activity, PD-L1 inhibition leads to more efficient tumor killing. Given that one major activity of 

Slc25a1 consists of promotion of mitochondrial respiration, my data raise the important question 

of whether drugs that induce mitochondrial OXPHOS would have similar effects and “mimic” the 

activity of Slc25a1. Two agents under investigation are dichloroacetate and fumarate, that are both 

appealing because they are in clinical trials. Preliminary experiments using DMF are shown in the 

appendix II. 



 41 

Given that tumor cells often exploit the PD-L1/PD1 axis and upregulate PD-L1 to elude 

anti-tumor immunity, there is significant interest in understanding the mechanisms that control 

PD-L1 stability. Indeed, high expression levels of PD-L1 are often predictive of positive clinical 

outcome in response to ICIs, but on the other hand it is clear that induction of PD-L1 degradation 

prevents immune escape and facilitates the recruitment of tumoricidal immune cells enhancing 

tumor killing in response to radio- or chemo-therapy 128–130.  

In this respect, the identification of a novel pathway for regulation of PD-L1 expression 

levels, which include both Keap1 and Slc25a1, provides an opportunity to rationalize upon Keap1 

or Slc25a1 inhibitor agents to promote anti-tumor immune responses during the course of 

canonical cancer therapies. I have shown here that CTPI-2 significantly downregulates the levels 

of expression of PD-L1 in several tumor cell lines. Our group and others have also shown that in 

immuno-compromised mice, the inhibition of the tumor intrinsic activities of Slc25a1 with CTPI-

2 or with other Slc25a1 inhibitors, synergizes with platinum therapy, with radiotherapy and with 

agents targeting the EGFR. In keeping with the discovery of tumor extrinsic activities of Slc25a1 

on the PD-L1/PD1 axis, these results now establish a strong rationale for inhibiting Slc25a1 in 

combination therapy with canonical anti-tumor agents. In essence, my data indicate that there 

could be a therapeutic benefit for targeting Slc25a1 activity either positively -when ICIs are the 

primary treatment-, or negatively, when chemotherapy or targeted therapy are used.  

An additional consideration pertains to the significance of the finding that the IFN-I and 

PD-L1 induction by Slc25a1 occurs predominantly in spheroid conditions and in the CSCs 

population. There is evidence that tumor intrinsic activities of PD-L1 as well as the IFN-I 

activation promote the cancer stemness phenotype, self-renewal and resistance to therapy 

89,91,94,131. My results are consistent with the attractive possibility that Slc25a1 exploits the PD-L1 
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axis to promote the expansion of this population, but at the same time creates a liability for its 

eradication by ICIs.   

In conclusion, the current work together with our previous results lead us to propose that 

the application of agents targeting (positively or negatively) Slc25a1 activity in combinatorial 

strategies is likely context- and therapy dependent and call for a better understanding of the 

important activities of this fascinating protein in anti-tumor responses in different cancer sub-types 

as well as in different therapeutic settings. 

 

II.D. Limitations of the current work  

Although the current work has identified three novel activities of Slc25a1, specifically the 

induction of the IFN-I pathway, the regulation of PD-L1 expression and of the response to ICIs 

therapy, it is still not ready for high impact publication due to still unanswered questions and gaps 

of knowledge. It is worth mentioning that the suspension of research activity at Georgetown 

University due to the Covid-19 pandemic has had a considerable negative impact for the progress 

of this work. The purpose of this section is to outline and discuss the major unanswered questions.  

I have implicated cytosolic mtDNA as a mediator of the Slc25a1-dependent IFN-I response 

based on the observed increase in cytosolic mtDNA accumulation and on the abrogation of the 

ISGs expression when MPTP was inhibited by CsA. Yet, the mechanism by which Slc25a1 

triggers the exit of mtDNA into the cytosol is still unclear. One of my partially tested hypotheses 

is that Slc25a1 acts by enhancing the mitochondrial OXPHOS and imposing a mild oxidative stress 

leading to the opening of MPTP and the release of mtDNA. While I have proven that opening of 

the MPTP is involved in the induction of ISGs, the upstream steps involved in this mechanism 

have not been entirely validated yet. Again, particularly important question is whether OXPHOS 
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is involved in this cascade, in which case it is still unclear whether this activity is restricted to 

Slc25a1, or rather any signal that induces OXPHOS will have the same effect. Experiments in this 

direction are currently ongoing. Furthermore, the characteristics of the released mtDNA necessary 

for triggering the IFN-I activation, in terms of length of the cytosolic mtDNA and its modifications 

for example by oxidation, are also unknown. This is in part due to the lack of antibodies and 

markers that are specific for mtDNA.  

My in vivo work has shown that Slc25a1 sensitizes B16F0 tumors to ICIs therapy, limiting 

the growth of tumors treated with anti-PD-L1 antibody. This finding needs to be validated using 

at least another cell model to rule out that the influence of Slc25a1 is not cell-type specific. In fact, 

we are planning to perform this experiment using the murine lung LL2 cancer cell line, given that 

our primary model is lung cancer.  

Additionally, another mouse experiment was planned to address the question of whether 

the favorable influence of Slc25a1 on the response to anti-PD-L1 treatment depends on the tumor-

intrinsic activation of the IFN-I pathway. This is a very important question. Our planned approach 

was to test the response to anti-PD-L1 treatment in Slc25a1 expressing cells that lacks the 

expression of the IFN-I receptor, IFNAR1, that would extinguish the activation of ISGs. 

Noteworthy, the cell clones required for these mouse experiments are in the process of being 

generated and the experiments will be performed by other members in the Avantaggiati lab. 

Finally, although Slc25a1 slowed tumor growth in mice treated with anti-PD-L1 antibody, 

it is yet unclear whether this reduction in growth rate was due to activated cytotoxic T-cell 

mediated responses, which are necessary to drive the anti-tumor effects of ICIs. The flow 

cytometry analysis of Slc25a1 over-expressing tumors indicated an enrichment of the T-cells 

phenotype, but the functional status of these cells has not been determined. Thus, there is a need 
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for performing a more thorough analysis of the tumor immune cell infiltrate. Alternatively, T-cells 

depleting antibodies cloud be utilized to further investigate the involvement of T-cell response in 

the reduction to tumor growth.      

 

II.E. Materials and methods 

II.E.1. Cells, reagents and antibodies 

The H1299, B16F0, and H1937 cell lines were obtained from ATCC or from the tissue 

culture core facility at Lombardi comprehensive cancer center (LCCC) at Georgetown University. 

The 293T cell line was a kind gift from Dr. Chunling Yi. The HCC827 and H1975 cell line were 

kind gifts from Dr. Giuseppe Giaccone. Cells were grown in Dullbecco’s modified Eagle’s 

medium (DMEM, 25 mM glucose, with glutamine and pyruvate from Invitrogen) and 

supplemented with 10% fetal bovine serum and 1% of 5000 units/ml of penicillin-streptomycin 

(pen-strep), (Gibco). The reagents used in this study were: the CTPI-2 is listed in Pubchem (CAS#: 

68003-38-3) and it was purchased from Enamine Ltd, the Cyclosporine A (CsA) was purchased 

from Cell Signaling (9973), the Ethidium bromide was purchased from Alfa Aesar (J62282), the 

Dimethyl Fumarate was purchased from Sigma (242926), the Dimethyl Succinate was purchased 

from Sigma (W239607), the Dimethyl Malate was purchased from Sigma (374318), the MG132 

was purchased from Sigma (474790), and the Chloroquine was purchased from Mpbio (193919). 

The vector-expressing human Slc25a1 was purchased from Origene (SC120727), and the vector-

expressing Flag-PD-L1 was purchased from Sino Biological Inc. (HG10084-NF). The shRNA 

vectors used in this study were purchased from Sigma: Slc25a1 (TRCN0000232825), cGAS 

(TRCN0000149984), STAT1 (TRCN0000280021), IFNAR (TRCN0000059013) and Keap1 

(TRCN0000154657). The anti-Slc25a1 antibody used in immuno-blot was either from Santa Cruz 
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Biotech, (#SC-86392) or from Proteintech (15235-1-AP). Additional antibodies were as follows: 

PD-L1 (GeneTex, GTX104763), Keap1 (Proteintech, 10503-2-AP), OPA1 (Novus Biological, 

NB110-55290), cGAS (Cell Signaling, 15102), STAT1 (Cell Signaling, 14994), IFIT2 

(Proteintech, 12604-1-AP), β-actin (Santa Cruz, sc-47778), and HSP-70 (Santa Cruz, sc-7298).  

 

II.E.2. Growth of monolayer and sphere cultures  

Tumor cell lines were grown as monolayers in complete Dulbecco’s modified Eagle’s 

media (DMEM, Gibco; supplemented with 10% fetal bovine serum and 1% of 5000 units/ml of 

pen–strep, Gibco). To generate spheroids, cells were grown in falcon bacteriological Petri dishes 

coated with 2% poly(2-hydroxyethyl methacrylate) dissolved in 100% ethanol. The growth 

medium was DMEM/F12, Gibco; supplemented with 20 ng/ml of epidermal growth factor (EGF), 

5 ng/ml of fibroblast growth factor, 0.375% 100× N2 supplements (Gibco) and 1% pen–strep. 

Monolayer cells were dissociated using 0.25% Trypsin-EDTA (Gibco), whereas spheroid cultures 

were dissociated using StemPro Accutase (Gibco). 

 

II.E.3. Inhibition of Slc25a1 activity 

To pharmacologically inhibit Slc25a1 activity, stock solution of CTPI-2 was prepared by 

dissolving it in DMSO. CTPI-2 was added to the culture media of cells grown in monolayer or 

spheroid culture conditions at a working concentration of 50 µM or 100 µM and incubation was 

carried out for 24 or 48 hours.   
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II.E.4. Gene expression profiling of Slc25a1 over-expressing or control H1299 cells grown in 

monolayers or spheres conditions  

Complete poly-A mRNA was purified from cell line samples using. Labeled cRNA was 

synthesized from cDNA per manufacturer instructions (Agilent). RNA was hybridized to an 

Agilent (Santa Clara, USA) SurePrint G3 Human Gene Expression v3 8x60K Microarray for 

quantification. Arrays were read using a SureScan microarray scanner. Per-spot intensity values 

were averaged by gene, quantile normalized, and background corrected using the R software 

package limma. Manhattan distances between individual samples and individual genes were used 

to create hierarchical clustering (Ward) per-samples and per-genes. Gene set enrichment was 

conducted using the R package fgsea.  

 

II.E.5. Immunoblot of cells and murine tumor tissues  

Attached cells were harvested using cell scraper, spheres were harvested by centrifugation, 

and frozen tumor tissue samples were ground by mortar and pestle in liquid nitrogen. Cell lysis 

was performed using RIPA buffer supplemented with cOmplete Mini Protease Inhibitor Tablets 

(Roche, 11836153001). Protein quantification was done using Coomassie (Bradford) Protein 

Assay Kit (Pierce), equal amount of protein lysate was loaded and separated by Novex™ 4-20% 

Tris-Glycine Mini Gel (Invitrogen) then transferred to a PVDF membrane. The membrane was 

blocked in blocking buffer with 10% horse serum to prevent non-specific binding, followed by 

incubation with primary antibodies. Appropriate horseradish peroxidase–conjugated secondary 

antibody (Invitrogen) was applied after incubation with primary antibody, SuperSignal™ West 

Pico PLUS Chemiluminescent Substrate (Thermo Scientific) was used for protein detection. β-

actin or HSP-70 was used as loading control.  
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II.E.6. Quantitative real-time PCR 

Total RNA was isolated using Trizol® (Thermo Scientific), and 5 µg of total RNA was 

treated with DNase I (Thermo Scientific), in the presence of SUPERase.InTM RNase Inhibitor 

(Thermo Scientific) for 30 min at 37 °C; 5 mM EDTA was then added and the DNase I heat 

inactivated at 75 °C for 10 min. After adding 5 mM MgCl2, complementary DNA was generated 

using Superscript IV (Thermo Scientific) and random hexamers following the manufacturer’s 

instructions. Real-time PCR was carried out using PowerUp™ SYBR® Green Master Mix 

(Thermo Scientific), using the following reference genes for human samples: GAPDH, SNRPD3 

or TBP whereas for murine samples: actin, beta (Actb), Peptidyl-prolyl cis-trans isomerase A 

(Ppia) or Tbp. The gene expression was normalized to the average of two reference genes and the 

relative gene expression fold changes calculated using the ΔΔCT method. Dissociation curves 

were analyzed and showed single amplification products to confirm the specificity of each primer 

pair, and RT samples were run to verify no genomic DNA contamination was present. The forward 

and reverse primers used are listed below. 

 

Genes Forward Primers  Reverse Primers  

CGAS CACGAAGCCAAGACCTCC G GTCGCACTTCAGTCTGAGCA 

GAPDH TCAATGAAGGGGTCGTTGAT CGTCCCGTAGACAAAATGGT 

IFIT2 CCTCCATCAAGTTCCAGGTG AAGAGTGCAGCTGCCTGAA 

IFIT3  TGAAGAACAAATCAGCCTGG AAGTTCCAGGTGAAATGGCA 

IFNB1 GTCAGAGTGGAAATCCTAAG ACAGCATCTGCTGGTTGAAG 

IRF7 CCCACGCTATACCATCTACCT GATGTCGTCATAGAGGCTGTTG 

ISG15 GCGAACTCATCTTTGCCAGT CTTCAGCTCTGACACCGACA 
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OASL TTTCTGAGGCAGGAGCATTT AAAACAGCTCAGAAACGCCA 

SNRPD3 TCAGCATGTCAGGCAAAATC GAGGACAACATGAACTGCCA 

STAT1  CCAGGCTCTTGATTTCATGC AATTCTGGAAAACGCCCAG 

TBP CCACTCACAGACTCTCACAAC CTGCGGTACAATCCCAGAACT 

USP18 TGACGAGCAGAGGAGAAG C AAAGAGAAAGTGGGAGGGTGA 

Actb ATGGAGGGGAATACAGCC C TTCTTTGCAGCTCCTTCGTT 

Ccl5 CTGCCCTCACCATCATCCTC GGGAGAGGTAGGCAAAGCAG 

Ifit2 CCGAAAAGCAAGTTCTGGCC GCAACCTCTTCCTCTGCCTT 

Ifit3 TTCCCAGCAGCACAGAAAC TGCACACCCTGTCTTCCATA 

Isg15 CTCCTTAATTCCAGGGGACC TTCTGGGCAATCTGCTTCTT 

Osal GCAGGAGAATTTCCGTGAAG AACAGCTCAGGAACACGACC 

Ppia CAGTGCTCAGAGCTCGAAAGT CACCGTGTTCTTCGACATCA 

Stat1 AGCCCAAGGATGTCACAGTG CGAGACATCATAGGCAGCGT 

Tbp GGGGTCATAGGAGTCATTGG CATCTCAGCAACCCACACAG 

 

II.E.7. Sorting of CD133+ and CD44+/CD24- cancer stem cells  

Slc25a1 over-expressing H1299 cells were grown in spheroid culture condition for three 

days to enrich for CSCs. Spheres were harvested by centrifugation, disassociated, washed with 

PBS and resuspended in DMEM. To isolate the CD133+ and CD133- populations, disassociated 

spheres were stained with the APC anti-human CD133 antibody (BioLegend, #372806). To isolate 

the CD44+/CD24- population, disassociated spheres were co-stained with the APC anti-

mouse/human CD44 antibody (BioLegend, #103012) and the PE anti-human CD24 antibody 

(BioLegend, #311106). Cells were incubated with the antibodies at 37ºC for 30 minutes, washed 



 49 

3 times, and resuspended in DMEM. The sorting was carried out by the core facility of LCCC at 

Georgetown University. RNA was isolated form the sorted cell populations and the levels of the 

ISGs expression was assessed by qRT-PCR.  

 

II.E.8. Inhibition of MPTP opening 

Cells grown in spheroid culture conditions were treated 15 µM CsA  overnight. RNA was 

isolated and RT-PCR was performed to determine the expression levels the ISGs in control and 

treated spheres. 

 

II.E.9. Quantification of mtDNA levels in pure cytosolic fractions  

Spheres were disassociated using StemPro Accutase (Gibco), resuspended in PBS to 

generate a single-cell suspension, and the cell count was determined. 5x106 cells were suspended 

in 500 µl PBS. In a fresh microcentrifuge tube, 100 µl of the cell suspension were pelleted by 

centrifugation, resuspended in 500 µl of 50 µM NaOH, and placed on a heating block for 30 

minutes to boil and solubilize DNA. Then, to normalize the pH in the generated cell extract, 50 µl 

of 1 M Tris-HCl pH 8 was added. This generated cell extract served as a normalization control for 

total mtDNA. The cells in the other remaining 400 µl of the cell suspension were pelleted by 

centrifugation and resuspended in 500 µl buffer made of 150 mM NaCl, 50 mM HEPES (pH 7.4), 

and 20 µg/ml digitonin (Sigma, D141). The cell suspension was incubated end over end at room 

temperature for 10 minutes to promote the selective permeabilization of plasma membrane. Then, 

intact cells were pelleted by centrifugation at 980 g for 3 minutes. The obtained cytosolic 

supernatants were transferred to a fresh microcentrifuge tube and the obtained pellet of intact cells 

was saved for immuno-blotting. To achieve a complete elimination of intact cells, the 
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centrifugation step was repeated twice, transferring the cytosolic supernatant to a fresh 

microcentrifuge tube each time. A final centrifugation was done at 17000 g for 10 minutes to 

eliminate all the remaining cellular debris, generating a pure cytosolic fraction. Using QIAQuick 

Nucleotide Removal Kit (QIAGEN), DNA was isolated form the pure cytosolic fraction. Using 

primers designed to amplify regions of the CYTB, ND2 and 16S mitochondrial genes qRT-PCR 

was performed on DNA isolated from both whole cell extract and pure cytosolic fraction. The Ct 

values for the mitochondrial genes obtained from the cytosolic fraction were normalized the Ct 

values obtained  from the whole cell extract to achieve optimal standardization and to account for 

variation in total mtDNA among the tested samples. The purity of the cytosolic fraction was 

confirmed by immuno-blotting, probing for a OPA1 as a mitochondrial protein marker. The 

forward and reverse primers used are listed below. 

 

Genes Forward Primers  Reverse Primers  

16S CCCAAACCCACTCCACCTTA TCATCTTTCCCTTGCGGTACT 

CYTB AACTTCGGCTCACTCCTTGG GATGAAAAGGCGGTTGAGGC 

ND2 TAAACTCCAGCACCACGACC TGGTGGGGATGATGAGGCTA 

 

II.E.10. Depletion of mtDNA using EtBr 

Cells were seeded in monolayer culture conditions, 150 ng/ml of EtBr was added to the 

culture media, and cells were allowed to grow for three days. Then, EtBr containing media was 

aspirated, cells were harvested by trypsinization and were seeded in spheroid culture conditions to 

from spheres. The generated spheres were pelleted by centrifugation, disassociated using StemPro 

Accutase (Gibco), resuspended in PBS to generate a single-cell suspension, and the cell count was 
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determined. An equal number of cells form control and EtBr treated samples were resuspended in 

in 500 µl of 50 µM NaOH and placed on a heating block for 30 minutes to boil and solubilize 

DNA. To confirm the depletion of mtDNA, qRT-PCR was performed on DNA from total cell 

extract of both control and EtBr treated samples using primers designed to amplify the nuclear 

GAPDH gene as well as the mitochondrial CYTB, ND2 and 16S genes. The obtained Ct values for 

the mitochondrial genes were normalized to the Ct values obtained for the reference nuclear 

GAPDH gene. To confirm that EtBr had no effect on genomic DNA, the expression levels of the 

reference nuclear genes SNRPD3 and TBP were determined by qRT-PCR.  

 

II.E.11. Conditioned culture supernatants experiment 

Control and Slc25a21 over-expressing H1299 cells were seeded in spheroid culture 

conditions and allowed to condition the culture media for three days. Recipient HCC827 cells 

grown in monolayer culture conditions received unconditioned sphere culture media, conditioned 

culture supernatant derived from control spheres or conditioned culture supernatant derived from 

Slc25a1 over-expressing spheres. The HCC827 cells were allowed to grow for an overnight in 

each of the received culture media. Then, the recipient HCC827 cells were harvested, and 

immunoblotting was performed to determine the influence on PD-L1 protein levels.  

 

II.E.12. TCA metabolites treatments  

Control H1299 cells were seeded in monolayer culture conditions and allowed to attach for 

an overnight. Then, cells were treated with 5 mM Dimethyl Malate, 5 mM Dimethyl Succinate or 

5 mM Dimethyl Fumarate for an overnight. Control and treated cells were harvested, and immune-

blotting was performed to determine the influence on PD-L1 protein levels. 
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II.E.13. Immunoprecipitation 

 Control or FLAG-PD-L1 expressing H1299 cells grown in monolayers culture conditions 

untreated or treated with 50 µM Chloroquine or 10 µM MG132 were lysed using a buffer 

containing (20 mM TRIS pH 7.8; 150 mM NaCl; 0.1% NP40; 5 mM EDTA, supplemented with 

freshly added 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM DTT). Protein 

quantification was done using Coomassie (Bradford) Protein Assay Kit (Pierce), 3 mg of input 

protein lysates were loaded on equal amount of anti-flag M2 affinity beads (Sigma, A2220) and 

incubated end over end for an overnight in a cold room. The loaded beads were pelleted by 

centrifugation at 13000 g at 4°C and 6 washes were performed. The loaded beads were 

resuspended in 50 µl lysis buffer containing 20 µg flag peptide (APExBIO, A6001), incubated in 

a 37°C water bath, and frequently vortexed. The beads were pelleted by centrifugation and the 

supernatants were transferred to fresh microcentrifuge tubes. Part of the cells were saved to isolate 

control total protein lysates. The immunoblotting was performed as described above.   

 

II.E.14. Syngeneic mouse model and ICIs treatment  

Control and Slc25a1 over-expressing B16F0 cells were grown as spheres in DMEM/F12 

media containing 2.5% KnockOutTM Serum Replacement (Gibco), 1% glutamine, 1% 100x ITS 

liquid media supplement (Sigma, I3146), 1% Sodium Pyruvate, 0.1% Y-compound and 1% pen-

strep for three days. Spheres were disassociated using StemPro Accutase (Gibco), resuspended in 

PBS to form single-cell suspensions and cell viability and count were determined. Five weeks old 

wild type C57BL/6J female mice were purchased from the Jackson Laboratory. Mice were 

subcutaneously injected with 5x105 viable control or Slc25a1 over-expressing B16F0 cells in both 

right and left lower flanks. Once tumors became palpable, mice from the control and Slc25a1 
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overexpressing groups were randomized to receive anti-mouse PD-L1 antibody (BioXCell, 

BE0101) or rat IgG2b isotype control, anti-keyhole limpet hemocyanin (BioXCell, BE0090). Both 

the anti-mouse PD-L1 antibody and the isotype control were administered via intraperitoneal 

injections at concentration of 200 µg per mouse every three days for a total of four treatments. 

Tumors dimensions were routinely measured using a digital caliper, and tumor volumes were 

calculated using the following formula (length x width x hight x 0.523). All mice were sacrificed 

when the tumors reached the maximum allowed tumor volume, and all tumors were excised for 

subsequent analysis. All animal studies were approved by the Georgetown University Institutional 

Animal Care and Use Committee.  

 

II.E.15. Generation of single-cell suspension from solid tumor tissues 

Extracted tumors were intensively chopped using sterile razor blades. The generated 

fragmented tumor tissues were resuspended in 10 ml DMEM media containing 1 mg/ml 

Collagenase D (Sigma, 11088866001) and passed multiple times through a 10 ml serological 

pipette. To obtain single-cell suspensions tumor tissue suspensions were placed in gentleMACS C 

Tubes (Miltenyi Biotec, 130-093-237) and the tumor tissues disassociation was carried out using 

the gentleMACSTM Dissociator (Miltenyi Biotec, 130-095-937) using the program 37_m_TDK2. 

Post digestion, cell were filtered using 70 µm cell strainer and recovered by centrifugation. Then, 

the cell viability and cell count were determined. 

 

II.E.16. Multi-color flow cytometry analysis of intertumoral immune cell infiltrates  

Using the single-cell suspensions generated from control and Slc25a1 over-expressing 

B16F0 tumors, 2x106 viable cells were aliquoted for staining. Then, cells were stained with a 
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cocktail of antibodies for immune cells surface markers: anti-mouse PD-L1 (BD Pharmingen, 

564715), anti-mouse F480 (BioLegend, 123114), anti-mouse CD45 (BD HorizonTM, 564590) and 

anti-mouse CD3e (BD HorizonTM, 564661). Cell were wash after 30 minutes staining incubation 

and analyzed using a FACS Symphony cytometer (BD Biosciences).  

 

II.E.17. Immunohistochemistry staining  

The IHC was performed using standard protocols on formalin-fixed sections of control and 

Slc25a1 over-expressing B16F0 tumors. Immunohistochemical staining of mouse PD-L1 was 

performed using anti-mouse PD-L1 Rabbit polyclonal antibody (ABclonal, A1645). Five-micron 

sections from formalin-fixed paraffin embedded tissues were de-paraffinized with xylenes and 

rehydrated through a graded alcohol series. Heat induced epitope retrieval (HIER) was performed 

by immersing the tissue sections in Target Retrieval Solution, Low pH (DAKO) in the PT Link 

(DAKO). Briefly, slides were treated with 3% hydrogen peroxide, avidin/biotin blocking, and 10% 

normal goat serum and exposed to primary antibodies for 1 hour at room temperature. Consecutive 

sections with the primary antibody omitted were used as negative controls. Stained slides were 

scanned using the Vectra3 Multi-Spectral Imaging Microscope with Vectra and Phenochart 

software (Perkin Elmer).  

 

II.E.18. Statistics 

Statistical significance was assessed using both paired or unpaired, two-tailed Student t-

test. Significant differences are indicated using the standard Michelin Guide scale (*p ≤ 0.05, 

significant; **p ≤ 0.01, highly significant; ***p ≤ 0.001, extremely significant). 
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CHAPTER III 

INHIBITION OF THE MITOCHONDRIAL CITRATE CARRIER, SLC25A1, REVERTS 

STEATOSIS, GLUCOSE INTOLERANCE AND INFLAMMATION IN PRECLINICAL 

MODELS OF NAFLD/NASH2 

III.A. Introduction  

 Nonalcoholic fatty liver disease and its evolution to inflammatory steatohepatitis comprise 

a spectrum of manifestations that span from simple and reversible hepatic steatosis to progressive 

irreversible necro-inflammatory and fibrotic disease that increase the risk of hepatocellular 

carcinoma and are associated with a high rate of mortality 132–135. With the development of 

effective therapeutic agents for hepatitis C, NAFDL/NASH is now predicted to become the most 

common cause of chronic liver disease and transplantation with a current worldwide prevalence 

as high as 25%. Although the exact molecular mechanisms that drive the progression of NASH 

are still an object of debate, there is a clear association with obesity, diabetes and metabolic 

syndrome.  

Given the multi-stage nature and the complexity of the evolution of NASH, the search for 

effective agents is still a very active area of interest 135. Early fatty liver disease can be corrected 

with dietetic adjustments, while at later stages several agents have been proposed to be effective. 

Given the role played by altered lipid anabolic and catabolic pathways and the deleterious effects 

of lipotoxicity, inhibitors of the lipid synthetic pathway, including inhibitors of Fatty Acid 

Synthase (FASN) or Acetyl-Coenzyme A Carboxylase, ACC1/2, are being explored as potential 

 

2 Adapted from: Tan, M., Mosaoa, R., Graham, G.T. et al. Inhibition of the mitochondrial citrate 
carrier, Slc25a1, reverts steatosis, glucose intolerance, and inflammation in preclinical models of 
NAFLD/NASH. Cell Death Differ 27, 2143-2157 (2020). 
(Rami Mosaoa is a first co-author of this publication with an equal contribution)  
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therapeutics. The employment of these agents is complicated by the observation that the liver 

specific deletion of the FASN gene can exacerbate steatosis under specific dietetic conditions, 

while ACC1/2 inhibition reduces steatosis, but induces hyper-triglyceridemia 136,137. Additional 

classes of NASH therapeutics include Farnesoid Receptor Agonists (FXR) which promote bile 

acid biosynthetic pathways, the prototypes of which are obeticholic acid and GS-9674. Beneficial 

effects of FXR agonists include reduction of liver fibrosis, improvement of steatosis, potentially 

counterbalanced by the toxic effect of bile acid accumulation that causes hepatocyte cell death and 

cholestasis 134,135. Thus, the development of NASH therapeutics represents an unmet clinical need, 

to the point that the Food and Drug Administration has recently emphasized the necessity to 

identify molecular pathways or therapies that slow or reverse the progression of NAFLD and 

NASH. 

The Slc25a1 belongs to a family of nuclear encoded ion transporters whose activity has been 

linked to several pathogenic conditions including cancer, aging and developmental disorders 138. 

The human Slc25a1 gene maps to chromosome 22.q11.2 and microdeletions of this region give 

raise to a group of survivable disorders known as Velo-cardio-facial and DiGeorge syndromes 139. 

Various Slc25a1 mutations, spanning throughout the coding region, have also been reported in 

combined D-2-/L-2-hydroxyglutaric aciduria, characterized by the pathological accumulation of 

aberrant products of the TCA cycle 140–144. Moreover, mutations of a member of the citrate 

transporter family in fruit fly, INDY, promote longevity, suggesting that the citrate transport 

pathway also controls lifespan 145. Finally, multiple studies conducted by our and other laboratories 

have shown that Slc25a1 plays an important role in the metabolic rewiring of tumor cells, in 

chemotherapy resistance, and as a mediator of inflammatory signals 24,99,146–148.  
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The known activity of Slc25a1 consists of the regulation of the cytoplasmic and 

mitochondrial pools of citrate. In the cytoplasm citrate is the precursor for lipogenesis, suggesting 

the potential involvement of this protein in the pathogenesis of NASH. Additionally, citrate is also 

an allosteric regulator that binds to several enzymes modulating their function. Although citrate-

binding motifs have not been identified yet, several proteins in the glycolytic and lipogenic 

pathway are under the direct control of citrate. These include the first glycolytic enzyme, PFK 

which is inhibited by citrate binding, as well as Fbp1 and ACACA that are activated by citrate 21 

In spite of these fundamental functions, a definite role of Slc25a1 in the metabolism or in the lipid 

synthetic pathway has not been demonstrated. Indeed, the function of Slc25a1 in vivo has never 

been studied. 

In this work,  a combination of genetic and drug-targeting approaches were used to ask the 

question of whether Slc25a1 influences NASH evolution. The results establish that Slc25a1 acts 

as a nodal protein and a “druggable” target in this disease. 

 

III.B. Results  

III.B.1. Inhibition of Slc25a1 reduces obesity and hepatomegaly in HFD-fed mice 

For this study, the well-established model of Diet-Induced-Obesity (DIO) of C57BL/6J 

mice fed with the High Fat Diet (HFD) was used. These experiments were performed in two 

different settings. In the first case the Slc25a1 inhibitor, CTPI-2, was administered approximately 

at the same time of initiation of the diet (prevention study, Fig. 17A). Alternatively, given that the 

majority of patients seeks medical attention when obesity and steatosis have already occurred, 

C57BL/6J mice were first fed the HFD for 3 months and then were randomized to receive vehicle 

or CTPI-2 for additional 12 weeks (reversion study, Fig. 17B).  To eliminate potential differences 



 58 

in feeding behavior, animals were kept at one mouse per cage and the food consumption was 

measured weekly.  

 

Figure 17. Inhibition of Slc25a1 reduces obesity and hepatomegaly in HFD-fed mice. (A) 
Body weight measurements in the prevention study. Mice were fed the HFD for 3 weeks and 
CTPI-2 treatment was started (indicated by arrow). (B) Body weight measurements in the 
reversion study. Mice fed the control diet (CD) or HFD for 3 months were then randomized to 
receive CTPI-2 or vehicle for an additional 3 months (n = 3–4). Measurements were taken at 
regular intervals. The arrow indicates the time at which CTPI-2 treatment was started, after 12 
weeks of HFD-feeding. In both cases CTPI-2 was administered at 50 mg/kg on alternate days 
via the intraperitoneal route. (C) Representative images of mice fed the HFD in the reversion 
study in the indicated treatment conditions. (D) Body weight measurements of mice fed control 
diet and treated with CTPI-2 for 5 months (n = 7). (E) MRI images of the visceral fat (circled in 
white) of the indicated mice. Insets numbers (in white) indicate the percentage of visceral fat 



 59 

calculated as threshold fat pixels versus threshold whole-body pixels in the abdominal region 
from every slice of the MRI image dataset. (F) Representative images of the hemi-lateral visceral 
fat (WAT) and the liver of mice fed the HFD, in the indicated treatment conditions. (G) 
Measurement (in grams) of the indicated organs in CD, HFD+Veh., or HFD+CTPI-2 (n = 3). 
The error bars represent the standard deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 
0.001 by unpaired T-test. 

 

CTPI-2 did not prevent feeding and did not induce a starvation state (not shown). As 

expected, HFD-fed mice exhibited a dramatic increase in body weight over time and treatment 

with CTPI-2 completely averted weight gain in the prevention study and led to significant weight 

loss in the reversion study (Fig. 17A-C). However, CTPI-2 did not modify body weights in mice 

fed with a normal diet (Fig. 17D). Magnetic Resonance Imaging (MRI) performed in animals 

enrolled in the reversion study, as well as visual examination of their abdomen confirmed that 

CTPI-2 particularly reduced the White Adipose Tissue (WAT) (Fig. 17E). Further, upon visual 

examination, the liver of HFD-fed mice was pale and enlarged and CTPI-2 reverted this phenotype 

(Fig. 17F). Measurement of the weight of all organs confirmed that CTPI-2 selectively reduced 

the mass of the liver and WAT, in agreement with prevalent activities of this protein in these organs 

(Fig. 17G). 

 

III.B.2. CTPI-2 prevents steatohepatitis and normalizes glucose tolerance 

  The effects of CTPI-2 in the liver of HFD-fed mice were next studied. To explore CTPI-

2 activity in the most relevant therapeutic reversion setting and to determine at what stage of 

disease evolution CTPI-2 can be effective, time course experiments over a long period of time 

were performed. Hence, mice were first initiated with a HFD regimen for 3 months before CTPI-

2 administration and were then sacrificed after 4, 8 and 12 weeks of treatment, corresponding to 

16, 20 or 24 weeks of HFD regimen.   
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In mice fed with the HFD the liver was filled with fatty deposits that accumulated over 

time in the form of micro- and macrovesicular steatosis, and the hepatocytes exhibited typical 

ballooning degeneration, indicating the presence of steatohepatitis (Fig. 18A). Accordingly, these 

mice displayed hypercholesterolemia and hepatic injury as demonstrated by the elevated levels of 

Alanine Aminotransferase (ALT) and CTPI-2 normalized cholesterol, ALT and triglyceride levels 

(Fig. 18B-D). After 3 months of exposure to the HFD, at which time CTPI-2 treatment started, 

steatosis was already evident and progressed over time. CTPI-2 reverted these early stages of 

steatosis and also prevented the evolution to steatohepatitis, identified based upon the dramatic 

increase of lipid accumulation, the presence of hepatocyte ballooning (Fig.18A), the elevated 

levels of ALT (Fig. 18C) and the presence of perivascular inflammatory infiltration (not shown). 

Although we observed some extent of heterogeneity in the response of individual mice to CTPI-2 

(Fig. 18H), after 3 months of CTPI-2 administration and 6 months on HFD, the livers of most of 

CTPI-2 treated mice appeared almost indistinguishable from that of animals fed a normal diet.  In 

addition, when administered at the same time of initiation of the HFD, CTPI-2 nearly completely 

prevented steatosis, again pointing to the potential application of this drug in both the prevention 

and treatment settings (not shown). 

Next, the question of whether CTPI-2 influences insulin sensitivity and glucose tolerance 

that are impaired in NAFLD/NASH was asked. HFD-fed mice displayed high levels of fasting 

glucose and circulating insulin, significantly reduced clearance of blood glucose measured with a 

glucose tolerance test (GTT), and were insulin resistant relative to control mice, as revealed by an 

insulin tolerance test (ITT) (Fig. 19A-D). 
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Figure 18. CTPI-2 prevents steatohepatitis in HFD-fed mice. (A) time-course experiments 
showing the liver of HFD-fed mice treated with vehicle (top panels) or with CTPI-2 (bottom 
panels). The weeks of diet exposure are indicated at the top; the times of treatment with CTPI-
2 at the bottom. Time 0 shows the liver histology when the CTPI-2 treatment was initiated, after 
12 weeks of HFD. The last panel on the right shows a normal liver derived from control diet-
fed (CD) mice. Rectangles show enlarged fields and arrows point to the ballooning hepatocytes, 
when detected. (B, C) Total serum cholesterol levels and ALT levels measured with the Heska 
Element DC Chemistry analyzer. (D) Serum levels of triglycerides measured with LC-MS. (E) 
Quantification of the steatosis from the time course experiments. The percentage of steatosis in 
the CTPI-2- treated mice is shown on the top of each bar graph. (F, G) Quantification of liver 
steatosis indicated as % per field (F) or steatosis grade (G). Quantification was performed on 3-
5 mice per group and on at least 2-3 fields per mouse. Steatosis grade was assessed as: grade 0: 
<5%; grade 1: 5–33%; grade 2: 33–50%; and grade 3: >50%. (H) Representative images of 
HFD-fed mice (left panel) and of three different mice treated with CTPI-2. Rectangles show 
enlarged fields of the images and arrows indicate hepatocyte ballooning, when present. The error 
bars represent the standard deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by 
unpaired T-test. 
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More importantly, with prolonged exposure to the HFD, vehicle-treated mice became increasingly 

unable to clear glucose, as documented by the enhanced area under the curve and the spiked levels 

of glycemia. CTPI-2 reduced the basal glucose levels (Fig. 19A) and induced a complete time-

dependent normalization of the GTT and ITT, such that after 11 weeks of treatment the glucose 

clearance capability of HFD-fed mice was also nearly indistinguishable from that of normally fed 

mice (Fig. 19C and 19D). Thus, CTPI-2 prevents the evolution of steatosis to steatohepatitis and 

restores glucose homeostasis. In essence, mice treated with CTPI-2 could afford the HFD regimen 

for prolonged period of times without developing significant liver damage, obesity or disruption 

of glucose metabolism. 

 

Figure 19. CTPI-2 normalizes glucose tolerance HFD-fed mice. (A) Fasting glucose levels 
in CD (C, white bar), HFD+Vehicle (V, gray bar) or HFD+CTPI-2 (T, red bar) mice (n= 3-6). 
(B) Insulin levels (in µg/ml) of animals treated with CTPI-2 for approximately 11 weeks (n=2-
3). (C) Glucose tolerance test performed at the indicated time points of CTPI-2 treatment (n=3-
4). Gray lines indicate control diet; black lines indicate HFD+Vehicle; and red lines indicate 
HFD+CTPI-2. (D) Insulin tolerance test in the indicated mice groups. The error bars represent 
the standard deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.  

 

III.B.3. CTPI-2 inhibits IL-6 and TNF-⍺ production and M1-macrophage polarization  

Liver and adipose tissue recruited macrophages at least in part as a consequence of 

lipotoxicity, play an important role in tissue damage and the development of fibrotic disease. 

Macrophages are functionally –though simplistically- divided into M1 and M2 lineages. The 

polarization towards the M1 phenotype contributes to chronic inflammation by promoting the 
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secretion of IL-6, TNF-⍺ and other inflammatory mediators, while M2 macrophages promote the 

resolution of inflammation and tissue remodeling 149. Given that CTPI-2 reduced steatosis, we 

asked whether it also influences inflammation. As shown in (Fig. 20A), CTPI-2 lowered the levels 

of circulating IL-6 while increasing anti-inflammatory IL-4 and IL-10 and also reduced the 

Monocyte Chemo-Attractant Protein-1 (MCP1) and Monokine-Induced by Interferon-γ (MIG) that 

attract neutrophils and monocytes. Moreover, the HFD increased the amount of Kupffer cells 

(KC), identified with the F4/80 antibody, and this increase was reversed by CTPI-2 (Fig. 20B and 

20C). The adipose tissue of HFD-fed animals also displayed massive infiltration of macrophages 

organized in typical Crown-Like Structures (CLSs) and CTPI-2 completely resolved this 

phenotype (Fig. 20D and 20E).  

Consistent with the lower circulating levels of inflammatory molecules, CTPI-2 repressed 

pro-inflammatory M1 markers, particularly TNF-⍺, Inducible Nitric Oxide Synthase (iNOS), and 

Interleukins, while either not affecting or slightly increasing M2 markers (Macrophage Mannose 

Receptor-1, MRC1; Fibronectin-1, FN-1; Arginase-1, Arg-1) (Fig. 20F). This was paralleled by a 

reduction of the expression of the pro-fibrotic genes Collagen-1/4, Keratin-19 and Platelet-

Derived Growth Factor Receptor Alpha, PDGFR and by an increase of anti-fibrotic Cadherin-1 

(Fig.20G), as well as by a reduction of collagen (Fig. 20H). Thus, CTPI-2 breaks the pro-

inflammatory and pro-fibrotic circuits, two important drivers of NASH pathology. Yet, whether 

CTPI-2 influences the evolution to fibrotic disease needs further evaluation. 
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Figure 20. CTPI-2 inhibits IL-6 and TNF-⍺ production and M1-macrophage polarization. 
(A) Serum levels of the indicated interleukins and chemoattractant factors from mice fed the 
HFD and received vehicle (V) or CTPI-2 (T). (B) Quantification of liver macrophages in mice 
fed with control diet (C), or with HFD and treated with vehicle (V) of CTPI-2 (T). Quantification 
was performed on 2-3 mice per group and from multiple fields per mouse with the ImageJ 
program. (C) Representative IHC images of F4/80 staining in the liver of the indicated treatment 
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groups. (D) Quantification of macrophages in the WAT (E) Representative IHC images of H&E 
staining in the visceral adipose tissue, with crown structures indicated by arrows. (F, G) Fold 
change in expression of the indicated in the livers of vehicle (black) or CTPI-2 treated mice 
(red). (H) Representative images of Picro-Sirius Red staining of the liver of the indicated mice. 
iNOS inducible nitric oxide synthase, TNFα tumor Necrosis Factor alpha, IFNγ Interferon 
Gamma, Interleukins 6–13, MRC1 Macrophage Mannose Receptor 1, FN1 Fibronectin 1, Arg1 
Arginase 1, Col4: Collagen 4, Col1a: Collagen 1a, KRT19: Keratin 19, PDGFR: Platelet-
Derived Growth Factor Receptor Alpha, CDH1: Cadherin-1. The error bars represent the 
standard deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.    

 

III.B.4. CTPI-2 regulates the citrate pool, the lipogenic and the gluconeogenic pathways 

To identify the molecular mechanisms responsible for the biological effects of CTPI-2, 

RNA sequencing experiments (RNAseq) were next performed. This approach demonstrated that 

the HFD induced a large category of transcripts whose expression was attenuated or downregulated 

by CTPI-2, which essentially reverted the gene expression program induced by the HFD (Fig. 

21A). This category included genes involved in fatty acid synthesis (FASN, ACACA); the PPAR 

pathway whose members regulate glycolysis, lipid metabolism and adipogenesis; inflammatory 

chemokine signal pathways; recently discovered drivers of NASH, particularly, a hydroxyacid 

oxidase (Hao2), and Monoacylglycerol acyltransferase (Mogat1) 150,151; and a large cluster of 

genes involved in NAFLD.  

To validate this analysis, qRT-PCR was performed. This approach concordantly 

demonstrated a suppression of master lipogenic genes, including SREBP1, FASN and ACACA (Fig. 

21B). PPAR- γ and its downstream target genes, CEBPa1, CEBPa2 and GLUT4 were also 

downregulated, while the levels of PPARa were unchanged (not shown). This gene expression 

pattern was matched by changes in the corresponding protein levels in both the liver and adipose 

tissue (Fig. 21C and 21D). Furthermore, the RNAseq results showed that CTPI-2 repressed 

genes/pathways involved in carbon and pyruvate metabolism, in glycolysis, as well as 

gluconeogenic genes, which are main contributors to the blood glucose level. These included, 
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Fbp1, Pyruvate Carboxylase (PC), Phsphoenolpyruvate Carboxykinase (PCK1/2), Glucose 6-

phosphatase alpha (G6PC) and beta (G6PC3), and Aldolase A/B (AldoA/B) that are limiting for 

both gluconeogenesis and glycolysis, Phosphofructokinase (PFKL/P), Phosphoglycerate Kinase 

1 (PGK1) and Pyruvate Kinase L/R (PKLR) (Fig. 21B). 

 

 
 
Figure 21. Molecular pathways influenced by CTPI-2. (A) Heatmap and partial list of genes 
identified by RNAseq experiments in the liver of the indicated mice, after 4 weeks of CTPI-2 
treatment. Enriched gene sets were identified with KEGG pathway analysis. Numbers in 
parentheses report the gene ratio and the statistical significance. Relevant genes are shown in 
the bracket. (B) Fold change in expression of the indicated genes normalized to HFD+vehicle. 
Most of the reported values are averages of 3 mice per group from independent experiments. 
The pathways identified with RNAseq and corresponding to the relevant genes are indicated. 
(C, D) Immuno-blot experiments with the indicated at the T1 and T2 treatment time points in 
the liver and WAT. The ß-actin levels for each set of blots are shown. The error bars represent 
the standard deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.    

 

 



 67 

Cytoplasmic citrate provides Ac-CoA for fatty acids (FA) synthesis. Given the role of 

Slc25a1 in citrate transport, it was hypothesized that its inactivation would blunt the availability 

of citrate and Ac-CoA, thus leading to suppression of the lipogenic program seen with the RNAseq 

experiments. Indeed, the citrate and Ac-CoA concentrations were reduced in the liver of CTPI-2 

treated mice (Fig. 22A and 22B). Consistent with the reduction of lipogenesis, the levels of the 

lipid precursors palmitic acid and linoleic acid, of monoglycerides, of diglycerides and of 

phosphatidylglycerol were significantly diminished (not shown), as it was the liver concentration 

of long chain triglycerides, the total level of free fatty acids, and particularly those with long chain 

bonds containing palmitic- (16:0), stearic-(18:0), arachidonic (20:1) and eicosapentaenoic acid 

(22:5) (Fig. 22C and 22D). In addition, pyruvate and lactate, that are products of glycolysis and 

precursors of gluconeogenesis, were also reduced (Fig. 22E and 22F). In essence, our data are 

consistent with a deficit upstream in the lipogenic pathway induced by CTPI-2 and reveal an 

important role of Slc25a1 in lipid and glucose metabolism.  

To further explore direct effects of CTPI-2 on these genes and on the citrate pool, two 

questions were next asked:1) how rapidly this agent could regulate their expression in tissue 

culture cells and, 2) whether such regulation was dependent upon citrate. It was found that genes 

involved in FA synthesis, (FASN and ACACA), as well as in the glycolytic/gluconeogenesis 

pathway, (AldoA and AldoB), were inhibited by a short time treatment with CTPI-2 (5-12 hours) 

and rescued by citrate (Fig. 22G). These experiments not only indicate a direct role for citrate in 

the regulation of these genes but also highlight the specificity of CTPI-2 for the citrate pathway. 
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Figure 22. CTPI-2 regulates the citrate concentration in the liver and blunts triglyceride 
production. (A, B) Citrate and Ac-CoA levels derived from liver extracts of HFD+vehicle (gray) 
or HFD+CTPI-2 (red). (C, D) Levels of the indicated triacylglycerides (TAG, panel C) and total 
fatty acids (FA, panel D) detected with the Lipidyzer platform. N=2-3 mice per group. (E, F) 
Levels of the indicated metabolites detected with targeted LC-MS analysis. (G) Liver 
hepatocellular carcinoma HepG2 cells were treated with CTPI-2 for 5 h, in the presence or absence 
of 5mM sodium citrate. The indicated mRNA levels were analyzed with qRT-PCR. (H) Model 
summarizing our findings (see also text for explanation). The error bars represent the standard 
deviation, asterisks refer to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.   
 

In summary (Fig. 22H), our data have shown that CTPI-2 inhibits glycolysis, PPAR-γ, and 

its downstream target, the glucose transporter GLUT4. The inhibition of glycolysis is manifested 

with the reduced concentration of pyruvate and lactate. In the liver pyruvate is used for production 
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of citrate in the mitochondria and subsequent export via Slc25a1, promoting lipogenesis through 

the synthesis of Ac-CoA. Thus, on one side CTPI-2 reduces the availability of citrate and Ac-CoA, 

reducing precursors for lipogenesis and thereby extinguishing the major steps of de novo FA 

synthesis, of diacylglyceride and triacylglyceride production. On the other, given that citrate is 

also an allosteric activator of Fbp1, the reduced concentration of citrate itself or the reduced levels 

of lactate -which is also a gluconeogenesis precursor- could explain the inhibition of 

gluconeogenesis. We suggest that the combination of these activities accounts for the beneficial 

effects of CTPI-2 on steatosis, hyperglycemia and glucose homeostasis. 

 

III.B.5. Murine models of Slc25a1 gene deficiency partially recapitulate CTPI-2 activity 

To confirm the role of Slc25a1 in NAFLD/NASH, genetically modified murine models 

were utilized. Mice harboring a germline deletion of the Slc25a1 allele were initially purchased 

from the Mutant Mouse Resource Research Center (MMRRC). The targeting vector allows for 

constitutive or conditional deletion of the Slc25a1 gene through the incorporation of an IRES:lacZ 

trapping cassette which is inserted between intron 1 and 5 of the Slc25a1 gene (tm1a allele, Fig. 

23A) 152. A separate unpublished work of our group has identified that the deletion of two copies 

of the Slc25a1 gene leads to perinatal lethality and the phenotype of these mice will be described 

in a separate publication. The insertion of the tm1a targeting cassette disrupts mRNA translation 

and Slc25a1+/- embryos have a 50% reduction of the mRNA and protein levels (Fig. 23C and 23D). 
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Figure 23. A mouse model of germline deletion of Slc25a1 gene. (A) Schematic 
representation of the Slc25a1 targeting cassette, based on the knock-out first allele (tm1a).  
In the Slc25a1 gene on chromosome 16, the cassette is inserted between exon 1 and 5. The 
position of exon, LoxP and FTR sites is indicated. In red is the position of the primer employed 
for genotyping. (B) Genotyping strategy for the colony of Slc25a1+/- mice. The insertion of LoxP 
site between exon 4 and 5 eliminates intron 4 and creates a difference of 52 bp that can be used 
to discriminate the genotype. The region between exon 4 and 5 was sequenced in the wild-type 
and mutant animals to confirm the LoxP insertion. (C) Fold change in expression of Slc25a1 in 
19 days whole embryos assessed with qRT-PCR and using primers spanning withing exon 2 and 
4 of the murine Slc25a1 mRNA. (D) Protein levels of Slc25a1 in wild-type and heterozygous 
mice in the brain and liver of embryos 19 days post-fertilization, note that while adult mice do 
not express Slc25a1 in the brain, Slc25a1 levels are elevated in the brain during development. 
(E-F) Breeding strategy for the generating homozygotes Slc25a1fl/fl which resulted in litters of 
pups containing homozygous Slc25a1fl/fl which were then used for subsequent breeding into 
Albumin-Cre (Alb/Cre) mice. (G) Genotyping strategy for the floxed Slc25a1 mice, designed 
primers generates an amplicon of 270 bp with 5’ FRT and LoxP site in the Slc25a1fl/wt or Slc25a1 
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fi/fl, and 136 bp in the WT allele. The error bars represent the standard deviation, asterisks refer 
to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.   
 
   

 Several generations of Slc25a1+/- mice were first analyzed for almost two years under 

normal dietetic conditions and found that these mice have body weight comparable to wild-type 

mice (Fig. 24A) and live as long as- wild-type mice, demonstrating that the Slc25a1 gene is not 

haplo-insufficient in the post-natal life (not shown). However, when fed with the HFD, Slc25a1+/- 

mice displayed less body weight gain (10%) compared to wild-type animals (Fig. 24B and 24C). 

This result argues that the activity of Slc25a1 is dose-dependent and rate-limiting in the adipose 

tissue under conditions of metabolic overload imposed by the HFD, given that a reduction of 

dosage herein was sufficient to blunt body weight gain.  

 

Figure 24. Slc25a1 gene deficiency recapitulates the activity of CTPI-2 on body weight 
gain. (A) Body weight measurements of wild-type (black) and Slc25a1+/- (red) mice on CD 
(n=3-6), at different ages (indicated in weeks). (B, C) Body weight of wild wild-type (black) 
and Slc25a1+/- (red) mice in HFD or CD (gray) conditions examined over time. (B), or at the 
end of experiments (C) (n=4). The error bars represent the standard deviation, asterisks refer to 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.   
 
  

We next sought to specifically dissect the contribution of liver-expressed Slc25a1. Mice 

with the targeted insertion of LacZ and Neo cassettes (Slc25a1+/-) were first crossed with mice 

expressing the Flpase recombinase gene, giving raise to floxed/floxed Slc25a1 alleles (Slc25a1fl/fl). 
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A generation of these animals was then crossed with Tg(Alb-cre)21Mgn (Alb-Cre) mice, where 

the Cre gene is under control of the Albumin promoter/enhancer elements, generating 

Alb/Cre+:Slc25a1-/- , as well as control Alb/Cre-:Slc25a1fl/fl mice.  

 
Figure 25. Liver-specific Slc25a1-deficiency partially recapitulates the activity of CTPI-2. 
(A) Slc25a1 protein levels in the liver and WAT of Slc25a1fl/fl and Alb/Cre:Slc25a1-/-  mice in 
CD and HFD. (B) Quantification of liver steatosis in Slc25a1fl/fl and Alb/Cre:Slc25a1-/- mice in 
HFD conditions after 9 weeks of feeding the diet. (C) Top panels: magnetic resonance imaging  
(MRI) of the livers (circled in red and indicated by arrows). Numbers in white indicate the 
percentage of liver fat calculated with MRI on all slices of the images dataset for each mouse. 
Bottom panels: representative H&E staining of the livers of Slc25a1fl/fl and Alb/Cre:Slc25a1-/- 

mice 9 weeks and 12 weeks after feeding the HFD. (D) Total or saturated TAGs levels in 
Slc25a1fl/fl mice fed with CD (white bar), or Slc25a1fl/fl (black) and Alb/Cre:Slc25a1-/- (red) fed 
with HFD. (E) Glucose tolerance test (GTT) in Slc25a1fl/fl and Alb/Cre:Slc25a1-/- mice in CD or 
HFD conditions (n=3). The error bars represent the standard deviation, asterisks refer to *p ≤ 
0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test.   
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This approach leads to complete loss of the Slc25a1 mRNA and protein in the liver, but 

not in the adipose tissue, as expected (Fig. 25A and 25B). Alb/Cre+:Slc25a1-/- are born at the 

expected Mendelian ratio, are viable, and show normal liver histology, body weight and liver fat 

content (not shown). However, when fed the HFD, Alb/Cre+:Slc25a1-/- mice were largely –

although not completely- protected from steatosis as assessed with IHC and MRI (Fig. 25C). 

Furthermore, the analysis of the lipid profile demonstrated a reduction of long-chain triglyceride 

accumulation (Fig. 25D). Similar to CTPI-2 treatment, Alb/Cre+:Slc25a1-/- mice showed a clear 

trend of improvement in the ability to clear blood glucose relative to wild-type mice (Fig. 25E).  

In conclusion, the phenotypes elicited by CTPI-2 largely overlap with those seen in the 

genetic models of Slc25a1 gene deficiency. However, CTPI-2 more effectively prevented steatosis 

relative to Alb/Cre+:Slc25a1-/- mice. As discussed later, this difference may depend upon CTPI-2 

targeting of Slc25a1 in both the liver and WAT. 

 

III.C. Discussion  

The high mortality of NASH is attributed to chronic inflammation and hepatocellular 

damage that induce a “scar reaction” and the development of fibrosis, which in turn increases the 

risk of Hepatocellular Carcinoma (HCC) and liver failure 133–135,153 Inflammatory signals and 

macrophages play a key role in NASH evolution. We have shown that CTPI-2 reduces the pro-

inflammatory environment systemically and, in the liver, inhibiting the M1 pro-inflammatory 

pathway, reducing macrophage infiltration and dampening the expression of pro-inflammatory and 

pro-fibrotic genes (Fig. 20). Additionally, Slc25a1 promotes the expansion of cancer stem cells 

and the progenitor stem cell population in the liver which are proposed to play an important role 



 74 

in the development of HCC 24,147,154,155. Collectively, these results grant future studies to elucidate 

whether CTPI-2 prevents fibrosis and hepatocellular carcinoma. 

One important conclusion of our data, viewed collectively, is that the phenotypes elicited 

by CTPI-2 partially overlap with those seen in the genetic models of Slc25a1 gene deficiency 

further corroborating the notion that Slc25a1 is the bona fide target of the drug, although we cannot 

exclude additional targets. Particularly interesting is the observation that heterozygous mice with 

reduced levels of Slc25a1 protein in both liver and WAT were almost completely protected from 

steatosis (Fig, 24). However, the selective deletion of the Slc25a1 gene in the liver was only 

partially protective and less efficiently than as seen with CTPI-2, which targets the protein in both 

tissues. This result emphasizes the importance of the crosstalk between the WAT and liver in the 

pathogenesis of NASH. The adipose tissue functions as an endocrine system that produces a 

variety of pro-inflammatory mediators, such as adiponectin, leptin and ghrelin that control 

appetite, glucose homeostasis, fatty acid oxidation and inflammation 156. Recent evidence points 

to a key role for adipose tissue recruited M1 macrophages in the production of TNFα, IL-6 and IL-

1β that we found downregulated by CTPI-2. IL-6 is particularly relevant to NASH as it enhances 

the Ac-CoA pool, the hepatic glucose production and aggravates steatosis 136,155–158. Thus, the 

efficacy of CTPI-2 most likely stems from its ability to break the dis-metabolic and pro-

inflammatory circuits systemically and particularly the cross-talk between the liver and adipose 

tissues. Testing of this hypothesis will require the generation of additional mouse models harboring 

the Slc25a1 gene knock out in multiple tissues. Various Slc25a1 gene mutations spanning 

throughout the coding region occur as either homozygous or compound heterozygous in D-2-/L-

2- hydroxyglutaric aciduria (HGA), a devastating neurometabolic disorder that leads to death often 

the first two years of life 140,141,144. The enantiomers of 2-hydroxyglutarate (2HG) are proposed to 
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play important roles in regulation of chromatin architecture and cell metabolism 159,160. Although 

the molecular mechanisms by which Slc25a1 deficiency causes 2HG aciduria are incompletely 

clear, at least in Drosophila, the accumulation of L-2HG was attributed to the elevation of lactate 

production arising as a consequence of Slc25a1 loss of function 161. By contrast in HFD+CTPI-2 

treated mice we could not detect elevated serum or liver concentrations of 2HG and the levels of 

lactate were decreased both in the liver and serum as a consequence of reduced glycolysis (not 

shown), at least in part possibly explaining the lack of 2HG elevation. Moreover, it is possible that 

Slc25a1 exerts distinct metabolic functions on the glucose and 2HG metabolism during 

development and in the adult life.  

In our previous work we have shown that Slc25a1 inhibition depletes the pool of 

mitochondrial and cytoplasmic citrate, depending upon the cellular context 24. Cytoplasmic citrate 

is predominantly derived through export from the mitochondria via Slc25a1. A membrane-

localized citrate transporter, Slc13a5/INDY can uptake citrate from the extracellular space 

contributing to the cytoplasmic concentration of citrate and lipogenesis 162–164. However, these two 

transporters share minimal sequence similarity and, additionally, the Slc13a5-mediated citrate 

transport occurs through a different mechanism, being Na-dependent and regulated by the sodium 

gradient across the membrane 164. Inhibitors of SLC13a5 have also been identified which show no 

structure similarity with CTPI-2, but rather exhibit additive effects with Slc25a1 inhibitors 164,165. 

Therefore, it is highly unlikely that CTPI-2 targets Slc13a5 in addition to Slc25a1. On the contrary 

our data have suggested that SLC13a5 is upregulated at both the mRNA and protein level in the 

liver of HFD mice treated with CTPI-2 (not shown), apparently suggesting that upregulation of 

Slc13a5 may provide a mechanism of compensation for Slc25a1 deficiency. An equally important 

potential mechanism of compensation for citrate production in the absence of functional Slc25a1, 
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consists of production of alpha-ketoglutarate, which is in turn used by Isocitrate Dehydrogenase 1 

(IDH1) to produce citrate and to supply Ac-CoA for lipid synthesis 166,167 In our RNA-seq and 

immunoblot experiments IDH1 was not induced, but our data do not entirely exclude the 

possibility that this mechanism of compensation might take place. However, it is also important to 

note that these previous studies were performed in cells in culture, while ours is the first study that 

explores the effects of Slc25a1 inhibition in vivo. Therefore, to what extent these potential 

mechanisms of compensation take place in a living organism, still needs to be fully investigated. 

In summary, our data demonstrate that mice treated with CTPI-2 could afford a high fat 

regimen for a prolonged period of time without developing significant liver damage, obesity or 

disruption of glucose homeostasis. In addition, our results raise the attractive possibility that CTPI-

2 may act as a glucose-restriction mimetic agent, potentially extending its application to 

pathological conditions that involve disruption of glucose homeostasis. In this study the biological 

activity of CTPI-2 has proven to be effective and broad, hence framing a strong rationale for further 

exploitation of pharmacological inhibition of Slc25a1.    

 

III.D. Materials and methods 

III.D.1. Cells, reagents, antibodies, primers 

The CTPI-2 was purchased from Enamine Ltd. The anti-Slc25a1 antibody used in 

immunoblot was either from Santa Cruz Biotech, (# sc-86392) employed at 1:1000 dilution or 

from Proteintech (15235-1-AP). Additional antibodies were as follows: SREBP-1 (Santa Cruz: sc-

13551), ACACA (Cell Signaling: C83B10), FASN (Cell Signaling: C20G5), PPARγ (Cell 

Signaling:D8I3Y), GLUT4 (Santa Cruz: sc-7938), FBP1 (ABclonal: A5406), ALDOB 

(Proteintech: 18065-1-AP), β-actin (Proteintech: 60008-1-Ig) and HSP-70 (Santa Cruz: sc-24).  
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III.D.2. Mice and diets 

For the majority of the experiments (except for experiments harboring genetic alterations 

of the Slc25a1 gene), C57BL/6J male mice were purchased from Jackson laboratory between 4-6 

weeks of age. Mice were acclimated in the GU animal facility for at least one week. At the 

indicated times, mice were randomized to a standard laboratory chow diet (Labdiet #5053) or the 

high fat diet (Researchdiets, D12492) with 60% calories derived from fat (lard), and 20% from 

sucrose. During the course of the experiments mice were housed at one mouse per cage and food 

consumption was measured regularly. Animals were maintained in a normal light-cycle and 

provided with water ad libitum 

 

III.D.3. CTPI-2 treatment 

CTPI-2 was administered at 50 mg/kg via intraperitoneal injection at alternate days. CTPI-

2 was diluted either in DMSO (at 0.2% final concentration) using DMSO as vehicle control, or in 

0.47% Sodium Bicarbonate (NaHCO3) at a final concentration of 14 mM. 0.47% NaHCO3 served 

as vehicle control.  

 

III.D.4. Glucose and insulin tolerance test 

Glucose and insulin tolerance tests (GTT, ITT) were performed by an intraperitoneal 

injection of glucose (2 g/kg body weight), insulin (0.75 U/kg body weight) in mice following 6 

hours fasting (for GTT) or 4 hours fasting (for ITT). Blood was collected from a small incision 

from the tip of tail before injection (Time 0), then 30, 60 and 120 minutes after injection of 

glucose or insulin. Blood glucose levels were measured by a blood glucose meter (Accu-Chek® 

Active, Roche). 
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III.D.5. Immunoblot of murine tissues 

Frozen tissue samples were ground by mortar and pestle in liquid nitrogen and 

homogenized in RIPA buffer with Roche protease inhibitor cocktail. Protein quantification was 

done by using Coomassie (Bradford) Protein Assay Kit (Pierce), equal amount of protein lysate 

was loaded and separated by Novex™ 4-20% Tris-Glycine Mini Gel (Invitrogen) then transferred 

to a PVDF membrane. The membrane was blocked in blocking buffer with 10% horse serum to 

prevent non-specific binding, followed by incubation with primary antibodies. Appropriate 

horseradish peroxidase–conjugated secondary antibody (Invitrogen) was applied after incubation 

with primary antibody, SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo 

Scientific) was used for protein detection. β-Actin or HSP-70 was used as loading control.  

 

III.D.6. Slc25a1 strains 

The original Slc25a1 tm1a strain was purchased from MMRRC (C57BL/6N-

Slc25a1tm1a(EUCOMM)Wtsi, RRID:MMRRC_042258-UCD). The Tg(Alb/cre)21Mgn (Alb-Cre) mice 

were purchased from Jackson laboratory (#003574). Slc25a1+/−, Slc25a1fl/fl  and Alb/Cre mice were 

genotyped by conventional PCR with genomic DNA extracted from the mouse tail biopsies and 

agarose gel electrophoresis was used for analysis of PCR product. The PCR conditions used were 

as follows: 95°C for 4 minutes, followed by 40 cycles (95°C for 30 seconds, 65°C for 30 seconds, 

and 72°C for 50 seconds), 72°C for 2 min then kept in 4°C before use. The PCR primers used for 

genotyping are listed below. 

 

Genes Forward Primers  Reverse Primers  

Slc25a1fl/fl  ACTCGGAACCCCAACTCAGA GACAGCAGACGAGTGGACTTAG 
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Slc25a1-/-  TCTGTTGAAACGACCCGGAG AGGTCTCCATTCTCCAGGCT 

Alb-Cre  GAACCTGATGGACATGTTCAGG AGTGCGTTCGAACGCTAGAGCCTGT 

 

III.D.7. Histological analysis 

Assessment of steatosis was performed on paraffin embedded H&E-stained sections 

derived from 3-4 animals and on multiple images for animals. The steatosis grade was scored 

according to the degree of liver involvement with 0, <5%; 1, 5% to 33%; 2, 33% to 50%; and 3, 

>50%. Alternatively, the percentage of steatosis per area was calculated with ImageJ program. 

 

III.D.8. Lipidomic analysis 

Frozen tissue samples were weighted (80-100 mg) for analysis and water was added to 

tissue sample to make total water volume = 1 mL (considering 65% water content in liver tissue). 

Samples were homogenized and 2 mL of methanol and 900 µL of chloroform were added to the 

samples. Samples were vortexed and incubated at room temperature for 30 minutes. 1 mL of water 

and 2 mL of chloroform were added to the extracts and centrifuged at 2000 RPM for 10 minutes. 

Bottom organic (chloroform) layer was extracted. Extracted chloroform layer was dried under a 

stream of nitrogen and reconstituted in 250 µL of isopropanol containing 100 ng/ml of splash 

internal standard mixture. The extracts were transferred into MS vials. Targeted quantitation of 

triglycerides was performed using multiple reaction monitoring mass spectrometry. The samples 

were resolved on CORTECS T3 2.7µm, 2.1 x 30 mm column online with a triple quadrupole mass 

spectrometer (Xevo-TQ-S, Waters Corporation, USA) operating in the multiple reaction 

monitoring (MRM) mode. Signal intensities from all MRM Q1/Q3 ion pairs for triglycerides were 

ranked to ensure selection of the most intense precursor and fragment ion pair for MRM-based 

quantitation. This approach resulted in selection of cone voltages and collision energies that 



 80 

maximized the generation of each fragment ion species. The LC and MRM method used here for 

the study was developed by Waters cooperation. The metabolite ratios were calculated by 

normalizing the peak area of endogenous metabolites within tissue samples normalized to the 

internal standard. Processed data was normalized with respect to tissue weight taken for analysis. 

The quantitative measurement of lipids with the Lipidyzer platform was performed on the 5500 

QTrap with SelexION (Sciex, USA). This method is designed to measure 13 classes of lipid 

molecules Diacylglycerols (DAG), Chloesterol Esters (CE), Sphingomyelins (SM), 

Phosphtatidylchloine (PC), Triacylglycerols (TAG), free fatty acids (FFA), ceramides (CE), 

dihydroceramides (DCER), Hexosylceramide (HCER), Lactosylceramide (LCER), 

Phosphatidylethanolamine (PE), Lysophatidylcholine (LPC) and Lysophosphatidylethnolamine 

(LPE) by QTRAP® 5500 LC-MS/MS System (Sciex). The samples were resolved by SCIEX 

SelexION® technology operating in the multiple reaction monitoring (MRM) mode. Differential 

mobility spectrometry (DMS) used to separate, hard to resolve ions, to deliver highly-selective, 

robust and powerful ion separation that significantly enhances the quantitative and qualitative 

performance. Metabolite dependent parameters e.g. declustering potential, collision voltage, 

compensation voltage, MRM for 1150 Lipid metabolites are developed by Sciex, complied in 

‘Lipidomics Workflow manager software’. The metabolite ratios were calculated by normalizing 

with respect to labelled internal standard metabolite of each class. The sample queue was 

randomized and solvent blanks were injected to assess sample carryover. MRM data were 

processed using ‘Lipidomics Workflow manager software’. The relative quantification values of 

analytes were determined by calculating the ratio of intensity of transitions of samples normalized 

to the intensity of the internal standard for 20 infusion cycles. 
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III.D.9. Methods for detection of citrate and TCA cycle intermediates 

Tissue samples were processed using 500 μL of 50% methanol in water containing the 

internal standard (4-Nitrobenzoic acid, prepared in MeOH at a concentration of 20 µg/mL). The 

samples were homogenized on ice to ensure tissue lysis and metabolite extraction was then 

vortexed for 2 minutes. A volume of 10 µL was withdrawn from the homogenized tissue 

suspension for the protein quantification assays. The samples were vortexed for 2 minutes and left 

for 2 hours at room temperature to complete the extraction process. The samples were centrifuged 

(14,000 rpm) at 4°C for 30 minutes and the supernatant was transferred to GC-MS vials and dried 

under vacuum at room temperature. The BCA kit used for the protein quantification assay was 

Pierce™ BCA Protein Assay Kit (Cat. # 23225). A volume of 10 µL of each sample of the 

homogenized tissue suspension in methanol was diluted 10 times with distilled water. A series of 

standard BSA (Bovine Serum Albumin) was prepared. Derivatization Method. A volume of 20 μL 

of methoxyamine (20 mg/mL) was added to the dried tissue extracts and then heated in an agitator 

at 60°C for 30 minutes. This was followed by 100 μL of MSTFA. The vials were transferred to an 

agitator to heat at 60°C for 30 more minutes. Finally, the vials were capped and a volume of 1.5 

μL was injected directly to the GC-MS. The samples were allowed to react at room temperature 

for 20 minutes before being transferred to the GC for injection. Briefly a volume of 1.5 µL of the 

derivatized solution was injected in (1:10) split mode into an Agilent 7890B GC system (Santa 

Clara, CA, USA) that was coupled with a Pegasus HT TOF-MS (LECO Corporation, St. Joseph, 

MI, USA). Separation was achieved on a Rtx-5 w/Integra-Guard capillary column (30 m x 0.25 

mm ID, 0.25 μm film thickness; Restek Corporation, Bellefonte, PA, USA), with helium as the 

carrier gas at a constant flow rate of 0.9 mL/min. The temperature of injection, transfer interface, 

and ion source were set to 150, 270, and 320°C, respectively. The GC temperature programming 
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was set to 0.2 minutes of isothermal heating at 70°C, followed by 6°C/min oven temperature 

ramping to 270°C, a 7.0 minute isothermal heating of 270°C, 20°C/min to 320°C, and a 2.0 min. 

isothermal heating of 320°C. Electron impact ionization (70 eV) at full scan mode (40–600 m/z) 

was used, with an acquisition rate of 20 spectra per second in the TOF/MS setting. Peak picking 

and alignments were performed using ChromaTof 4.7.2 (LECO Corporation). The BCA protein 

quantitation assay was used to normalize the peak areas. Mass spectra were compared to literature 

spectra available in the NIST database as well as the Fiehn library of compounds. A pure chemical 

standard citric acid and oxaloacetic acid was purchased from Sigma-Aldrich, St. Louis, MO 

(catalog #251275 and O4126) for validation and calibration. 

 

III.D.10. RNA isolation, mRNA sequencing and analysis 

Total RNA was isolated from cell pellets using the Direct-zol RNA MiniPrep kit (Zymo 

Research, USA). The RNA quality and quantity was estimated by UV-VIS spectrophotometry 

using the NanoDrop ND-1000 spectrophotometer. RNA integrity was assessed using the Agilent 

RNA 6000 Nano Kit on the Agilent 2100 Bioanalyzer to calculate DV200 (the fraction of RNA 

molecules >200nt). Final RNA yield and concentration was measured using the Qubit RNA HS 

Assay Kit, and subsequently normalized to the same concentration across all samples before input. 

RNA sequencing was performed by the UCLA center for Neurobehavioral Genetics. mRNA 

libraries were prepared using TruSeq Illumina standard library preparation protocols. mRNA 

libraries were sequenced on a HiSeq 2500 (Illumina). Adapter trimming and demultiplexing was 

performed using cutadapt. For RNAseq enrichment profiling gene-level quantification was 

performed using the alignment-free Salmon tool with GRCm38 Mus musculus GENCODE 

(vM21) annotation. The R package tximport was used to summarize to gene level quantification 
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and the R package DESeq2 was used to perform normalization and differential expression 

analyses. Hierarchical clustering was used to separate gene expression profiles using the "ward.D" 

algorithm on euclidean distance matrices. Dendrogram trees were cut and labeled using the 

dendextend R package, and cluster-wise enrichment was calculated using KEGG pathway 

annotation and the clusterProfiler R package. 

 

III.D.11. Quantitative real-time PCR 

Total RNA was extracted from frozen tissue samples using Trizol reagent (Invitrogen). 

After genomic DNA treatment by DNase I (Invitrogen), 5µg of total RNA was used in cDNA 

synthesis with Superscript IV (Invitrogen) and random hexamers according to the manufacturer’s 

instructions. The real-time PCR reaction on individual cDNAs was performed using the 

QuantStudio™ 12K Flex Real-Time PCR System (Applied Biosystems) with PowerUp™ SYBR 

Green Master Mix (Applied Biosystems). The relative gene expression fold changes calculated 

using 2-∆∆CT method, were normalized to housekeeping genes Tbp, Ppia and Actb. The forward 

and reverse primers used are listed below. 

 

Genes Forward Primers  Reverse Primers  

FASN AAGGACCTGTCTAGGTTTGATGC TGGCTTCATAGGTGACTTCCA 

ACACA ATGTCTGGCTTGCACCTAGTA CCCCAAAGCGAGTAACAAATTCT 

ALDOA TACAGGCACAGTCGCAGAGT CACTTCCTGGATGCTTGCTG 

ALDOB GATTCATCTGCAGCCAGGAT AGGAGGACTCTTCTCTCCCAA 

SNRPD3 TCAGCATGTCAGGCAAAATC GAGGACAACATGAACTGCCA 

HSP90AB1 ATGAGTTGGGCAATTTCTGC GTCTGGGTATCGGAAAGCAA 
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Fbp1 GGTATGCGCTCTATGGCAGT TGATGGCAGGGTCAAAGTCC 

G6pc GGACCTCCTGTGGACTTTGG TGCTGAGTTCTCCCTTGCAG 

G6pc3 GGGTGCCAGCCTCATGTATT CGTATCTGGGCATAGCAGGG 

Pck2 TCCAAACTCGCGCTTTTGTG GTTGAAGGCCTCGTACACCA 

Pcx TGCCACCAAGATGAGCAGAG ATGTAGCAACTTCTGGGCCC 

Pfkl TATGCCCATACGGGTCACAG CTACCGTGGACCTGGAGAAA 

Pfkp CAAGCCTTGGTAACCCTCAT GATGGCAAAGCTATCGGTGT 

Aldoa GCGATGTCAGACAGCTCCTT TTAGTCCTTTCGCCTACCCA 

Aldob CCTTCCCATTGGCAACAA GAGGACTCTTCCCCTTTGCT 

Pgk1 CAGCCTTGATCCTTTGGTTG AATGTCGCTTTCCAACAAGC 

Pklr AATGTTCATCCCTGCCTTGA GAACACCTCTGCCTTCTGGA 

Srebf1 AGGTGTATTTGCTGGCTTGGT AGAGATGACTAGGGAACTGTGTGT 

Acaca GGACCACTGCATGGAATGTTAA TGAGTGACTGCCGAAACATCTC 

Fasn GGAGGTTGCTTGGAAGAG CTGGATGTGATCGAATGCT 

Cebpa1 GCGGGAACGCAACAACATC GTCACTGGTCAACTCCAGCAC 

Cebpa2 GAACAGCAACGAGTACCGGGTA GCCATGGCCTTGACCAAGGAG 

Pparg CCAGAGCATGGTGCCTTCGCT CAGCAACCATTGGGTCAGCTC 

Glut4 GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG 

Mogat1 TGGTGCCAGTTTGGTTCCAG TGCTCTGAGGTCGGGTTCA 

Hao2 GCAGACTTTAAGGCACAAGCA TGCCAAGTTGTCATTGTAGGTT 

Cpt2 CAGCACAGCATCGTACCCA TCCCAATGCCGTTCTCAAAAT 

Col4a1 CTGGCACAAAAGGGACGAG ACGTGGCCGAGAATTTCACC 

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 



 85 

Krt19 CTCCCGAGATTACAACCACTAC GTTCTGTCTCAAACTTGGTTCTG 

Pdgfrb ACTACATCTCCAAAGGCAGCACCT TGTAGAACTGGTCGTTCATGGGCA 

Cdh1 CAGGTCTCCTCATGGCTTTGC CTTCCGAAAAGAAGGCTGTCC 

Nos2 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC 

Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 

Ifngr1 ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC 

Il6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

Il12a CTGTGCCTTGGTAGCATCTATG GCAGAGTCTCGCCATTATGATTC 

Il12b TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT 

Il13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA 

Mrc1 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC 

Fn1 ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG 

Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC 

Il10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

Tbp GGGGTCATAGGAGTCATTGG CATCTCAGCAACCCACACAG 

Ppia CAGTGCTCAGAGCTCGAAAGT CACCGTGTTCTTCGACATCA 

Actb ATGGAGGGGAATACAGCCC TTCTTTGCAGCTCCTTCGTT 

Slc25a1/Ex.2 GAAATCTGCATCACCTTCCCG GTGGGTTCGCTCGTTCATCT 

Slc25a Ex.4 TCGAGTTCCTCAGCAACCAC CCATAGGGCACACGACTACC 

 

III.D.12. Immunohistochemistry, immunofluorescence and NASH tissue microarrays 

The tissue arrays of human NASH were obtained from XenoTech (1910017). The IHC was 

performed using standard protocols on formalin- fixed sections. Immunohistochemical staining of 
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mouse liver was performed with Slc25a1 antibody. Five-micron sections from formalin fixed 

paraffin embedded tissues were de-paraffinized with xylenes and rehydrated through a graded 

alcohol series. Heat induced epitope retrieval (HIER) was performed by immersing the tissue 

sections in Target Retrieval Solution, Low pH (DAKO) in the PT Link (DAKO). Briefly, slides 

were treated with 3% hydrogen peroxide, avidin/biotin blocking, and 10% normal goat serum and 

exposed to primary antibodies for 1 hour at room temperature. The Slc25a1 antibody (ProteinTech, 

Cat. 15235-1-AP), was used at 1/150 dilution. Slides were exposed to biotin-conjugated anti-rabbit 

secondary antibodies (Vector Labs) diluted 1/200 into ImmPress Rat mouse absorbed HRP-

conjugated anti-rat secondary antibody (Vector labs, cat. MP-7444). Protein expression was 

visualized using TSA-488 (Life Technologies, cat. #T20948) and Cy3-SA (Perkin Elmer, cat. 

#SAT704A001), nuclei visualized with DAPI and the slides mounted in ProLong Anti-fade Gold 

(Life Technologies P36930). Consecutive sections with the primary antibody omitted were used 

as negative controls. Stained slides were scanned using the Vectra3 Multi-Spectral Imaging 

Microscope with Vectra and Phenochart software (Perkin Elmer). The entire slide was scanned, 

then 10 regions of interest were selected at random throughout the tissue. The scanned images 

were analyzed in inForm software version 2.4.1. 

 

III.D.13. Magnetic resonance imaging techniques 

In vivo MRI of mouse fat depots was performed in the Preclinical Imaging Research 

Laboratory at the Georgetown-Lombardi Animal Shared Resource and the Center for Translational 

Imaging in a 7-Tesla horizontal Bruker spectrometer run by Paravision 5.1. Anesthetized (1.5% 

isoflurane in a gas mixture of 30% oxygen and 70% nitrous oxide) mice were placed in a custom-

manufactured (ASI Instruments, Warren, MI) stereotaxic device with built-in temperature and 
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cardio-respiratory monitoring engineered to fit a Bruker mouse volume coil. The sequence used to 

non-invasively identify adipose tissue is a three-dimensional T1-weighted rapid acquisition with 

rapid enhancement (RARE) sequences with the following parameters: TR: 250 ms, TE: 34.3 ms, 

FA: 74.1, Matrix: 156 x 128 x 156.  

Quantification of visceral fat depots in the imaging datasets was performed by thresholding 

and voxel-counting with ImageJ software (NIH). Specifically, we use a maximum intensity 

projection algorithm of the 3D-reconstructed image with an intensity threshold that shows fat as 

the brightest signal and disregards signals from other tissues. We calculate the total body fat and 

separated specific fat deposits in the regions of interest. Liver fat content was determined by 

placing large ROIs on liver regions and measuring the mean intensity of the fat contrast. Liver 

ROIs in three slices of each dataset were averaged. Values were normalized to the mean intensity 

of ROIs placed on background air in each corresponding slice as an internal standard. 

 

III.D.14. Statistics 

Statistical significance was assessed using both paired or unpaired, two-tailed Student t-

test. Significant differences are indicated using the standard Michelin Guide scale (*p ≤ 0.05, 

significant; **p ≤ 0.01, highly significant; ***p ≤ 0.001, extremely significant). 
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APPENDIX I 

Slc25a1 expressing cells secrete pro-inflammatory cytokines and reprogram the 

macrophages towards an M1 phenotype 

Rationale 

During the course of the work described in Chapter II, and in keeping with the results 

described therein we hypothesized that Slc25a1 might lead to the establishment of an inflamed and 

hot tumor immune environment. The hypothesis that Slc25a1 drives inflammation is also consistent 

with our liver model, where we showed that inhibition of Slc25a1 damped pro-inflammatory signals 

and prevented the polarization of M1 phenotype (Chapter III). To test this hypothesis, I performed 

two sets of experiments. First, I examined the supernatant of cells expressing Slc25a1 with a 

cytokine array platform. By employing this approach, I preliminarily determined that the 

supernatant of Slc25a1 over-expressing spheres is indeed enriched for cytokines and interleukins 

(Fig. 26A-C). This approach also revealed that Slc25a1 over-expressing spheroids secrete very high 

amounts of (C-C motif) Chemokine Ligand 5 (CCL5) and (C-X-C motif) Chemokine Ligand 10 

(CXCL10) as well as of IL-8 that exert pro-inflammatory activity and are known to be regulated in 

an IFN-dependent manner 168–171. CCL5 is a chemotactic factor for T cells, macrophages and 

Natural Killer (NK) cells but also exerts pro-oncogenic activities by promoting chronic 

inflammation.  

There are two main phenotypes of macrophages, simplistically defined as M1 or M2 172. 

The canonical M1 macrophages produce immuno-stimulatory cytokines particularly IL-12, IL-6, 

IL-1b and TNF-⍺, and induce a pro-inflammatory tumoricidal environment 172,173. However, the 

alternative M2 pathway of polarization leads to tissue remodeling and homeostasis.  
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Figure 26. Slc25a1 over-expressing spheres secrete pro-inflammatory cytokines. (A) The 
observed concentrations of the indicated IFNs in the culture supernatant of Slc25a1 over-
expressing spheres (red, n=3) versus control spheres (blue, n=3). (B) The observed concentrations 
of the indicated cytokines in the culture supernatant of Slc25a1 over-expressing spheres (red, 
n=3) versus control spheres (blue, n=3). (C) The observed concentrations of the indicated 
interleukins in the culture supernatant of Slc25a1 over-expressing spheres (red, n=3) versus 
control spheres (blue, n=3). The error bars represent the standard deviation, asterisks refer to *p 
≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test. 
 

By performing co-culturing experiments of Slc25a1-enriched spheres with primed human 

THP1 monocytes, I found that Slc25a1 conditioned the macrophages to express very high levels 

of the pro-inflammatory markers, particularly IL-1β and TNF-⍺ while only modestly influencing 
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the M2 phenotype markers (Arginase 1, CCL22, and RGC32) (Fig.  27A and 27B) These results 

are consistent with idea that Slc25a1 promotes a pro-inflammatory signature, and raise the 

question of whether such signature is linked to the virus mimicry and IFN-I. I believe that 

understanding of this phenomenon is very important for defining the activity of Slc25a1 not only 

in tumors, but also in other pathogenic conditions. It is important to note that chronic 

inflammation is linked to tumor progression 174, and therefore an important question is what is 

the role of this inflammatory response in the pro-oncogenic activity of Slc25a1. 

 
 
Figure 27. Slc25a1 directs the macrophages polarization towards the M1 phenotype. (A) 
A schematic diagram illustrates the control or Slc25a1 over-expressing spheres co-cultured 
with the primed M0 THP1 monocytes. (B) Fold changes in expression of the indicated genes 
in macrophages co-cultured with Slc25a1 over-expressing spheres (red, n=2) versus 
macrophages co-cultured with control spheres (blue, n=2) after normalization to control M0 
monocytes without co-culturing. The error bars represent the standard deviation, asterisks refer 
to *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 by unpaired T-test. 
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Experimental methods 

Interferons and cytokines arrays  

 Control and Slc25a1 over-expressing H1299 cell were grown in spheroid conditions, as 

described in Chapter II, and were allowed to condition the culture media for three days. Then, 15 

ml of the conditioned culture supernatants were collected and concentrated down to 500 µl using 

ultra centrifugal filtration units (Millipore, UFC900308). Human interferons, cytokines and 

chemokines multiplex arrays were performed using the concentrated samples by Eve Technologies 

Corporation, Calgary, AB Canada. The experiments were performed in triplicates.  

 

Macrophages and spheres co-culture experiment  

 Control and Slc25a1 overexpressing H1299 cells were grown in spheroid conditions, as 

described in Chapter II, and were allowed to grow for three days. the human monocytic THP-1 

cells were seeded in 6-well plates and primed with 50 ng/ml Phorbol Myristate Acetate for an 

overnight. Post priming, spheres and primed macrophages were co-cultured for 48 hours using 

Transwell Insert co-culturing system (VWR, 29442-074). Next, the spheres-containing inserts 

were removed, and macrophages were washed with PBS. The RNA was isolated, and the 

expression of macrophages markers was assessed with qRT-PCR, as described in Chapter II. The 

forward and reverse primers used are listed below.  

 

Genes Forward Primers  Reverse Primers  

ARG1 GTTTCTCAAGCAGACCAGCC GCTCAAGTGCAGCAAAGAGA 

CCL22 CCACGGTCATCAGAGTAGGC ACTGGACCTCAGACTCCTGC 

FN1 AAACCAATTCTTGGAGCAGG CCATAAAGGGCAACCAAGAG 
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IL1B GGAGATTCGTAGCTGGATGC GAGCTCGCCAGTGAAATGAT 

IL10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG 

TNF AGATGATCTGACTGCCTGGG CAGCCTCTTCTCCTTCCTGA 

RGC32 ATCACTGAAGCTGAAGCTGTTC GCCACTTCCACTACGAGGAG 
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APPENDIX II 

Understanding how dimethyl fumarate affects the response to PD-L1 antibody therapy 

Rationale  

Repurposing available drugs in combinatorial therapies with ICIs has provided a fertile 

landscape for the discovery of unsuspected candidates. One of the best examples is the 

employment of a simple drug, vitamin C, that enhances the activity of PD-L1/PD-1 inhibitors 175. 

DMF is attractive because it is clinically available, orally administrable and lacks substantial 

toxicities, however a potential drawback is the pleiotropy of its effects. DMF is approved for the 

treatment of relapsing multiple sclerosis, owing to inhibition of the NRF2- and NF-kB- pathways. 

It is also emerging that DMF has anti-tumor effects 176, and there are several clinical trials 

exploring its efficacy in relapsed/refractory chronic lymphocytic leukemia, in glioblastoma 

multiforme and in cutaneous T cell lymphoma 177–179. Given my finding that DMF could act as a 

“Slc25a1 mimetic”, I conducted a pilot experiment using the syngeneic model of the melanoma 

cell line B16F0.  

A cohort of 48 mice subcutaneously injected with B16F0 cells, were randomized in four 

groups, which received: i) vehicle control (Isotype matched IgG) ii) DMF; iii) the anti-PD-L1 

antibody (Bio-X Cell, B7-H1); iv) the combination of DMF and the anti-PD-L1 antibody. DMF 

was administered as per published protocols at a dose of 10 mg/Kg and the PD-L1 antibody at 200 

µg per mouse every 3 days for 4 times. While this experiment could not be completed because of 

the lockdown at our institution due to the covid-19 pandemic, the preliminary results are 

promising. Consistent with the literature and also with our data (Fig. 28A), B16F0 cells are 

relatively resistant to PD-L1 antibody therapy and DMF alone did not significantly modify the 

growth of these tumors.  
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Figure 28. DMF enhances the response to PD-L1 ICIs therapy. (A) Tumor volumes in the 
indicated groups. Numbers in violins indicate the N. of tumors. (B) Slc25a1 and PD-L1 protein 
levels in the tumors of the indicated treatment groups. The error bars represent the standard 
deviation. Veh: Vehicle, αPD-L1: the anti-PD-L1 antibody, Comb.: combination of DMF and 
the anti-PD-L1 antibody.  

 

In contrast, the combination treatment showed a clear trend towards a reduction of tumor 

growth that was statistically significant when compared to vehicle- treated cells. Analysis of 

tumors demonstrated that DMF induced Slc25a1 protein levels (Fig. 28B) The PD-L1 mRNA was 

not affected by DMF (not shown), but the protein expression was clearly enhanced. These results 

seem to validate the pathway that we previously identified in vitro and taken together with the fact 

that DMF is orally available, support exploring its activity in the context of PD-L1 antibody 

treatment. 

 

Experimental methods 

Study of DMF and ICIs co-treatment on a murine melanoma syngeneic mouse model 

B16F0 cells were grown as spheres in DMEM/F12 media containing 2.5% KnockOutTM 

Serum Replacement, 1% glutamine, 1% 100x ITS liquid media supplement (Sigma, I3146), 1% 

Sodium Pyruvate, 0.1% Y-compound and 1% pen-strep for three days. Spheres were disassociated 
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using StemPro Accutase (Gibco), resuspended in PBS to form single-cell suspensions and cell 

viability and count were determined. Five weeks old wild type C57BL/6J female mice were 

purchased from the Jackson Laboratory. Mice were subcutaneously injected with 5x105 viable 

B16F0 cells in both right and left lower flanks. Once tumors became palpable, mice were 

randomized to receive vehicle, anti-mouse PD-L1 antibody (BioXCell, BE0101), DMF or a 

combination of anti-mouse PD-L1 antibody and DMF. The anti-mouse PD-L1 antibody was 

administered via intraperitoneal injections at a concentration of 200 µg per mouse every three days 

for a total of four treatments, and DMF was administered at concentration of 10 mg/kg on a daily 

basis. Tumors dimensions were routinely measured using a digital caliper, and tumor volumes 

were calculated using the following formula (length x width x height x 0.523). All mice were 

sacrificed when the tumors reached the maximum allowed tumor volume, and all tumors were 

excised for subsequent analysis. All animal studies were approved by the Georgetown University 

Institutional Animal Care and Use Committee. Harvested tumors were analyzed by 

immunoblotting as described in Chapter II.   
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