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RESUMO 

PATENTE, TA. Vias de Regulação Metabólicas em Células Dendríticas com Viés 
Tolerogênico. 2019. 182 f. Tese (Doutorado em Imunologia) – Instituto de Ciências 
Biomédicas, Universidade de São Paulo, São Paulo, 2019. 
 

O diabetes mellitus tipo 1 (DM1) é uma doença autoimune na qual células 

dendríticas (DC) desempenham um papel relevante. DC são células apresentadoras de 

antígenos, centrais para a diferenciação de células T CD4+, incluindo células T 

reguladoras (Tregs). Quando o ambiente fornece sinais tolerogênicos, DC falham em 

induzir a proliferação de linfócitos T tendendo a induzir tolerância. Diferentes estímulos, 

como ácido retinóico (RA), dexametasona (Dex) e vitamina D3 (VitD3), são capazes de 

gerar DC tolerogênicas (tolDC). DC imunogênicas e tolDC diferem em expressão de 

moléculas co-estimulatórias, secreção de citocinas pró-inflamatórias, capacidade de gerar 

linfócitos T supressivos e perfil metabólico. Enquanto DC imunogênicas dependem da 

glicólise e de metabolismo anabólico, as vias metabólicas envolvidas na indução de Treg 

pelas tolDC são menos detalhados. AMPK é um sensor metabólico conhecido por 

antagonizar sinais anabólicos, promovendo catabolismo e estudos sugerem que tolDC 

sejam caracterizadas por um perfil catabólico. Entretanto, o papel da sinalização de 

AMPK na regulação metabólica e funcional de tolDC ainda não foi abordado. Ainda, a 

presença de VitD3 durante a diferenciação mo-DC, induz uma reprogramação metabólica 

inicial, dependente de glicose. Assim, o presente trabalho teve dois objetivos principais: 

(1) como a hiperglicemia é a principal característica do DM1, avaliou-se como a 

concentração de glicose afetaria a diferenciação de mo-DC tratadas com VitD3 (VitD-

DC); (2) investigar como AMPK poderia controlar a diferenciação de tolDC induzida por 

VitD3, RA e Dex. Observou-se que, metabolicamente, VitD3 modula de maneira 

diferente mo-DC de controle e pacientes, induzindo tolDC em pacientes de maneira 

glicose independente. Em controles, VitD3 induziu aumento da glicólise e OXPHOS, que 

foram, pelo menos parcialmente, reduzidas em hiperglicemia, assim como a expressão de 

CD86, a secreção de TNF-a e a capacidade linfoestimulatória. Já em pacientes diabéticos, 

embora VitD3 reduziu tanto a expressão de CD86 quanto a secreção de TNF-a em 

hiperglicemia, o metabolismo das células não foi afetado, sugerindo que a reprogramação 

metabólica induzida pela VitD3 pode não depender da glicólise em pacientes. Na segunda 

parte do projeto, confirmamos que VitD3, Dex e RA induziram tolDC funcionais, já que 

estas tolDC diferenciaram células T CD4+ supressoras. Entretanto, metabolicamente, 



 

cada tolDC exibiu fenótipo distinto: VitD-DC aumentaram glicólise e OXPHOS, RA-DC 

reduziram a capacidade respiratória sobressalente e Dex-DC reduziram glicólise. A 

fosforilação de ACC, um alvo direto de AMPK, aumentou em VitD-DC e RA-DC, 

sugerindo aumento da atividade de AMPK. Coerentemente, o silenciamento de AMPK 

reverteu as alterações metabólicas induzidas por VitD3 e RA, mas não por Dex. Quando 

AMPK foi silenciada em RA-DC humana, tanto a atividade de ALDH (induzida pelo RA) 

como sua capacidade tolerogênica foram perdidas. Camundongos com DC deficientes em 

AMPK, apresentaram redução na atividade de ALDH e na frequência de DC 

CD103+CD11b+ intestinal, consideradas o equivalente in vivo das RA-DC. Isso sugere 

uma importância da sinalização de AMPK para a homeostase de DC tolerogênicas 

intestinais, promovendo ambiente anti-inflamatório via atividade de ALDH em DC 

CD103+CD11b+. Sendo assim, estes dados sugerem um papel fundamental da AMPK na 

homeostase intestinal e na regulação das propriedades metabólicas e tolerogênicas de RA-

DC. 

 

Palavras-chave: Células Dendríticas. Imunometabolismo. Diabetes tipo 1. AMPK. 

Tolerância. 

  



 

ABSTRACT 

PATENTE, TA. Metabolic Regulatory Pathways in Tolerogenic Bias Dendritic Cells. 
2019. 182 f. Ph.D. Thesis (Immunology Department) – Instituto de Ciências Biomédicas, 
Universidade de São Paulo, São Paulo, 2019. 
 
Type 1 diabetes mellitus (T1D) is an autoimmune disease in which dendritic cells (DC) 

play a relevant role. DC are antigen presenting cells, central to CD4+ T cell differentiation, 

including regulatory T cells (Tregs). When the environment provides tolerogenic signals, 

DC fail to induce T lymphocyte proliferation and are prone to induce tolerance. Different 

stimuli, such as retinoic acid (RA), dexamethasone (Dex) and vitamin D3 (VitD3), are 

capable of generating tolerogenic DC (tolDC). Immunogenic DC and tolDC differ in 

expression of costimulatory molecules, proinflammatory cytokine secretion, ability to 

generate suppressive T lymphocytes and metabolic profile. While immunogenic DC rely 

on glycolysis and anabolic metabolism to support their activity, the metabolic pathways 

involved in the induction of Treg by tolDC are less well defined. AMPK is a metabolic 

sensor known to antagonize anabolic signals, promoting catabolism and studies suggest 

that tolDC are characterized by a catabolic profile. However, the role of AMPK signaling 

in regulating tolDC metabolism and function has not been addressed. Moreover, the 

presence of VitD3 during mo-DC differentiation induces an initial glucose-dependent 

metabolic reprogramming. Thus, the present study had two main objectives: (1) as 

hyperglycemia is the main characteristic of T1D, we aimed to evaluate how glucose 

availability would impact the differentiation of mo-DC treated with VitD3 (VitD DC); 

(2) to investigate how and if AMPK could control the differentiation of tolDC induced 

by VitD3, RA and Dex. Metabolically, VitD3 differently modulates controls mo-DC and 

patients, inducing tolDC in patients in a glucose-independent manner. In controls, VitD3 

induced increase in glycolysis and OXPHOS, which were, at least partially, reduced in 

hyperglycemia, as well as CD86 expression, TNF-a secretion and lymphostimulatory 

capacity. In diabetic patients, while VitD3 reduced both CD86 expression and TNF-a 

secretion in hyperglycemia, cell metabolism was not affected, suggesting that VitD3-

induced metabolic reprogramming may not rely on glycolysis in patients. In the second 

part of the project, we confirmed that VitD3, Dex and RA induced functional tolDCs, 

since these tolDC induced suppressor CD4+ T cells. Metabolically, however, each tolDC 

exhibited a distinct phenotype: VitD-DC had increased glycolysis and OXPHOS, RA-DC 

had reduced spare respiratory capacity and Dex-DC had reduced glycolysis. ACC 

phosphorylation, a direct downstream target of AMPK, was increased in VitD-DC and 



 

RA-DC, suggesting increased AMPK activity. Consistently, AMPK silencing reverted 

the metabolic changes induced by VitD3 and RA, but not by Dex. When AMPK was 

silenced in human RA-DC, both ALDH activity (that was increased by RA treatment) 

and their tolerogenic capacity were lost. Mice with a deficiency in AMPK selectively in 

DC showed a reduction in ALDH activity and frequency of gut CD103+CD11b+ DC, 

considered to be the in vivo equivalent of RA-DC. This suggests that AMPK signaling is 

important for homeostasis of tolerogenic DC in the gut by promoting an anti-

inflammatory status via regulation of ALDH activity specifically in CD103+CD11b+ DC. 

Taken together, these data point towards a key role for AMPK in regulating both the 

metabolic and tolerogenic properties of RA-DC and the homeostasis of the gut. 

Keywords: Dendritic Cells. Immunometabolism. Type 1 Diabetes. AMPK. Tolerance. 

  



 

1. INTRODUCTION 

1.1. Diabetes  

Diabetes mellitus (DM) is a syndrome characterized by hyperglycemia resulting 

from defects in insulin secretion associated or not with resistance to the action of this 

hormone. DM is one of the most common endocrine diseases in all populations, and its 

prevalence varies according to ethnic group and geographic region (FORLENZA; 

REWERS, 2011). According to the Multicenter Study on Prevalence of DM in Brazil 

(MALERBI; FRANCO, 1992), conducted from June 1986 to July 1988, the age-adjusted 

prevalence rate of DM in the Brazilian population aged 30 to 69 years ranged from 5.22% 

in Brasilia to 9.66% in São Paulo, with a national average of 7.66%. A study conducted 

between September 1996 and November 1997 in the city of Ribeirão Preto, with the same 

age range used in the multicenter study, showed that 12.1% of the resident population in 

this city (approximately 27,739 people) had DM and about 25% of then were diagnosed 

in the during the study (TORQUATO et al., 2003). Another study, conducted between 

February 2005 and June 2007, also at Ribeirão Preto, found an increased prevalence of 

diabetes, 15,02%, and about 15% of the subjects were diagnosed during the study 

(MORAES; FREITAS; GIMENO, 2010). According to data from the Ministry of Healthy 

(DATASUS), during 2011, the mortality rate from DM in Brazil was 30.1/100,000 

inhabitants, representing 57,876 individuals who died specifically from this disease. More 

recent data from the United States, revealed that the prevalence of diabetes was 9.7% in 

2016 and 2017 being more prevalent in men (XU et al., 2018). 

In 2004, Wild et al. developed a study in which the prevalence of DM for the year 

2000 and 2030 was estimated. For this, only populations diagnosed in studies that used 

the criteria used by the World Health Organization (blood glucose levels higher than 200 

mg/dL two hours after ingestion of 75g of glucose) were used. In this study, it was 

estimated that about 171 million people would have DM in 2000 and about 366 million 

in 2030 (WILD et al., 2004). However, in 2015, the global number of adults with DM 

was estimated in 415 million, with projected increase to 642 million by 2040 

(OGURTSOVA et al., 2017). 

The clinical manifestations extremes and the pathogenesis are the basis for the 

classification in type 1 DM (T1D, an autoimmune disease with exuberant clinical 

manifestations resulting from almost complete insulin deficiency) and type 2 DM (T2D, 

oligo or asymptomatic patients whose insulin deficiency coexists with insulin resistance). 

The elevated blood glucose observed in the disease may be accompanied by other 



 

biochemical changes and clinical manifestations whose severity depends on the degree 

of insulin deficit, environmental conditions and the evolution of chronic blood vessel 

complications (diabetic micro and macroangiopathy).  

T1D corresponds to approximately 10% of DM cases and it is a complex 

autoimmune disease that by the time of diagnosis, has already affected most of the 

pancreatic islets (KLINKE, 2008). Although the most important associated HLA class II 

haplotypes have been known for decades (NERUP et al., 1974), the concordance rates 

between monozygotic twins suggests that other factors also play an important role in the 

pathogenesis of T1D (REDONDO et al., 2001). With the advent of genome wild 

association studies (GWAS) more than 60 different loci could be associated with the 

development and or progression of T1D (BAKAY et al., 2019), which highlights how 

complex this disease is. As an autoimmune disease, environmental factors, such as virus 

infections and diet habits, can also contribute to the initiation of T1D (PASCHOU et al., 

2018). Yet, immunological factors involving both CD8+ and CD4+ T cells, as well as 

dendritic cells (DC) and other innate immune cells are also important and an extensive 

data is available describing how these mechanisms can influence islets beta cells 

destruction (LEHUEN et al., 2010). However, the precise mechanisms that trigger the 

initiation of T1D are not easy to unravel and are not completely understood. Endogenous 

ligands from programmed cell death of the pancreatic β cells, as well as infection with 

certain types of viruses, may initiate the process of insulitis, which generates more β-cell 

apoptosis, increased exposure of self-antigens and, by recruiting antigen presenting cells 

(APCs), such as DC, creates sensitization conditions of the immune system against islets 

(DOGUSAN et al., 2008; LIU, 2001; RASSCHAERT et al., 2003; 2005). In this context, 

it is believed that self-antigens from β-cell apoptosis are captured by DC that would 

migrate to the lymph node, where they would present these antigens to CD4+ T 

lymphocytes, initiating the autoimmune adaptive immune response (CALDERON; 

CARRERO; UNANUE, 2014; TURLEY et al., 2003). 

Data from the literature suggest that the development of T1D requires the 

collaboration of both CD4+ and CD8+T lymphocytes, since the transfer of only one of 

these cell subtypes from nonobese diabetic mice (NOD) , was unable to induce disease in 

immunocompromised mice (PHILLIPS et al., 2009). CD4+ T lymphocytes may promote 

macrophage migration to the pancreatic islets through the production of chemokine C-C 

motif ligand 1 and 2 (CCL1 and CCL2, respectively) (CANTOR; HASKINS, 2007; 

MARTIN et al., 2008). In addition, CD4+ T lymphocytes activate both B lymphocytes 



 

and CD8+ T lymphocytes, either by direct cytokine production (such as interleukin (IL) -

21 (SUTHERLAND et al., 2009)), or by licensing APCs which promotes CD8+ T cell 

activation during disease onset (BALASA et al., 1997). In this licensing, the interaction 

between CD40L-CD40 promotes an increased IL-7 production, which appears to be 

important for activation of CD8+ T cells (CARRENO; BECKER-HAPAK; LINETTE, 

2008) which, in turn, would lead to β cells death, recognized for exposing, in the context 

of class I molecules encoded by the major histocompatibility complex (MHC I), the 

antigens recognized by such effector cells. 

DC and macrophages seem to be important for the onset of T1D. Macrophages 

comprise the most frequent myeloid cells present in the pancreatic islet (CARRERO et 

al., 2013) and macrophage’s depletion by treatment with an antibody against the colony 

stimulating factor-1 (CSF-1) could prevent the diabetes onset if administered either at 

earlier time point (2-3 weeks of age) ort later time point (10 weeks of age) (CARRERO 

et al., 2017). DC also seem to play a pivotal role in T1D onset since the ablation of 

conventional DC (cDC) (specifically CD11b+ DC) in nonobese diabetic (NOD) mice 

prevented the development of insulitis and subsequent T1D. Interestingly, while cDC 

were important in the induction of T1D, once the insulitis process is stablished, 

plasmacytoid DC (pDC) seem to be important to limit the progression of the disease, 

since the addition of pDC but not cDC, to mice with ongoing insulitis limited the 

progression of the disease (SAXENA et al., 2007). A role for the other subset of cDC (the 

CD103+ DC) was also observed in NOD mice. The frequencies of CD103+ DC was 

increase in NOD mice from 4-6 weeks of age and, concomitantly, the frequencies of 

intraislets CD3+ T cells were also increased. The diabetes onset and the frequencies of 

intraislets CD3+ T cells were abolished in mice lacking the Basic Leucine Zipper ATF-

Like Transcription Factor-3 (Batf-3), the main transcription factor of CD103+ DC, 

suggesting that this subset of cDC is also essential for the onset of T1D (FERRIS et al., 

2014). It is still unclear which cell type is more important for the disease onset, if there is 

time-dependent process in which macrophages could be more prejudicial at the earlier 

stages while DC would be required once the insulitis process is starting or, yet, if 

macrophages and DC cooperate to initiate the recruitment of diabetogenic T cells into 

pancreatic islets. 

 

 

 



 

1.2. Dendritic Cells 

DC are specialized in capture, processing and presentation of antigens to T 

lymphocytes and are believed to be the most effective in activating naïve T lymphocytes 

(CROFT; BRADLEY; SWAIN, 1994). In general, DC have been functionally divided 

into immature DC (iDC) and mature DC (mDC) (BANCHEREAU et al., 2000; 

GUERMONPREZ et al., 2002). Since iDC are rich in molecules associated with antigen 

capture, they are normally located within various tissues, efficiently capturing antigens, 

and, once an homeostatic state is present within this tissue, they present these antigens to 

T lymphocytes inducing tolerance to them (ITANO; JENKINS, 2003). Thus, iDC 

contribute to the maintenance or establishment of a tolerant state by presenting self or 

non-self antigens to T lymphocytes (WALLET; TISCH, 2006), without, at the same time, 

providing the necessary costimulatory signals, usually dependent on molecules such as 

B7.1 (CD80) and B7.2 (CD86). Such presentation may lead to a condition called clonal 

anergy in T lymphocytes (LUTZ; SCHULER, 2002), or even to the differentiation of T 

lymphocytes into regulatory cells (Tregs) (TAI et al., 2011).  

At this stage of maturation, DC have a high density of receptors for 

immunocomplexes, cytokines and pattern recognition receptors (PRR), capable of 

recognizing pathogen-associated (PAMP) and damage-associated molecular patterns 

(DAMP) (STEINMAN et al., 2000). This set of receptors allows effective detection of 

homeostatic imbalances and their engagement leads DC to functional changes, 

characterized as maturation (MADDUR et al., 2010). DC maturation, thus, is triggered 

by the rupture of tissue homeostasis (CERBONI; GENTILI; MANEL, 2013; HEMMI; 

AKIRA, 2005) and turns on different metabolic, cellular, and gene transcription 

programs, allowing DC to migrate from peripheral tissues to T-dependent areas in 

secondary lymphoid organs, where T lymphocyte-activating antigen presentation may 

occur (ALVAREZ; VOLLMANN; ANDRIAN, 2008; DONG; BULLOCK, 2014; 

FRIEDL; GUNZER, 2001; HENDERSON; WATKINS; FLYNN, 1997; IMAI; 

YAMAKAWA; KASAJIMA, 1998; RANDOLPH; ANGELI; SWARTZ, 2005) (Figure 

1). 

Dendritic cells can be, also, anatomically divided into resident lymphoid tissue 

DC and migratory non-lymphoid tissue DC (HANIFFA; COLLIN; GINHOUX, 2013). 

They comprise heterogeneous populations with different subsets that can be distinguished 

by phenotypical markers and genetic profile. The first identification of a different 

population of DC arose from the observation that CD8 expression occurred on a subset 



 

of mouse resident splenic and thymic DC (VREMEC, 1992). While the identification of 

mouse DC subpopulations is well advanced (MERAD et al., 2013; MILDNER; JUNG, 

2014), mostly due to the facility of accessing a variety of tissues, the same is not true for 

human DC, where most studies that identified such subpopulations were performed in 

peripheral blood or skin. It is worth noting that recent studies have also characterized DC 

subpopulations in the human lung (GUILLIAMS et al., 2016) and intestine (GRANOT et 

al., 2017) 

 

 
Figure 1: Dendritic cells activation. Extracellular signals, such as PAMPs or DAMPs, trigger alterations 
on immature DC leading to significant changes on surface proteins, intracellular pathways and metabolic 
activity. Adapted from Patente et. al, Front Immunol. 2019 Jan 21;9:3176. 

 

In human blood, DC constitute a rare cell population that can be broadly divided 

into two subtypes: pDC and cDC. These subpopulations of DC can basically be 

distinguished by the expression of CD123 and CD11c, since pDC are CD123+CD11c- 

and cDC are CD123-CD11c+ (BOLTJES; VAN WIJK, 2014; MERAD et al., 2013; 

O’KEEFFE; MOK; RADFORD, 2015; PATENTE et al., 2018). Additionally, cDC, can 



 

be further subdivided into two other subsets of DC, namely cDC1 and cDC2 DC 

(GUILLIAMS et al., 2014). These subsets of cDC can be identified by the expression of 

CD141 in cDC1 and by the expression of CD1c in cDC2 (Figure 2). Genomic studies 

with emphasis on the subpopulations of monocytes and DC, could align the human 

peripheral blood CD1c+ DC with the mouse CD11b+DC and the human peripheral blood 

CD141+ DC with the mouse CD8a+/CD103+ DC respectively (ROBBINS et al., 2008; 

WATCHMAKER et al., 2013). New markers expressed by both human and mice DC 

could better define those subsets and the expression of XCR1 and CD172a are more 

commonly used to define cDC1 and cDC2, respectively. Nowadays, the nomenclature of 

cDC1 and cDC2 is well established and with new techniques, such as single cell RNA 

sequencing, new populations of DC (VILLANI et al., 2017), a better understanding of 

DC ontogeny (SEE et al., 2017), on how those subsets behave themselves in healthy and 

disease (DUTERTRE et al., 2019) and how specific transcription factors dictate the fate 

of each subset (DURAI et al., 2019) are starting to be unveiled. 

 

 
Figure 2: Main characteristics and differences of cDC1, cDC2 and pDC. In human blood, it is possible 
to find two main populations of DC: conventional DC (cDC) and plasmacytoid DC (pDC). cDC can be 
further subdivided in cDC1 and cDC2. Each subset of DC is characterized by its own transcription factors, 
functions and surface markers that helps to properly identify then in both mice and human. Adapted from 
Patente et. al, Front Immunol. 2019 Jan 21;9:3176. 

 



 

Much of our understanding about human DC biology was possible due to in vitro 

experiments, in which monocytes isolated from the blood were differentiated to DC, the 

so called monocyte-derived DC (mo-DC), with the use of GM-CSF and IL-

4(SALLUSTO; LANZAVECCHIA, 1994). However, they do not seem to be equivalent 

to the cDC we can find in the blood, since they arise from different precursors 

(GEISSMANN et al., 2010). It is still unclear to which subpopulation of DC, mo-DC are 

more closely related, but DC ontogeny data suggest that mo-DC are similar to the 

inflammatory DC (REYNOLDS; HANIFFA, 2015). Inflammatory DC are a 

heterogeneous subpopulation of DC, expressing higher levels of CD11c and MHCII. The 

firsts reports about inflammatory DC, were observed in the skin of atopic dermatitis 

patients (WOLLENBERG et al., 1996) and in the spleen of Listeria monocytogenes-

infected mice (SERBINA et al., 2003). Recently, by gene signature analysis, 

inflammatory DC were more closely related to in vitro generated mo-DC than 

macrophages, cDC2, CD16+ monocytes and CD14+ monocytes, suggesting that 

inflammatory DC could be the counterparts of mo-DC (SEGURA et al., 2013). 

 

1.3. Immunogenic vs tolerogenic DC 

Initially, DC function was largely associated with its capacity to capture, process 

and present antigens to T cells in order to initiate T-cell mediated immunity 

(STEINMAN, 1991; STEINMAN; WITMER, 1978). However, it was soon becoming 

clear that those cells not only were important for the induction of immune response, but 

also for the induction of tolerance, either in the thymus, by helping to negatively select 

autoreactive T cells (BROCKER; RIEDINGER; KARJALAINEN, 1997), or in the 

periphery by probably inducing T cell anergy or deletion (FÖRSTER; LIEBERAM, 

1996; KURTS, 1996). The balance between immunogenic and tolerogenic DC (tolDC) is 

crucial for the maintenance of tissue homeostasis helping to promote immunity or 

tolerance depending on the environment. 

TolDC express less co-stimulatory molecules, secret less proinflammatory 

cytokines and upregulate the expression of inhibitory molecules, such as programmed 

death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 

(GROHMANN et al., 2002; MANICASSAMY; PULENDRAN, 2011; MORELLI; 

THOMSON, 2007; SAKAGUCHI et al., 2010). Additionally, they are able to secrete 

anti-inflammatory cytokines (like IL-10) and are essential to prevent responses against 

healthy tissues (HAWIGER et al., 2001; IDOYAGA et al., 2013; MAHNKE et al., 2003; 



 

STEINMAN et al., 2003; YATES et al., 2007; YOGEV et al., 2012). Among the 

numerous stimuli capable of generating tolDC, cytokines and interactions with other cell 

types (like mastocytes via PD-L1/PD-L2) seem to be important to induction of this state 

in DC (RODRIGUES et al., 2016; SVAJGER; ROZMAN, 2014). Among cytokines, IL-

10, IL-6 and transforming growth factor beta (TGF-b) (TORRES-AGUILAR et al., 2010) 

have been described as capable of producing tolerogenic DC, with low expression of 

costimulatory molecules and MHC II, but capable of secrete high amounts of IL-10(LAN 

et al., 2006). Also, vitamin D3 (VitD3) (ADORINI, 2003; BAKDASH et al., 2014; 

FERREIRA et al., 2012; 2014; 2015), retinoic acid (RA) (BAKDASH et al., 2015), 

butyrate (KAISAR et al., 2017) and dexamethasone (Dex) (DÁŇOVÁ et al., 2015; 

MAGGI et al., 2016; NAVARRO-BARRIUSO et al., 2018) has been described as 

capable of inducing such condition, at least in vitro, on DC (Figure 3) and has been 

explored in animal models as a tool for the treatment of autoimmune diseases and 

prevention of transplant rejection (KLEIJWEGT et al., 2013; LAN et al., 2006). 

 

 
Figure 3: Immunogenic DC vs tolerogenic DC. Differents stimuli can engage differentiation of immature 
DC toward immunogenic of tolerogenic profile. Immunogenic DC are characterized by the ability to induce 
activation of T cells in order to stimulate an inflammatory response. On the other hand, tolerogenic DC can 
induce the differentiation of regulatory T cell (Tregs) in order to control inflammatory environments. 

 

The use of tolDC to prevent the development or to treat autoimmune disease is a 

particular interesting research field. Clinical trials have already been performed for T1D 

(GIANNOUKAKIS et al, 2011), rheumatoid arthritis (BELL et al., 2017; BENHAM et 

al., 2015), multiple sclerosis (MS) (clinicaltrials.gov identifier: NCT02283671 and 



 

NCT02618902) and Crohn’s disease (JAUREGUI-AMEZAGA et al., 2015). The first 

phase I clinical trial with tolDC was performed by Giannoukakis et al. 

(GIANNOUKAKIS et al, 2011) in patients with T1D. In this trial, autologous DC were 

treated with antisense oligonucleotides for CD40, CD80 and CD86. And, even though no 

clinical improvement was reported, infusion of these tolDC was safe and well tolerated 

with no adverse effects reported by the patients. A second phase I study with tolerogenic 

DC was performed by Benham et al. in patients with rheumatoid arthritis in which tolDC 

were generated by the use of “signal inhibitor” of the nuclear factor kappa B (NF-kB) 

transcription factor (BENHAM et al., 2015). In this study, tolDC were pulsed with four 

citrullinated peptides, called Rheumavax, and reduction in effector T cell frequency with 

concomitant increase in Tregs frequency were observed. In the study performed by 

Jauregui-Amezaga et al., tolDC were administered intraperitoneally to Crohn’s disease 

patients in different doses and time points. Again, no adverse effects were observed in 

the patients and decrease in the Crohn’s Disease Activity Index (CDAI), Crohn's Disease 

Endoscopic Index of Severity (CDEIS) with increase in the numbers of circulating Tregs 

were observed. 

Before the use in clinical trials tolDC have been studied in mouse models to 

prevent the onset of, for example, T1D in NOD mice (FERREIRA et al., 2014; MA et al., 

2003; TAI et al., 2011). Both, genetically modified mice, expressing HLA-DQ8 on 

antigen-presenting cells and the human co-stimulatory molecule B7.1 on the islet-beta 

cells, which develop spontaneous diabetes and NOD mice, when treated with bone 

marrow-derived DC (BMDC) differentiated in the presence of IL-10, displayed reduced 

insulitis, increased numbers of Tregs in the spleen, suppression of diabetogenic T 

lymphocytes and did not develop T1D (TAI et al., 2011). It is worth noting that other 

treatments can also drive DC to a tolerogenic phenotype: immature GMDC from NOD 

mice, which have been shown to have higher CD80 and CD86 content compared to wild-

type mouse BMDC, when treated with VitD3 displayed immunosuppressive properties 

(FERREIRA et al., 2014). 

Although different methods were used for the generation of tolDC in the clinical 

trials tested so far, no adverse effects were observed, what, by itself, is already a positive 

observation. Thus, it is so far unclear, to what extent differences in methodology can 

change the effectiveness of the cells or can potentiate their beneficial effects. A common 

feature that seems to be shared by most of the tolDC tested is their ability to increase 

Tregs frequencies in the peripheral blood of the patients. However, each disease has its 



 

own course, and this needs to be taken into consideration. For example, the window to 

treat T1D patients is tight and difficult to reach, since, normally, by the time of diagnosis, 

about 80% of the pancreatic islets have been already destroyed (KLINKE, 2008) and the 

tolDC-based therapy would not restore pancreatic islets.  

Perhaps, the use of tolDC-based therapy in T1D would be more beneficial to 

prevent islet rejection, in the context of therapeutic transplantation. Although many 

studies in rodents have shown promising results with transfusion of modified tolerogenic 

DC in pancreatic islet transplantation models (HUANG et al., 2010; SUN et al., 2012; 

THOMAS et al., 2013; YANG et al., 2008), to date, no clinical trial results have been 

reported  describing the effectiveness of tolDC in pancreatic islet transplantation or any 

other transplantation in humans. A study in primates, however, was able to demonstrate 

a significant increase in mean graft survival when VitD3 and IL-10 modified tolDC were 

administered seven days prior to kidney transplantation together with CTLA4-Ig 

(CD80/CD86 inhibitor), administered for a period of 2 or 9 weeks (EZZELARAB et al., 

2013). These and other data in the literature highlight the potential of tolDC, both in 

transplantation and for the treatment of autoimmune diseases (OCHANDO et al., 2019). 

 

1.4. Overview of metabolic pathways 

Energy is necessary to execute any function, either in a complex organism or at a 

cellular level. Cells are constantly breaking down molecules to produce energy (a process 

called catabolism) or synthesizing molecules to either be stored or used immediately (a 

process called anabolism). Energy inside the cell is stored, mainly, in the form of 

adenosine triphosphate (ATP), which is constantly produced by the cell, mostly via two 

metabolic pathways: glycolysis and oxidative phosphorylation (OXPHOS). Glycolysis 

produces a limited amount of ATP but, in the presence of oxygen, it can fuel OXPHOS, 

via the tricarboxylic acid (TCA) cycle (MOOKERJEE et al., 2017), thus generating many 

more ATP molecules. The TCA cycle generates the reducing molecules, nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which serve as 

electron donors to the electron transport chain, fueling OXPHOS (PEARCE; PEARCE, 

2013). Glycolysis is, of course, not the only metabolic pathway capable of fueling the 

TCA cycle. Other catabolic pathways like fatty acid oxidation (FAO) and glutaminolysis 

are also able to do so. Apart from catabolic pathways, anabolic pathways, like 

glycogenolysis, fatty acid synthesis and pentose phosphate pathway (PPP) are also 



 

important in cells to regulate the bioenergetic status manage nutrients (O'NEILL; 

KISHTON; RATHMELL, 2016) (Figure 4). 

 

 
Figure 4: Overview of metabolic pathways. Frequently used metabolic inhibitors are indicated in red. 2-
DG, 2-deoxy-D-glucose; ACC, acetyl-CoA carboxylase; αKGDH, α-ketoglutarate dehydrogenase; CoA, 
coenzyme A; CPT1, carnitine palmitoyltransferase 1, CTP, citrate transport protein; DHAP, 
dihydroxyacetone phosphate; DON, 6-Diazo-5-oxo-L-norleucine; ENO1, enolase 1; F1,6biP, fructose 1,6 
biphosphate; F5P, fructose 5 phosphate; F6P, fructose 6 phosphate; FASN, fatty acid synthase; G6P, 



 

glucose 6 phosphate; G6PDH, glucose 6 phosphate dehydrogenase; GA3P, glyceraldehyde 3 phosphate, 
GLUT1, glucose transporter 1; HK-II, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate 
dehydrogenase A; MPC1, mitochondrial pyruvate carrier 1; NADPH, nicotinamide adenine dinucleotide 
phosphate; PDH, pyruvate dehydrogenase PDK1-4, pyruvate dehydrogenase kinase 1-4, PEP, 
phosphoenolpyruvate; PFK1, phosphofructokinase-1; PKM2, pyruvate kinase isozyme M2; R5P, ribose 5-
phosphate; SDH, succinate dehydrogenase; TOFA, 5-(Tetradecyloxy)-2-furoic acid. 

Glycolysis starts with the uptake of glucose from the extracellular space via 

specific glucose transporters (GLUT) that can be found in many isoforms, among which, 

GLUT1 is the main isoform expressed by immune cells(KNOTT; FORRESTER, 1995). 

Once inside the cells, glucose is rapidly phosphorylated into glucose 6-phospate (G6P), 

a process catalyzed by hexokinase (HK) that consumes ATP instead of producing it. A 

series of enzymatic reactions takes place in the cytosol to break down G6P and, 

ultimately, produce pyruvate that can either be reduced to lactate by lactate 

dehydrogenase (LDH) or carried into the mitochondria, by mitochondrial pyruvate carrier 

(MPC). Inside the mitochondria, pyruvate is converted to Acetyl-CoA that fuels the TCA. 

Glycolysis is a relatively poor pathway, for the production of ATP, since it produces only 

two molecules of ATP for each molecule of glucose. However, glycolysis is important 

to: (1) reduce NAD+ to NADH, which is a cofactor for a series of enzymes; (2) provide 

biosynthetic intermediates, like G6P, for nucleotides (via PPP), 3-phosphoglycerate, for 

aminoacids (via the serine biosynthetic pathway) and citrate, derived from pyruvate in 

the TCA cycle, for fatty acids (DOMÍNGUEZ-AMOROCHO et al., 2019; O'NEILL; 

KISHTON; RATHMELL, 2016).  

Experimentally, it is possible to inhibit glycolysis with 2-deoxy-d-glucose (2-DG) 

which is an analogous of glucose that is phosphorylated by HK, but whose end product, 

2-deoxyglucose-phosphate (2-DG-P) cannot be used in the following steps of glycolysis, 

resulting in accumulation of 2-DG-P and inhibition of HK (SEO; CROCHET; LEE, 

2013). The oxidation of glucose can be also blocked by a compound called UK-5099, 

which inhibits the activity of MPC, thus preventing the entrance of glucose-derived 

pyruvate into the mitochondria. 

The PPP is a metabolic pathway that takes place in the cytosol and it is an offshoot 

of glycolysis. In the first step of PPP, G6P is dehydrogenated by glucose-6-phosphate 

dehydrogenase, generating 6-phosphogluconolactone. This molecule enters an oxidative 

branch of PPP that generates 2 equivalents of nicotinamide adenine dinucleotide 

phosphate (NADPH), which can be used for FAS, and ribulose-5-phosphate. This latter 

molecule may enter the non-oxidative branch of PPP, that starts with its conversion to 

ribose-5-phosphate (R5P), by the ribose-5-phosphate isomerase. R5P can serve as 



 

substrate for the generation of 5-phosphoribosyl-1-pyrophosphate (PRPP) a key 

intermediate in the nucleotide biosynthesis, required for de novo  synthesis of purine and 

pyrimidine nucleotides (BHAGAVAN; HA, 2015). Additionally, when G5P is in excess, 

ribulose-5-phospate can be converted to glyceraldehyde-3-phospahte (GA3P) or fructose-

6-phosphate (F6P), refueling glycolysis.  

In the FAO pathway fatty acids are converted into Acetyl-CoA that can be used, 

in the TCA, to generate NADH and FADH2. The FAO pathway can be divided into two 

steps: the first one is the activation of the fatty acids that occurs in the cytosol; the second 

step is the b-oxidation and occurs inside the mitochondria. The activation step is the 

formation of a fatty acyl-CoA, a reaction catalyzed by acyl-CoA synthases, located in the 

outer membrane of the mitochondria. Short-chain fatty acyl-CoA, defined as having less 

than six carbons in the aliphatic tail, can diffuse into the mitochondria, while medium and 

long chain fatty acyl-CoA need to be conjugated with carnitine by the action of carnitine 

palmitoyl transferase I (CPT1). Once carnitine-conjugated fatty acyl-CoA are inside the 

mitochondrial matrix, CPT2 is responsible for the removal of carnitine, which is 

transferred back to the cytosol via carnitine-acylylcarnitine translocase. The next step in 

FAO is the oxidation of the acyl-CoA located at the b carbon of the molecule, the so 

called b-oxidation. This step involves the sequential action of 4 enzymes: acyl-CoA 

dehydrogenase, enoyl-CoA hydratase, b-hydroxyacyl-CoA dehydrogenase and 3-

ketoacyl-CoA thiolase culminating with the production of acetyl-CoA, which can, now, 

fuel the TCA cycle to generate NADH and FADH2, electron donors in the electron 

transport chain of OXPHOS (BHAGAVAN; HA, 2010; O'NEILL; KISHTON; 

RATHMELL, 2016). Experimentally, FAO can be partially blocked with etomoxir, a 

molecule that binds irreversibly to CPT1, thus preventing the entrance of fatty acyl-CoA 

in the mitochondria. 

Cells synthesize lipids by the FAS pathway, generating lipids needed for cell 

growth and proliferation. De novo synthesis of fatty acids takes place in the cytosol and 

has as the rate limiting enzyme the acetyl-CoA carboxylase (ACC). ACC is the enzyme 

responsible for the conversion of acetyl-CoA into malonyl-CoA. In this process, an 

important regulator of the ACC is citrate, that is deviated from the TCA to the cytosol via 

the mitochondria citrate transport (CTP) protein. Citrate is important for the FAS pathway 

for two reasons: (1) it binds to ACC promoting the assembly of its active polymeric form 

from its inactive protomer; (2) it provides carbon atoms for the FAS pathway by the 



 

cytosolic generation of acetyl-CoA (citrate shuttle). The cytosolic acetyl-CoA is 

originated from the cleavage of citrate into acetyl-CoA and oxaloacetate by the action of 

ATP citrate lyase. The citrate shuttle is the main provider of cytosolic acetyl-CoA, since 

it cannot be transported from the mitochondria. After citrate is converted to acetyl-CoA 

in the cytosol, the polymeric ACC, whose assembly also depends on citrate,  catalyzes 

the conversion of acetyl-CoA into malonyl-CoA which is then elongated by fatty acid 

synthetase (FASN), in a NADPH-dependent manner, producing mainly palmitate, a C16 

fatty acid. Elongation of palmitate can occur in endoplasmic reticulum or in the 

mitochondria to generate long-chain fatty acids (LCFA) with C18, C20, C22 and C24 

molecules. LCFA can be classified as monounsaturated (MUFA) or polyunsaturated 

(PUFA), depending on the number of double bonds between their carbon atoms. Malonyl-

CoA is also an inhibitor of CPT1, a phenomenon that balances FAO and FAS in the cell. 

FAS can be blocked using a compound called C75, which inhibits FASN activity, thus 

preventing the synthesis of fatty acids from malonyl-CoA (BHAGAVAN; HA, 2010; 

BLANCO, 2017; O'NEILL; KISHTON; RATHMELL, 2016) 

Another way cells can fuel the TCA cycle is via glutaminolysis, the process by 

which cells convert glutamine into TCA cycle metabolites. Initially glutamine is 

converted in glutamate, catalyzed by the enzyme glutaminase (GLS). Glutamate is, then, 

converted to a-ketoglutarate by the action of glutamate dehydrogenase enzyme and a-

ketoglutarate can serve as an anaplerotic source to TCA cycle(YANG; VENNETI; 

NAGRATH, 2017). Glutaminolysis can be prevented by treating cells with a GLS 

inhibitor, like Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES). 

Glutamine metabolism seems to be especially important in tumor cells because they 

undergo a metabolic reprogramming that renders them highly dependent on 

glutaminolysis, believed to be mainly via the activation of the proto-oncogene c-MYC 

that increases the expression of high-affinity glutamine importers, like sodium-dependent 

neutral amino acid transporter type 2 (SLC1A5) (WISE et al., 2008). 

 

1.5. Metabolic pathways in DC 

While in the late 1920s, Otto Warburg described a mechanism present in tumor 

cells that became known as the Warburg effect, in which cells, even in the presence of 

oxygen to perform oxidative phosphorylation, "preferred" to use the glycolytic pathway 

to generate ATP (WARBURG; WIND; NEGELEIN, 1927), the influence of metabolism 

on immune cell function has only recently began to be investigated in depth. The first 



 

reports of how metabolism could affect the immune cells functions date from the late 50’s 

(ALONSO; NUNGESTER, 1956) and early 60’s (OREN et al., 1963) showing 

differences in the metabolism of polymorphonuclear cells, basically by measurement of 

gas change in Warburg flasks or enzymatic activity. More recently, with advantage of 

more innovative techniques, it was possible to study in deep the changes orchestrated by 

metabolism in the function of immune cells.  

A large data in the literature has focused in the metabolic changes that occurs in 

immunogenic DC, leading to the consensus that activation of immunogenic DC is 

accompanied by, and dependent on, a switch from OXPHOS to glycolysis (BASIT et al., 

2018; EVERTS et al., 2012; 2014b; FLIESSER et al., 2015; JANTSCH et al., 2008; 

KRAWCZYK et al., 2010; MCKEITHEN et al., 2017; PANTEL et al., 2014; RYANS et 

al., 2017; THWE et al., 2017). It is becoming increasingly clear that immune cell 

activation and function, including that of DC, is coupled to, and underpinned by, profound 

changes in cellular metabolism (BUCK et al., 2017; O'NEILL; KISHTON; RATHMELL, 

2016). Immature DC predominantly use OXPHOS to obtain energy; however, when 

stimulated by Toll-like Receptor ligands (TLRs), such as LPS, these cells rapidly increase 

the glycolytic pathway by consuming more glucose, which acts to fuel the TCA. 

Increased glucose flow, in fact, provides TCA intermediates, especially citrate and 

isocitrate, which are diverted to other pathways (such as FAS) (EVERTS et al., 2014b; 

KRAWCZYK et al., 2010). Recently, it was demonstrated that glycogen-derived carbon 

is used during this initial increase in the glycolytic pathway for citrate synthesis and that 

much of the extracellular glucose captured by DC is rapidly converted to 

glycogen(THWE et al., 2017). These modulations that occur in LPS-activated DC appear 

to be at least partially dependent on hypoxia inducible factor 1-alpha (HIF1a), since the 

silencing of this transcription factor was able to decrease the expression of the glucose 

transporters, such as GLUT-1, CD86 and the ability of these cells to stimulate the 

proliferation of T lymphocytes (JANTSCH et al., 2008). Additionally, long term LPS 

stimulation, increased the expression of mechanistic target of rapamycin (mTOR) which 

demonstrated to be important to stabilize HIF1a and sustain glycolytic activity in DC, 

with significant increasing expression of MHC II, CD80, CD86 and CD40 (GUAK et al., 

2018). 

While the metabolic basis of immunogenic DC is being largely explored, the 

metabolic alterations that drives tolerogenicity in DC are just starting to be unveiled 

(Figure 5). The generation of tolDC from monocytes in the presence of rapamycin, a 



 

mTORC1 inhibitor (FISCHER et al., 2009), provided one of the first indications that 

blocking anabolic metabolism could favor acquisition of a tolerogenic phenotype in DC. 

Supporting this information, two recent studies aimed to characterize the metabolic 

properties of human mo-DC rendered tolerogenic with VitD3 alone (FERREIRA et al., 

2015) or together with Dex (MALINARICH et al., 2015), and reported increased 

mitochondrial activity evidenced by heightened OXPHOS. In the latter study acquisition 

of tolerogenic phenotype by the DC was partly dependent on increased FAO 

(MALINARICH et al., 2015). Interestingly, VitD3-DC displayed increased 

mTOR/HIF1α-dependent glycolysis (FERREIRA et al., 2015) and this increased 

glycolysis was functionally relevant, since several markers of a tolerogenic phenotype 

(i.e. reduced expression of costimulatory molecules CD86 and CD80 and increased 

production of IL-10) was lost by VitD3-DC treated with 2-DG(FERREIRA et al., 2015). 

Additionally, glycolysis inhibition limited their ability to suppress CD4+ T cell 

proliferation. These cells showed an increased AMP-activated protein kinase (AMPK) 

activation (FERREIRA et al., 2015) and elevated glucose carbon tracing into the TCA 

cycle(VANHERWEGEN et al., 2018), suggesting that this increased glycolytic flux, in 

contrast to immunogenic DC, may primarily serve a catabolic role by fueling 

mitochondrial OXPHOS.  

Consistent with these human DC data, a in vivo study focusing on the metabolic 

properties of DC in tumors (ZHAO et al., 2018), a microenvironment that is a well-known 

to promote tolDC (RAMOS et al., 2012), revealed that these cells displayed increased 

FAO-dependent OXPHOS. This metabolic shift as well as IDO activity was driven by 

tumor cell-derived Wnt5a and it was dependent on b-catenin and peroxisome proliferator-

activated receptor-g (PPAR-g) signaling. Importantly, blocking FAO in DC, abolished the 

increased Wnt5a-enhanced IDO activity as well as the induction of FoxP3+ peripheral 

Treg (pTreg) differentiation leading to enhanced anti-tumor immunity in vivo. 

Interestingly, a similar b-catenin-PPAR-g dependent pathway is required for the 

maintenance of tolDC in visceral adipose tissue (MACDOUGALL et al., 2018). This, 

together with the findings that tolDC in mucosal tissues depend on PPAR-g signaling for 

ALDH expression and activity (HOUSLEY et al., 2009; KHARE et al., 2015), points 

towards a crucial role for PPAR-g in supporting tolerogenic properties of DC. However, 

to what extent these PPAR-g-driven effects are mediated by controlling lipid metabolism 

remains to be determined. 



 

 

 

 
Figure 5: Metabolic characteristics of immunogenic and tolerogenic DC. Metabolic pathways and upstream 
signaling pathways regulating immunogenic (A) and tolerogenic (B) responses are indicated in red and black, 
respectively. Adenosine triphosphate (ATP); AMP-activated protein kinase (AMPK); carnitine palmitoyl transferase 
1A (CPT1A); fatty oxidation (FAO); fatty synthesis (FAS); hypoxia inducible factor 1-alpha (HIF1a); mechanistic 
target of rapamycin complex 1 (mTORC1); oxidative phosphorylation (OXPHOS); peroxisome proliferator-activated 
receptor-g (PPAR-g); tricarboxylic acid (TCA); sirtuin-1 (SIRT1). Adapted from Patente et al. 2019. 
 
 

A switch from OXPHOS towards aerobic glycolysis was observed in sirtuin-1 

(SIRT1)-deficient DC by stabilization of HIF1α. As consequence, peripheral Treg 

(pTreg) differentiation was redirected towards Th1 priming T cells by enhanced IL-12 

production and reduced TGF-b secretion by DC (LIU et al., 2015), providing further 

support for a key role in catabolic/oxidative metabolism in pTreg induction by DC. 

AMPK has a key role in promoting this type of metabolism and one could speculate that 

this kinase might be important in DC-driven induced Treg (iTreg) and pTreg polarization. 

The fact that SIRT1 can promote the activation of AMPK, through deacetylation of liver 

kinase B1 (LKB1) (CHEN et al., 2015), and that VitD3-treated human DC showed 

increased AMPK activation (FERREIRA et al., 2015), would be consistent with this idea 

and warrants a more direct assessment of the role of AMPK signaling in regulating the 

tolerogenic properties in DC. 

 

1.6. AMPK: one metabolic sensor of the cells 

Inside the cells, energy is measured by the levels of ATP produced, mainly, within 

the mitochondria. If ATP levels are low, catabolic process are triggered in order to break 

down molecules and uptake nutrients to restore the intracellular levels of ATP. In this 

sense, a protein that senses when ATP is low is crucial for the maintenance of cellular 

functions and homeostasis. The main sensor of cellular energy status, is AMPK which 

has the ability to sense increases in the AMP:ATP or ADP:ATP ratios and restores energy 



 

homeostasis by inhibiting anabolic pathways that consumes ATP and promoting catabolic 

pathways that will have as end consequence the generation of ATP (GARCIA; SHAW, 

2017). 

AMPK is a heterotrimeric protein composed by an a-subunit, with catalytic 

activity, and a b- and g-subunits with regulatory functions. All the subunits have more 

than one isoforms: (1) a1 and a2 subunits, encoded by the genes PRKAA1 and PRKAA2; 

(2) b1 and b2 subunit, encoded by the genes PRKAB1 and PRKAB2 (THORNTON; 

SNOWDEN; CARLING, 1998); g1, g2 and g3 subunits, encoded by the genes PRKAG1 

and PRKAG2 and PRKAG3 (CHEUNG et al., 2000). The AMPK complex is composed 

of one subunit of each and all the combinations can be found. The a-subunit is the most 

important one, since it contains the kinase domain and a threonine 172 (Thr172) residue 

that can be phosphorylated by LKB1 (HAWLEY et al., 2003) and calcium/calmodulin-

dependent kinase kinase 2 (CAMKK2) (HAWLEY et al., 2005), the two main upstream 

kinases that activates AMPK. 

The activation of AMPK can be regulated by a canonical nucleotide-dependent 

and a non-canonical nucleotide-independent mechanism (GARCIA; SHAW, 2017; 

HARDIE; ROSS; HAWLEY, 2012). In the canonical nucleotide-dependent regulation 

process, changes in AMP:ATP or ADP:ATP ratio promotes the binding of AMP or ADP 

to the g-subunit of AMPK, which by itself promotes an allosteric activation of AMPK, 

especially the binding of AMP(GOWANS et al., 2013). AMP or ADP binding to the g-

subunit of AMPK also induces the phosphorylation of Thr172 by LKB1 (HAWLEY et 

al., 2003) and drives a conformational change in AMPK, protecting it from phosphatases 

actions, thus creating an activation loop (GOWANS et al., 2013; XIAO et al., 2011). On 

the other hand, the non-canonical nucleotide-independent regulation involves a series of 

cellular alterations that culminates with the phosphorylation of AMPK. Hormones and 

stress can induce increased levels in intracellular Ca2+ which induce the phosphorylation 

of Thr172 in AMPK by CAMKK2 (HAWLEY et al., 2005). Other mechanisms have been 

reported to also induce the activation of AMPK such as: (1) phosphorylation of AMPK 

in different sites by other kinases, like phosphorylation of Ser485 by cyclic-AMP-

dependent protein kinase (PKA) in AMPKa1; (2) the localization of AMPK to the 

cellular membrane; (3) indirect (by increasing AMP levels) or direct activation by 

reactive oxygen species (ROS) and (4) DNA-damaging drugs that activate AMPK in a 



 

LKB1-independent manner (revised in (GARCIA; SHAW, 2017; HARDIE; ROSS; 

HAWLEY, 2012)). 

 

 
Figure 6: AMPK activation in mammalian cells. Canonical and non-canonical pathways can activate 
AMPK, mainly altering the AMP/ADP:ATP ratio. However, increases in Ca2+ concentration, localization 
of AMPK within the cells, redox status and DNA-damage drugs might activate AMPK that has as main 
characteristic the activation of catabolic processes while inhibiting anabolic processes. Adapted from 
Garcia, D. and Shaw, R.J., Molecullar Cell, 2017 

 

As already discussed, AMPK activation has as main goal, the restoration of energy 

homeostasis, by promoting the generation of ATP, via catabolic pathways, and preventing 

the consumption of ATP by inhibiting anabolic pathways. As consequence, AMPK 

activation has a direct impact in the overall cellular metabolism affecting lipid, glucose 

and protein metabolism. Additionally, AMPK activation has an important role in 

regulating mitochondria dynamics: promoting mitochondrial biogenesis, fission and 

mitophagy. This apparently contradictory effects of AMPK, promoting mitophagy and 

mitochondrial fission while promoting, also, mitochondrial biogenesis, suggests that 

AMPK favors the segregation of damaged and dysfunctional mitochondria and, at the 

same time, induces the synthesis of new mitochondria to replace the mitochondrial mass, 

lost by mitophagy (GARCIA; SHAW, 2017; HARDIE; ROSS; HAWLEY, 2012). 



 

AMPK promotes glucose uptake by phosphorylating the thioredoxin interacting 

protein (TXNIP) (WU et al., 2013a), TBC1 domain family member 1 (TBC1D1) 

(PEHMØLLER et al., 2009) and histone deacetylase 5 (HDAC5) (MCGEE et al., 2008) 

and therefore, by different mechanisms, increasing GLUT1 (TXNIP) and GLUT4 

(TBC1D1 and HDAC5) translocation to the membrane, and, thus, glucose uptake, leading 

to the normalization of AMP:ATP ratio (WU et al., 2013b). AMPK is also a central 

regulator of lipid metabolism, since it promotes the phosphorylation of ACC1 and ACC2 

leading to inhibition of FAS and promotion FAO by an indirect activation of CPT1, since 

the production of malonyl-CoA, inhibitor of CPT1, is reduced (O'NEILL; KISHTON; 

RATHMELL, 2016; PEARCE; PEARCE, 2017; WANG et al., 2016). Protein 

metabolism, which is largely regulated by mTOR, especially mTORC1 (JONES; 

PEARCE, 2017), is also affected by AMPK, since it can inhibit mTORC1 activity by two 

different mechanisms: (1) phosphorylation and activation of upstream mTORC1 inhibitor 

tuberous sclerosis 2 (TSC2) (INOKI; ZHU; GUAN, 2003) and (2) phosphorylation with 

consequent inhibition of the regulatory-associated protein of mTOR (Raptor) (GWINN 

et al., 2008), a scaffold subunit of mTORC1 that recruits downstream substrates. AMPK 

has also been linked with the direct phosphorylation of eukaryotic elongation factor 2 

kinase (eEF2K) (LEPRIVIER et al., 2013), a negative protein elongator that is inhibited 

by mTORC1 (FALLER et al., 2014), reinforcing the importance of correct balance of 

these two important metabolic sensors and further demonstrating how these two proteins 

work, counteracting the actions of each other. 
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6. CONCLUSIONS 

 

• Metabolic reprogramming induced by VitD3 in diabetic patients’ 

monocytes is different from that induced in healthy donors’ monocytes; 

 

• Extracellular glucose levels had little effect upon VitD3-induction of 

functional tolDC in both T1D patients and healthy donors; 

 

• Blood DC from T1D patients are more glycolytic and are characterized by 

higher secretion of TNF-a, which might indicate that these cells have a 

pro-inflammatory phenotype. 

 

• VitD3, RA and Dex induce different metabolic changes in tolDC, which 

are, however, are equally capable to induce functional suppressive T cells; 

 

• VitD3 treated DC were affected by extracellular glucose levels, which had 

no effect on RA- and Dex-induced DC; 

 

• AMPK is required for various immunosuppression-related in vivo and in 

vitro activities of RA-DC, but not for VitD DC and Dex-DC, though its 

activity was also elevated on Vit DC; 

 

• LCFA pathway might be a common feature for VitD3-, RA- and Dex-

induced tolDC; 
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