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ABSTRACT 

PATENTE, TA. Metabolic Regulatory Pathways in Tolerogenic Bias Dendritic Cells. 
2019. 181 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. 

  



 
 

RESUMO 

PATENTE, TA. Vias de Regulação Metabólicas em Células Dendríticas com Viés 
Tolerogênico. 2019. 181 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. 
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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 
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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 
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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 
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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 



Introduction 
 

36 

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 
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(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-
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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 
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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. Different 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 
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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, 
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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). 
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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. 
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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, 
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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 
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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 
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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 
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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. 
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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 
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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)). 
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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) 
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(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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2. OBJECTIVES 

2.1. General Objective 

This project had mainly two objectives: (1) to investigate how glucose levels 

modulate the metabolism and functional properties of human mo-DC, rendered 

tolerogenic in the presence of VitD3 in healthy donors and in type 1 diabetic patients; (2) 

to investigate the role AMPK in the tolerogenic properties of tolDC induced by RA, Dex 

and VitD3 treatments. 

 

2.2. Specific Objectives 

 

• Part I: Characterization of tolDC from type 1 diabetic patients and healthy 

donors 

o Compare metabolic and immunological properties of mo-DC from 

healthy donors and type 1 diabetic patients differentiated either in 

the presence or absence of VitD3; 

 

o Establish the role of extracellular glucose levels on mo-DC 

phenotype and functions.  

 

• Part II: The role of AMPK in the tolerogenic properties of DC 

o Compare metabolic and immunological properties of human and 

mouse DC rendered tolerogenic by VitD3, RA and Dex 

 

o Establish role of extracellular glucose levels on human tolDC 

phenotype and function 

 

o Establish the role of AMPK in the tolerogenic function of human 

and mouse DC 

 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. MATERIAL AND METHODS 
______________________________________________________________________ 
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3. MATERIAL AND METHODS 

3.1. Patients 

The study comprises 26 healthy donors with no history of T1D or T2D in the 

family and 37 patients with T1D for over 10 years were recruited from the 

diabetes/endocrinology department of the university hospital from University of São 

Paulo. T1D was diagnosed following hyperglycemia, positive autoantibodies (islet cell 

antibodies [ICA], glutamic acid decarboxylase [GAD] or tyrosine phosphatase-like 

insulinoma antigen 2 [IA-2]) and undetectable C-peptide or ketoacidosis. All patients are 

under permanent insulin treatment initiated at diagnosis or within 6 months of diagnosis. 

HbA1c data are the average of the last 3 examinations performed by patients at the HC-

FMUSP outpatient clinic. 

The clinical characteristics of the patients are shown in Table 1. The average age 

of the patients was 37 years old with approximately 25 years of disease, 58.3% of them 

being female. It can be observed that these are poorly controlled patients, since the 

average HbA1c was 8.19% (ideal HbA1c value for T1D patients is approximately 7.5%) 

(REWERS et al., 2014). 

More than half of the patients did not present any microvascular complication, 

11.1% of the patients presented one complication, while 33.3% of the patients presented 

two complications. 

 

3.2. Mice 

Itgaxcre Prkaa1fl/fl (AMPKa1) (21124450) mice, transgenic mice with OVA-

specific CD4+ T cells (OT-II) and WT mice, all on a C57BL/6 background were 

purchased from The Jackson Laboratory and crossed, housed and bred at the LUMC, 

Leiden, The Netherlands, under SPF conditions. All animal experiments were performed 

in accordance with local government regulations and the EU Directive 2010/63EU and 

Recommendation 2007/526/EC regarding the protection of animals used for experimental 

and other scientific purposes as well as approved by the Dutch Central Authority for 

Scientific Procedures on Animals (CCD) (animal license number AVD116002015253). 
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Table 1 - Clinical Characteristics of diabetic patients. 
Characteristics Controls Patients p-value 
N 26 37  
Sex   0.74 

Female (%) 53.8 62.2  
Male (%) 46.1 37.8  

Age (years) 29 ± 5 38 ± 11 0.005 
Age at diabetes onset (years) - 13 + 10  
Duration of diabetes (years) - 25 ± 9  
HbA1c (%) - 8.08 ± 1.19  
Glycemia (mg/dL0 - 218 ± 123  
25 Hydroxytamina D (ng/mL) - 27 ± 6  
Systolic blood pressure (mmHg) - 120 ± 16  
Diastolic blood pressure (mmHg) - 76 ± 10  
HDL Cholesterol (mg/dL) - 60 ± 17  
LDL Cholesterol (mg/dL) - 100 ± 27  
Triglycerides (mg/dL) - 85 ± 44  
Total Cholesterol (mg/dL) - 179 ± 29  
ACE inhibitor treatment (%) - 9  
GFRe - 92 ± 27  
Diabetic nephropathy stages (%)    

Absence - 84.4  
Incipient - 6.2  
Established - 9.4  

Diabetic retinopathy stages (%)    
Absence - 56.2  
Non-Proliferative - 31.3  
Proliferative - 12.5  

Arterial Hypertension (%) - 24.2  
Cardivascular autonomic neuropathy (%)    

Absence - 79.4  
Incipient - 8.8  
Established - 11.8  

Peripheral neuropathy (%)    
Absence - 93.9  
Present - 6.1  
Results expressed as means ± SD. 
Statistics of quantitative parameters are student’s T test. 
Statistics of qualitative parameters are Chi Square test 
Arterial hypertension: systolic blood pressure (SBP) >140 mmHg and/or diastolic blood pressure 
(DBP) >90 mmHg or presence of antihypertensive medication and history of hypertension. ACE: 
angiotensin conversion enzyme; GFRe: estimated glomerular filtration rate; p≤0.05 is significant. 
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3.3. Differentiation of human monocyte-derived dendritic cells (mo-DC) – Results 

Part I 

Monocytes were isolated from venous blood and differentiated into mo-DC. In 

brief, blood was diluted 1: 2 in phosphate buffer saline (PBS) and placed on 12 mL of 

Ficoll to obtain mononuclear cells. The solution was centrifuged at 900 x g for 30 minutes 

at 18 ° C, without braking. Subsequently, the formed mononuclear cell layer was 

removed, placed in a new tube containing PBS, for further centrifugation at 300 x g for 

10 min. The cells were washed 2 more times at 250 x g for 10 min and monocytes were 

isolated using CD14 MACS beads (Miltenyi) according to the manufacturer’s 

recommendations, routinely resulting in a monocyte purity of >95% (Figure 7). 

Subsequently, 3x105/well of monocytes were cultured in 24 well plate in RPMI medium 

supplemented with 10% FCS, 100 U/mL of penicillin, 100 μg/mL streptomycin, 2 mM 

of glutamine and either 5.5 mM of glucose and 25 mM of glucose, equivalent to a 

normoglycemia (99mg/dL) or a hyperglycemia (450mg/dL). Cells were differentiated in 

the presence of 50 ng/mL human granulocyte macrophage-colony stimulation factor 

(GM-CSF – Peprotech USA) and 50 ng/mL of human interleukin-4 (IL-4 – Peprotech 

USA) to differentiate them into a homogeneous population of immature mo-DC; or cells 

were differentiated in the presence of  50 ng/mL GM-CSF, 50 ng/mL of IL-4 and 10-8 M 

of VitD3 (VitD DC). On day 6, immature DC were either stimulated with 100 ng/mL 

ultrapure LPS (mDC) or left untreated (iDC).  

 
Figure 7: Monocytes purity isolated by magnetic beads from PBMCs. 
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3.4. Differentiation of human mo-DC – Results Part II 

Monocytes were isolated from venous blood or buffy coat and differentiated into 

mo-DC. In brief, blood was diluted 1: 2 in Hanks’ Balanced Salt Solution (HBSS) and 

placed on 13 mL of Ficoll to obtain mononuclear cells. The solution was centrifuged at 

600 x g for 30 minutes at 18 ° C, without braking. Subsequently, the formed mononuclear 

cell layer was removed, placed in a new tube containing HBSS, for further centrifugation 

at 1000 rpm for 20 min. The cells were washed 2 more times at 1000 rpm for 20 min and 

monocytes were isolated using CD14 MACS beads (Miltenyi) according to the 

manufacturer’s recommendations, routinely resulting in a monocyte purity of >95%. 

Subsequently, 2x106/well of monocytes were cultured in 6 well plate in RPMI medium 

supplemented with 10% FCS, 100 U/mL of penicillin, 100 μg/mL streptomycin, 2 mM 

of glutamine, 10 ng/mL human rGM-CSF (Invitrogen) and 0.86ng/mL of human rIL4 

(R&D Systems) to differentiate them into a homogeneous population of CD14 low, 

CD1a+ mo-DC. On day 2/3 of the differentiation process, media was refreshed, and the 

same concentration of cytokines was added to the cells. On day 5, immature DC were 

either treated with 10-8 M of VitD3 (VitD DC), 1 μM of retinoic acid (RA DC), 1μM of 

dexamethasone (Dex DC) or left untreated. In some experiments, the tolerogenic 

compounds were added on day 0 and refreshed together with the cytokines on day 2/3. 

On day 6, immature DC were stimulated with 100 ng/mL ultrapure LPS (E. coli 0111 B4 

strain, InvivoGen, San Diego). In some experiments, at day 5, mo-DC were treated with 

10 μM ALDH inhibitor diethylaminobenzaldehyde (DEAB) (Stem Cell Technologies) 30 

minutes before treatment with RA. 

For a different set of experiments, mo-DC were generated as described before but 

with different glucose concentration in the medium, as stated in the Results section. 

 

3.5. Differentiation of mouse bone marrow-derived dendritic cells (GMDC) 

BM cells were flushed from femurs and the cells were differentiated in 20 ng/mL 

of GM-CSF (PeproTech) in media comprised of RMPI-1640 (Gibco) supplemented with 

5% FCS (Gibco), 25 nM β-mercaptoethanol (Sigma), 100 U/mL penicillin (Eureco-

pharma) and 100 µg/mL streptomycin (Sigma), for 8 days in 6-well plate wells, with a 

medium change on day 4. At day 6, GMDC were either treated with 10-8M of VitD3, 1 

μM of RA or left untreated. At day 7, GMDC were either left untreated or activated with 

100 ng/mL of LPS (ultrapure, InvivoGen). In some experiments, at day 7 GMDC were 
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pulsed with 100 µg/ml OVA (InvivoGen) and 100 ng/ml LPS (ultrapure, InvivoGen) for 

24 hours for further experiments. 

 

3.6. Immunological characterization of DC by flow cytometry 

After differentiation and maturation of DC under different conditions, both mo-

DC and GMDC were measured by flow cytometer to analyze the expression of surface 

markers. Approximately 1x105 cells were placed in 96 V bottom plates and centrifuged 

for 5 min at 1500 rpm at 4 o C. Each well then received specific antibodies at 

concentrations predetermined by titration experiments for the markers of interest: (1) for 

human mo-DC: anti-CD80, anti-CD83, anti-CD86, anti-CD40, anti-HLA-DR, anti-PD-

L1, anti-ILT-3, anti-CD103, anti-CD14, anti-LAP and Fixable Aqua Dead Cell Stain Kit 

(Invitrogen) (2) for GMDC: CD11c, CD11b, CD80, CD83, CD86, CD40, PD-L1 and 

Fixable Aqua Dead Cell Stain Kit (Invitrogen), The plate was then incubated for 20 min 

at 4 ° C and centrifuged. The cells were washed once with 200 µL of FACS buffer (PBS 

- phosphate buffered saline, pH = 7.2, 0.5% BSA, 2mM EDTA). After washing, the cells 

were resuspended in 30 µL of FACS buffer and analyzed by flow cytometer (FACS Canto 

II or FACS LSR) using FlowJo vX.0.7 software for analysis. For the detection of 

phosphorylated ACC Ser79 (pACC), cells were left to rest for 1 hour at 37o C and then 

immediately fixed for 10 minutes at RT using a 4% methanol-free formaldehyde solution 

(Polysciences). Then, cells were stained for 30min at 4 oC. The second round of staining 

included goat anti-rabbit-AF647 to detect the unconjugated rabbit anti-pACC Ser79. All 

samples were run on a FACSCanto II or BD LSR II and analyses using FlowJo (Version 

vX.0.7 TreeStar). 

 

3.7. Mitochondrial mass and membrane potential analysis 

After obtaining mo-DC, cells were removed from the plate and centrifuged at 300 

x g for 10 minutes and a control group was incubated at 37 ° C for 30 minutes with 100 

µM carbonyl cyanide m-chlorophenylhydrazone (CCCP). Then, all groups were 

incubated with 200 nM tetramethylrodamine ethyl ester ester (TMRE) and 200 nM 

MitoTracker Deep Red probe (Invitrogen) at 37 ° C for 30 minutes. In some experiments 

for mitochondrial mass, cells were incubated with 20 nM of MitoTracker Green 

(Invitrogen). After the incubation period, cells were centrifuged at 300 x g for 10 minutes 

and resuspended in PBS buffer. Cells were measured in FACS Canto II BD flow 

cytometer and analyzed in FlowJo vX.0.7 software. 
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3.8. Glucose uptake and neutral lipids analysis 

Cells were centrifuged at 300 x g for 10 minutes and incubated in RPMI for 30 

min at 37 ° C with 50 nM of 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose (2-NBDG - Invitrogen) for the analysis of glucose uptake. Additionaly, 

cells were incubated in PBS for 30 min at 37 ° C with 200 nM of bodipy (Invitrogen) for 

the analysis of neutral lipids content. After the incubation period, cells were centrifuged 

at 300 x g for 10 minutes, resuspended in PBS buffer and measured in FACS Canto II 

BD flow cytometer and analyzed in FlowJo vX.0.7 software. 

 

3.9. Retinaldehyde dehydrogenase Activity 

The ALDH activity was performed with Aldefluor kit (Stemcell Technologies) 

according to manufacturer’s protocol. Briefly, cells were harvested, transferred to a V 

bottom 96 well plate, washed in PBS, stained with Fixable Aqua Dead Cell Stain Kit 

(Invitrogen) for 15 min at RT and then resuspended in 200 µL of assay buffer. 3 uL (end 

concentration of 45 µM) of ALDH inhibitor DEAB was added to an empty well. Next, 1 

µL (1.83 µM) of aldefluor reagent was added to the well with the cells and immediately 

homogenized and transferred to the well containing DEAB. Samples were incubated for 

30 min at 37o C. In some experiments, after the staining with aldefluor, samples were 

stained with mix of antibodies diluted in assay buffer and kept in assay buffer until the 

measurement. All samples were run on a FACSCanto II or BD LSR II and analyzed using 

FlowJo (Version vX.0.7 TreeStar). 

 

3.10. Intracellular cytokine detection on GMDC 

After 8 day of differentiation, approximately 1x105 immature GMDC were plated 

in a 96 well flat bottom plate and activated for 6 hours with 100 ng/mL of LPS (ultrapure, 

InvivoGen) in the presence of brefeldin A. Subsequently, cells were stained with Fixable 

Aqua Dead Cell Stain Kit (Invitrogen) for 15 min at RT, fixed with 1.9% formaldehyde 

(Sigma-Aldrich), permeabilized with permeabilization buffer (eBioscience) and stained 

with anti-IL-6, anti-IL-12, anti-IL-10. Approximately 1x105 GMDC activated with LPS 

for 24 hours were also fixed with 1.9% paraformaldehyde (Sigma-Aldrich), 

permeabilized with permeabilization buffer (eBioscience) and stained with anti-iNOS. 

All samples were run on a FACSCanto II or BD LSR II and analyzed using FlowJo 

(Version vX.0.7 TreeStar). 
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3.11. Coculture of mo-DC with J558 CD40L-expressing B cells 

After harvesting and counting of mo-DC, 1x104 cells were cocultured with 1x104 

CD40L-expressing J558 cells and supernatants were collected after 24 hours to detect the 

presence of IL-10 and IL12p70 by ELISA (both by BD Bioscience). 

 

3.12. Human T cell proliferation assay 

CD3+ T lymphocytes were isolated by negative selection using magnetic beads 

(Miltenyi Biotec Inc.) from PBMCs obtained from healthy donors. After isolation, 

lymphocytes were incubated in PBS buffer containing 0.5% BSA and 10 µM of 

carboxyfluorescein succinimidyl ester (CFSE). Incubation was performed at 37 ° C in the 

dark for 15 min. Cells were then washed 2 times with PBS and T lymphocytes (at a 

concentration of 1x105/well) were co-cultured with allogeneic mo-DC for a period of 5 

days at a ratio of 30 (LT): 1 (DC ). At the end of the co-culture period, lymphocytes were 

labeled with anti-CD3, anti-CD4, anti-CD8, anti-CD25 fluorescent antibodies. Cells were 

measured on a FACS LSR FortessaX20 BD and analyzed using the FlowJo vX.0.7 

software for analysis. 

 

3.13. Cytometric beads assay (CBA) 

Supernatants from mo-DC cultures were evaluated for the presence of cytokines 

IL-8, IL-1b, IL-6, TNF-a, IL-12p70 and IL-10 by CBA (BD cat # 551811). Briefly, 

supernatants and cytokine standards from the commercial kit were incubated with capture 

microspheres coated with specific antibodies for the respective cytokines and 

phycoerythrin (PE) labeled detection antibody. After 3h of incubation in the dark at room 

temperature, 1 mL of the wash solution was added, and the material was centrifuged for 

5 min at 200 x g. The supernatants were discarded, and the pellet resuspended in 300 µL 

of wash solution. Cytokine detection was performed using a flow cytometer (FACSCanto 

II) and results were analyzed using the software BD FCAP Array v3.0.1. 

 

3.14. Human T-cell culture and analysis of T-cell polarization 

For analysis of T-cell polarization, mo-DC were cultured with allogenic naive 

CD4+ T cells for 7 days in the presence of staphylococcal enterotoxin B (10 pg/mL). On 

day 7, cells were harvested and transferred to a 24 well plate and cultured in the presence 

of rhuIL-2 (10 U/mL, R&D System) to expand the T cells. Two days later, 2x 

concentrated rhuIL-2 was added to the well and cells were divided into 2 wells. Then, 2/3 
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days later, intracellular cytokine production was analyzed after restimulation with 100 

ng/mL phorbol myristate acetate (PMA) and 1μg/mL ionomycin for a total 6h; 10 μg/mL 

brefeldin A was added during the last 4 h. Subsequently, the cells were stained with 

Fixable Aqua Dead Cell Stain Kit (Invitrogen) for 15 min at RT, fixed with 1.9% 

formaldehyde (Sigma-Aldrich), permeabilized with permeabilization buffer 

(eBioscience) and stained with anti-IL-4, anti-IL-13, anti-IL-10, anti-IL-17A, anti-IFN-g 

for 20 min at 4 oC. All samples were run on a FACSCanto II or BD LSR II and analyzed 

using FlowJo (Version vX.0.7 TreeStar). 

Alternatively, 1x105 T cells were restimulated using anti-CD3 and anti-CD28 

(both BD Biosciences). 24 h after restimulation, supernatants were collected, and IL-10 

production by T cells was measured by ELISA (BD Bioscience). 

 

3.15. Human FoxP3 intracellular detection 

For analysis of human FoxP3 T cells, mo-DC were cultured with allogenic naive 

CD4+ T cells for 11 days in the presence of staphylococcal enterotoxin B (10 pg/mL). 

On day 6 and 8, rhuIL-2 (10 U/mL, R&D System) was added to expand the T cells. Cells 

were stained with Fixable Aqua Dead Cell Stain Kit (Invitrogen) for 15 min at RT, fixed 

with FoxP3/Transcription Factor Staining Buffer Set (Invitrogen, for FoxP3 detection) 

for 1 hour at 4 oC. Then, cells were washed twice with permeabilization buffer 

(eBioscience) and stained with anti-CD3, anti-CD4, anti-CD25, anti-CD127, anti-FoxP3, 

anti-CTLA4, anti-LAP. All samples were run on a FACSCanto II or BD LSR II and 

analyzed using FlowJo (Version vX.0.7 TreeStar). 

 

3.16. T-cell suppression assay 

For analysis of suppression of proliferation of bystander T cells by test T cells, 

5x104 DC were cocultured with 5x105 naive CD4+ T cells for 6 days. These T cells (test 

T cells) were harvested, washed, counted and irradiated (3000 RAD) to prevent 

expansion. Bystander target T cells (responder T cells), which were allogeneic memory 

T cells from the same donor as the test T cells, were labeled with 0.5 μM cell tracking 

dye 5,6-carboxy fluorescein diacetate succinimidyl ester (CFSE). Subsequently, 5x104 

test T cells, 2.5x104 responder T cells, and 1x103 LPS-stimulated DC were cocultured 

for additional 6 days. Proliferation was determined by flow cytometry, by co-staining 

with CD3, CD4 and CD25 APC. All samples were run on a FACSCanto II or BD LSR II 

and analyzed using FlowJo (Version vX.0.7 TreeStar). 
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3.17. In vitro mouse T cell priming assay 

OT-II cells were negatively isolated with a CD4+ T cell Isolation Kit (Miltenyi) 

and 1x105 CTV-labeled OT II cells were plated in 100 µL of media together with 100 µL 

of media containing either 1x104 or 2x103 GMDC. After 4 days, cells were harvested and 

analyzed for proliferation by assessing CTV dilution. For cytokine production, cells were 

left for 6 days and then 100 µL of media was removed and replaced with 100 µL of media 

containing PMA/Ionomycin (both from Sigma) in the presence of Brefeldin A (Sigma) 

for 4 hours. Then, cells were stained with Fixable Aqua Dead Cell Stain Kit (Invitrogen) 

for 15 min at RT, fixed with FoxP3/Transcription Factor Staining Buffer Set (Invitrogen, 

for FoxP3 detection) for 1 hour at 4 oC, permeabilized with permeabilization buffer 

(eBioscience) and stained for anti-CD3, anti-CD4, anti-IFN-g, anti-IL-10, anti-IL-17A, 

anti-FoxP3 and anti-CD25. All samples were run on a FACSCanto II or BD LSR II and 

analyzed using FlowJo (Version vX.0.7 TreeStar). 

 

3.18. In vivo mouse T cell priming following DC immunization 

In vitro-cultured GMDC were either treated with RA or left untreated and then 

pulsed with 100 µg/ml OVA (InvivoGen) and 100 ng/ml LPS (ultrapure, InvivoGen) for 

24 hours, after which cells were washed and used for subcutaneous immunization into 

the hind footpads of mice (5x105 DC/footpad). Seven days later, draining popliteal LNs 

were harvested and OVA-specific CD8+ T cell responses was determined by flow 

cytometry after staining cells with H-2Kb/OVA (SIINFEKL) MHC Tetramer. CD4+ and 

CD8+ T cell cytokine production was determined by flow cytometry after incubating the 

cells in PMA/Ionomycin (both from Sigma) in the presence of Brefeldin A (Sigma) for 4 

hours. Then cell were stained with Fixable Aqua Dead Cell Stain Kit (Invitrogen) for 15 

min at RT, fixed with 1.9% formaldehyde (Sigma-Aldrich), permeabilized with 

permeabilization buffer (eBioscience) and stained with anti-IL-4, anti-IL-10, anti-IL-

17A, anti-IFN-g, anti-CD3, anti-CD4 and anti-CD44 for 20 min at 4 oC. For FoxP3+ 

analysis, cells were stained with Fixable Aqua Dead Cell Stain Kit (Invitrogen) for 15 

min at RT, fixed with FoxP3/Transcription Factor Staining Buffer Set (Invitrogen, for 

FoxP3 detection) for 1 hour at 4 oC, permeabilized with permeabilization buffer 

(eBioscience) and stained for anti-CD3, anti-CD4, anti-CD25, anti-FoxP3, anti-CTLA4 

and anti-GITR. All samples were run on a FACSCanto II or BD LSR II and analyzed 

using FlowJo (Version vX.0.7 TreeStar). 
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3.19. Cytokine detection by ELISA 

For the detection of IL-10 and IL12p70, BD OptEIA kits were used. Briefly, 96 

well half area plates were coated with 50 µL of capture antibody, diluted in coating buffer 

(0.1 M Na-carbonaat buffer, pH 9.6) and incubated overnight at 4o C. Then, wells were 

washed 3 times with 260 µL of wash buffer (PBS with 0.05% Tween-20) and blocked 

with 100 µL of assay diluent (PBS 10% FCS) for 1 hour at room temperature (RT). After 

3 washes, 50 µL of samples and standards were added and plates were incubated for 

additional 2 hours at RT. Then, plates were washed 5 times and 50 µL of working detector 

(detection antibody + SAv-HRP reagent) were added to the wells and plates were 

incubated for 1 hour at RT. After 7 washes, 50 µL of substrate solution 

(tetramethylbenzidine - TMB - and hydrogen peroxide) was added for 30 min at RT 

followed by 25 uL of stop solution (2N H2SO4). Absorbance was read by 450 nm and 570 

nM by spectrophotometer. 570 nm absorbance was subtracted by 450 nm and 4 

parameters logistic curve was used for calculations. 

 

3.20. Metabolic profile of DC 

The metabolic characteristics of mo-DC were analyzed using a Seahorse XFe96 

Extracellular Flux Analyzer (Seahorse Bioscience). In brief, 5x104 mo-DC or 7.5x104 

GMDC were plated in unbuffered, glucose-free RPMI supplemented with 5% FCS and 

left to rest 1 hour at 37o C before the assay in an CO2 free incubator. Subsequently 

extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were 

analyzed in response to glucose (10 mM; port A), oligomycin (1 μM; port B), fluoro-

carbonyl cyanide phenylhydrazone (3 μM; port C), and rotenone/antimycin A (1/1 μM; 

port D) (all Sigma-Aldrich). 

 

3.21. Lipidomic analysis 

Lipids quantification were performed by gas chromatography-mass spectrometry 

(GC-MS). Briefly, DC were differentiated from CD14+ monocytes as described in 

sections 3.3.and 3.4 and on the fifth day cells were harvested and washed twice with PBS. 

After the second wash, pellet was resuspended in 100% methanol and stored in -80 oC 

until the moment of the analysis. Methanol extracts were transferred to a glass 

autosampler vial followed by a consecutively methanol and isopropanol extract of the 

cells. These cell extracts were combined and dried under nitrogen. Then the dried extracts 
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were reconstituted in 250 µL acetone, hydrolyzed and further processed as described 

before(HOVING et al., 2018). 

 

3.22. Quantitative real-time PCR 

RNA was extracted from snap-frozen mo-DC. The isolation of mRNA was 

performed using Tripure method. Briefly, 500 μL of Tripure reagent (Sigma) and 1 μL of 

RNAse-free glycogen (Invitrogen) were added to the pellet of samples. Samples were 

then vortexed and incubated at RT for 5 min. After this step, 100 μL of RNAse-free 

chlorophorm was added and samples were inverted vigorously for 30 seconds. Samples 

were then centrifuged for 12000 x g for 15 min at 4o C and the upper aqueous phase was 

transferred to a new RNAse-free 1.5 mL tube. Then, 250 μL of 2-isopropanol was added 

to each tube and after 5 min of incubation samples were centrifuged for 12000 x g for 15 

min at 4o C. Next, 500 μL of 75% ethanol was added, tubes were vortexed and centrifuged 

for 12000 x g for 15 min at 4o C. As much as possible of ethanol was removed and 30 

μL of RNAse-free milliQ water was added to the tubes that were incubated for 10 minutes 

at 55o C. After this, RNA samples were quantified with NanoDrop (Invitrogen). cDNA 

was synthesized with reverse transcriptase kit (Promega) using the same amount of RNA 

for all the samples (settled by the sample with the lowest concentration of RNA). PCR 

amplification was performed by the SYBR Green method using CFX (Biorad). GAPDH 

mRNA levels was used as internal control. Specific primers for detected genes are listed 

in the table below. Relative expression was determined using the 2ΔΔCt method. 
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Table 2 - Oligonucleotides used for qPCR amplification 

 
 

3.23. Small interfering RNA (siRNA) electroporation 

On day 4 of the DC culture, the cells were harvested and transfected with either 

20 nM non-target control siRNA or 20 nM AMPKa1 siRNA (both Dharmacon) using 

Neon Transfection System (Invitrogen) with the following setting: 1.600 V, 20 ms width, 

one pulse. Following electroporation, 1.2x106 cells were seeded per well in to a 6-well 

plate containing RPMI media without antibiotics. After 24 h, culture medium (RPMI) 

supplemented with 10% FCS, rIL4 (0.86 ng/mL, R&D system) and rGM-CSF (10 ng/mL, 

Invitrogen) was added. AMPKa1 silencing efficiency was determined by qPCR and the 

transfection efficiency was greater than 90%. 

 

3.24. Lymph node and peyer’s patch isolation 

Lymph nodes (LNs) and peyer’s patch (PP) were extracted and collected in 500 

μL of HBSS. Tissues were smashed with the back of a syringe and incubated with 

digestion buffer (1 μg/mL of Colagenase D and 2000U/mL of RNAse) for 20 minutes at 

Gene Forward 5'-3' Reverse 5'-3'
b2-microglobulin GCCTGCCGTGTGAACCAT TTACATGTCTCGATCCCACTTAACTAT

RALDH1 TGGCTTATCAGCAGGAGTGT ACCGTACTCTCCCAGTTCTCTTC
RALDH2 GAGCAGGGTCCCCAGATTGA CCCAGTCCTTTGCCTCCACA

CPT1a GCGCACTACAAGGACATGGGCA CACCATGGCCCGCACGAAGT
GLUT1 ATCGCCCAGGTGTTCGGCCT GGCCCGGTTCTCCTCGTTGC

HK1 GGCGCCATCTTGAACCGCCT CGCCGGGAATACTGTGGGTGC
HIF-1a TGGCAGCAACGACACAGAAACT TTGGCGTTTCAGCGGTGGGT

HK2 CACCGTGCCCGCCAGAAGAC TCCCCTTTCTCTGTGCCGTCCG
PPARg CTCATATCCGAGGGCCAA TGCCAAGTCGCTGTCATC
PGC1a ACTGCAGGCCTAACTCCACCCA ACTCGGATTGCTCCGGCCCT

AMPKa1 TCGGCAAAGTGAAGGTTGGCA TCCTACCACATCAAGGCTCCGAA
PFKFB3 GAAGGACCTGCGCGTGTGGA ACAGACGCCCGCGTCGATCTC

IDO GGTCTGGTGTATGAAGGGTTCTG GAGGAACTGAGCAGCATGTCCT
ELOVL1 AGCTCCGTGGCTTCATGATT CGCCAGGTATAGGTGCTCAG
ELOVL2 CTTCTCTCCGCGTACATGCT CGGATGTCAGCTTCCCCTG
ELOVL3 CCTCTGGTCCTTCTGCCTTG CACACGGTTTGCTTTAGGCC
ELOVL4 AGATGCGTCTAGTGCTCATTATCT TCCACACTCTGGCAAATATAGCT
ELOVL5 TTCTTCTGTCAGGGCACACG GGTTGTTCTTGCGCAGGATG
ELOVL6 GGAAGCCATTAGTGCTCTGGT TGCTTCAGGCCTTTGGTCAT
ELOVL7 CCCTTTGAACTCAAGAAAGCAA ACCTATACCCCAGCCAGACA
PPARa TGTGAAGGCTGCAAGGGCTTCT AGCTGCGGTCGCACTTGTCA
PPARd GGTGCAAGGGCTTCTTCCGTCG TCCGGCATCCGACCAAAACGG
GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA
GSK3A GGGTGAAGCTGGGCCGTGACA AGCCGTGCCTGGTACACGAC
SIRT1 GGTGCCCAGCTGATGAACCGC GCACTTCATGGGGTATGGAACTTGG
SDHA TGCTGCCGTGTTCCGTGTGG ACCATTCCCCGGTCGAACGTCT
LKB1 CTGAGGAGGTTACGGCACAA AGCTGACAGAAGTACCCGTG
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37 oC. Next, samples were smashed on top of a 100 μm cell strainer and washed 3 times 

with MACS buffer (PBS - phosphate buffered saline, pH = 7.2, 0.5% BSA, 2mM EDTA). 

Cell were centrifuged at 1500 rpm for 5 minutes at 4o C, counted and plated for further 

experiments. 

 

3.25. Small intestine lamina propria isolation  

Small intestine was collected, and fat tissues and payer’s patch were manually 

removed. Small intestine were open longitudinally and feces and mucus were removed 

using PBS and tissues were cut in small pieces of approximately 2 cm and transfer to a 

50 mL tube with complete RPMI Glutamax (RPMI Glutamax [Gibco] supplemented with 

3% FCS, 100 U/mL of penicillin, 100 μg/mL streptomycin and 20 mM of HEPES) + 5 

mM of EDTA. Next, guts were manually shook for 30 seconds, poured into a sieve, 

transferred back to 50 mL tubes containing 10 mL of pre warmed complete RPMI 

Glutamax + 5 mM EDTA + 1 mM DTT (Invitrogen) and placed in an orbital shaker at 

200 rpm for 20 min at 37o C. After that, guts were poured into a sieve and placed back to 

the 50 mL with 10 mL of complete RPMI Glutamax without FCS. Guts were shook for 

30 seconds and poured back into sieve three times and after the third shaking guts were 

placed in small plastic cups containing 1 mL of 5x digestion buffer (complete RPMI 

Glutamax without FCS with 0.3 mg/mL of Liberase LT [Sigma] and 100000U/mL of 

DNAse [Sigma]). Guts were minced, transferred back to the 50 mL tubes and 4 mL of 

complete RPMI without FCS were added to the samples. Guts were then incubated for 

30 min at 37o C shaking for 200 rpm. After digestion, 10 mL of complete RPMI Glutamax 

were added to the samples and placed in a 100 µm cell strainer on top of a new 50 mL 

tube. Guts were smashed in the cell strainer and washed with 20 mL of complete RPMI 

Glutamax. Then, samples were centrifuged at 450 x g for 5 min, resuspended in 10 mL 

of complete RPMI Glutamax, place in a 40 µm cell strainer, washed with 10 mL of 

complete RPMI Glutamax and centrifuged at 450 x g for 5 minutes. Samples were then 

counted and used for further experiments.  

 

3.26. Lung cells isolation 

Lungs were perfused, collected in a 24 well plate and place on ice. Next, lungs 

were minced and transferred to a well containing 500 µL of plain RPMI Glutamax. After 

all lungs were minced, 500 µL of 2x digestion buffer (plain RPMI Glutamax with 200 

U/mL of collagenase III [Worthington] and 4000 U/mL of DNAse I [Sigma]) were added 
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to the samples and plate were placed in water bath for 25 minutes. After that, 1 mL of 1x 

digestion buffer were added to the samples and incubation procedure was repeated. After 

digestion, homogenates were transferred onto 100 µm cell strainer on top of a 50 mL 

tube, washed with MACS buffer and smashed. After 3 washes samples were centrifuged 

at 400 x g for 10 min at 4o C. Red blood cell were lysate with 2 mL of RBC lysis (0.15 

M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA) for 2 minutes and 10 mL of MACS buffer 

were added to stop reaction. Then, cells were centrifuged as before, counted and plated 

for further experiments.  

 

3.27. Statistical analysis  

Results are expressed as mean ± standard error mean (SEM) except where stated 

otherwise. Continuous variables were log-transformed for the analyses when the 

normality of the distribution was rejected by the Shapiro-Wilk W test and in case of a 

new normality test failure, the nonparametric alternative was used for the analysis. 

Comparisons of pDC frequencies (ANCOVA) were adjusted for sex, BMI, mHbA1c, 

glycemia and duration of diabetes. Differences between groups were analyzed by two-

way ANOVA or Kruskall-Wallis (non-parametric analysis) with Tukey HSD or Sidak 

post-test. If there were only two groups, unpaired Student's t-test or Mann-Whitney test 

(non-parametric analysis) were used. Statistical analyzes were performed using GraphPad 

Prism v.8.0 and JMP v9 

For the qPCR and lipidome analysis, samples were analyzed using R software. 

Volcano plots were generated using the fold change data (for both lipidome and qPCR) 

with the package “metabolomics”. The hierarchical clustering analysis (HCA) and 

principal component analysis (PCA) plots were generated with the package 

“pcaMethods”. For the generation of heatmaps data were first rescaled with “scales” 

package and then scaled data were used to generate the heatmap with “metabolomics” 

package.  
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4. RESULTS 

Part I - Characterization of tolDC from T1D patients and healthy donors 

4.1. Characterization of monocytes and blood DC subpopulations in healthy donors 

and type 1 diabetic patients. 

Initially, it was decided to evaluate the frequency of monocyte and DC 

subpopulations in PBMCs from healthy donors and type 1 diabetic patients. To this end, 

approximately 1x106 PBMCs were separated and labeled with anti-CD3/anti-CD19/anti-

CD56 antibodies (called Lineage negative - LIN-), anti-CD14, anti-CD16, anti-HLA-DR, 

antiCD11c, anti-CD123, anti-CD1c, and anti-CD141. 

Supplementary figure 1 (Sup Fig1) shows the gating strategy used to identify DC 

populations and monocytes. Basically, for the identification of DC, debris and doublets 

were excluded, and LIN-/HLA-DR+ followed by HLA-DR+/CD14- cells were selected. In 

these cells one can identify the two major populations of blood DC: CD123+CD11c- pDC 

and classic CD123-CD11c+ DC cDC. Within the cDC, two additional subpopulations can 

still be identified, population expressing CD141 (BDCA-3, here called cDC1) and the 

population expressing CD1c (BDCA-1, called here cDC2). For the identification of 

monocyte subpopulations, after debris and doublets were excluded, monocytes were 

gated based on size and granularity, followed by the exclusion of LIN+ and HLA-DR-

CD14- cells. Within this population, it was possible to identify the 3 monocyte 

populations named: classical monocytes (CD14+CD16+), intermediate monocytes 

(CD14+CD16+) and non-classical monocytes (CD14-CD16+). 

No significant changes were observed in frequencies of DC or monocyte 

subpopulations when comparing patients with healthy donors (Figure 8B). However, 

simple correlation analysis showed that frequency of pDC (related to PBMC) tended to 

be inverse associated with duration of diabetes. Considering the frequency of parental 

gate (LIN-CD14-HLA-DR+), a significantly inverse correlation was observed between 

pDC and duration of diabetes (Figure 8C). Interestingly, an ANCOVA analysis adjusted 

by sex, HbA1c, glycemia and BMI actually showed a significantly inverse correlation 

between these two parameters (Table 2), suggesting a time-related association between 

pDC and T1D.  
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Table 3 - Covariates associated with pDC in T1D patients 

 ß Coefficient 95% C.I. p-value 
Frequency of PBMC    

Sex (Female) 0.06 -0.373 – 0.497 0.77 
BMI 0.14 0.003 – 0.287 0.04 
mHbA1c -0.06 -0.462 – 0.344 0.76 
Glycemia 0.00 -0.003 – 0.005 0.52 
Duration of Diabetes -0.05 -0.108 – -0.001 0.04 

    
Frequency of Parent    

Sex (Female) 0.09 -0.223 – 0.421 0.53 
BMI 3.29 0.501 – 6.084 0.02 
mHbA1c 0.62 -1.68 – 2.299 0.57 
Glycemia 0.07 -0.543 – 0.693 0.80 
Duration of Diabetes -1.61 -2.664 – -0.574 0.005 

ANCOVA analysis adjusted by Sex, mean HbA1c (mHbA1c), glycemia and duration of diabetes. 
Statistical analyses test the probability for the independent variable effect (ß Coefficient) to be different 
from zero. 

 

During the analyzes, we observed the presence of a CD123loCD11c+ population, 

which initially was thought to be present only in diabetic patients. However, this 

population was also seen in some healthy donors (Figure 9A). The frequency of this 

population was extremely heterogenous and even absent in some donors or patients. The 

CD123loCD11c+ population displayed elevated levels of CD16 and, in most cases, it was 

completely CD16+, while the CD123-CD11c+ population, the cDC, had a CD16+ and a 

CD16- population (Figure 9B). As the CD16 marker can be expressed by neutrophils, 

even starting from PBMC samples, eventual contamination by this cell type could be 

causing the emergence of such population. However, when comparing the cell 

distribution by SSC-A x FSC-A (Figure 9C), it was clear that samples both with high or 

low frequency of CD123loCD11c+ population had similar size and granularity, with no 

events compatible with neutrophils. NK lymphocytes also express CD16 (COOPER et 

al., 2001), but we do not believe it to be a contamination with NK cells, which also express 

high levels of CD56 (marker included in our LIN-) and do not express HLA-DR. It is also 

noteworthy that this population is also not compatible with the populations of cDC1 and 

cDC2, which express CD141 and CD1c, respectively (Sup Fig2). 
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Figure 8: No significant alteration in blood populations of DC and circulating monocytes in diabetic patients. 
(A) After isolation of PBMCs, cells were washed once with PBS and labeled with specific antibodies to CD3, CD19, 
CD56, CD11c, CD14, CD16, CD1c, CD141, CD123 and HLA-DR. Initially, the population with size and granularity 
compatible with PBMCs was selected; doublets were then excluded by the FSC-H X FSC-A strategy; from then on, 
analysis was divided for DC subpopulations and monocyte subpopulations. For DC subpopulations, cells positive for 
CD3, CD19 and CD56 were excluded, then HLA-DR positive and CD14 negative cells are selected. From this 
population, CD123 x CD11c markers were analyzed to identify subpopulations of plasmocytoid DC (pDC) and classic 
DC (cDC). Within the cDC gate, CD141 x CD1c expression was analyzed for identification of cDC1 and cDC2 
subpopulations. For analysis of monocyte subpopulations, the compatible size and granularity monocyte population 
was selected and, to purify the analysis, positive cells for negative lineage and then negative cells for HLA-DR were 
excluded. From this population, monocyte subpopulations based on CD14 x CD16 expression were analyzed. (B) 
Graph representing the percentage (from PBMCs) of DC and monocyte in healthy donors and type 1 diabetic patients. 
(C) Correlation between duration of diabetes and frequency of pDC. Statistics were made with unpaired T test (B) and 
Pea. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n=22-26. 
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By analyzing CD16 expression within the cDC and CD123loCD11c+ populations, 

it was observed that the CD123loCD11c+ population expressed higher levels of this 

marker compared to the cDC population (2164 ± 483 vs 465 ± 102, mean ± SEM; p= 

0.001) and that this pattern is independent of diabetes (Figure 9D). However, although 

CD16 expression does not differ between controls and diabetic patients, this population 

was more frequent among diabetic patients when compared to controls (Figure 9F), and 

the more defined the CD123loCD11c+ and CD123-CD11c+ populations were, the more 

the dichotomy of CD16 expression is perceived (Figure 9E). 
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Figure 9: Diabetic patients have a higher frequency of CD123loCD11c + blood DC expressing high levels of 
CD16. (A) Dotplots from four different individuals (2 controls and 2 patients), in which it is possible to identify 
CD123loCD11c+ population. (B) CD123loCD11c+ cells are mostly CD16+ whereas CD123-CD11c+ cells have reduced 
levels of CD16. (C) Cells with a high or low presence of CD123loCD11c+ population are similar in size, and without 
signs of neutrophil contamination. (D) The CD123loCD11c+ population expresses higher levels of CD16, and this effect 
occurs in both controls and diabetic patients. (E) The better the resolution of CD123loCD11c+ cells, the more evident 
the dichotomy of CD16 expression. (F) The CD123loCD11c+population was more prevalent in type 1 diabetic patients. 
Statistics were made with unpaired T test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n=22-26. 
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Next we aimed to evaluate the metabolic profile of blood DC. For that purpose, 

cDC were FACS sorted, plated in the extracellular flux plate (XF plate) and glycolytic 

test was performed with sequential injections of glucose, oligomycin and 2-DG. Figure 

10 shows the metabolic profile of cDC from healthy donors and diabetic patients. It was 

possible to observe that cDC from diabetic patients tended to have higher glycolysis 

(Figure 10 B), with a dramatically decrease in glycolytic reserve (Figure 10C), suggesting 

these cells are already operating at their maximum glycolytic potential right after glucose 

injection. They also displayed increased levels of basal OXPHOS (Figure 10E), which 

was unexpected given their glycolytic potential, but might suggest that the mitochondrial 

from these cells could be oxidizing the glucose in order to produce energy. 

 

 
Figure 10: Metabolic profile of blood cDC from healthy donors and diabetic patients. After PBMCs isolation, 
cDC were FACS sorted and plated (70000 cells) in a XF plate. Then  cells received sequential injections of glucose, 
oligomycin and 2-deoxy-D-glucose (2-DG) to evaluate their glycolytic profile (A) ECAR (B), glycolysis (C), glycolytic 
reserve (D), glycolytic capacity (E) and baseline levels of OCR measured in cDC from healthy donors and diabetic 
patients (A E) Data are from 1 experiment. Statistics are unpaired T test. Data shown as mean ± SEM; *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p<0.0001. 

 

Surprisingly, however, cDC from diabetic patients, uptake less glucose and 

displayed reduced mitochondrial potential membrane. Interestingly, these features were 

also shared with pDC and classical monocytes. Increased glycolysis and reduced 
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glycolytic reserve were already associated with LPS activated DC (MALINARICH et al., 

2015) and cDC, and even more pronounced classical monocytes, from diabetic patients 

secreted more TNF-a than cDC and classical monocytes from healthy donors, suggesting 

these cells could be more activated and in a more inflamed status (Figure 11D)  

 

 
Figure 11: Blood cDC and classical monocytes from diabetic patients secret higher levels of TNF-a. PBMCs were 
isolated from heathy donors and diabetic patients and (A;B) stained with 2-NBDG or (C) TMRM for 30 min at 37 oC 
followed by FACS measuring of the samples to evaluate the uptake of glucose and the mitochondrial potential 
membrane, respectively. (D) PBMCs were isolated from heathy donors and diabetic patients and stimulated with 
resiquimod (R848) in the presence of brefeldin-A for 6 hours. Then cells were harvested and intracellularly stained for 
TNF-a detection. Data are from (A - C) 2 and (D) 1 independent experiment. 
 

4.2. Characterization of surface markers in DC and VitD DC generated at different 

glucose concentrations 

Figure 12 shows data obtained for the expression of CD80, CD86, CD83, CD40, 

PD-L1 and HLA-DR markers in DC and VitD DC generated in the presence of either 5.5 

mM or 25 mM glucose. It was possible to observe that glucose seemed to be important in 

modulate CD86 expression. When comparing VitD DC and DC, a significant reduction 

in R-MFI (median relative fluorescence intensity - in this case relative to 5.5 mM DC) of 

CD86 was observed when cells were cultured in the presence of 25 mM glucose but not 

when cells were cultured in the presence of 5.5 mM glucose. This reduction was observed 
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in both patients and controls. Furthermore, it was possible to observe significant 

differences in CD86 expression, both in controls and patients, when comparing VitD DC 

differentiated at 25 mM and 5.5 mM of glucose, supporting the idea that glucose 

concentration is important for the VitD3-limiting expression of CD86 in mo-DC. It was 

not possible to observe differences in CD86 expression between controls and patients in 

any of the evaluated conditions. 

Especially regarding CD86 expression, it was initially thought that the modulation 

provided by VitD3 at 25 mM of glucose was limited to controls and not to diabetic 

patients. Figure 13 shows the expression of CD86 in two healthy donors and two diabetic 

patients, performed in two independent experiments. In “Experiment 01”, left graph, it is 

possible to observe an intense reduction on CD86 expression in the healthy donor 

(approximately 76%), while this reduction was only modest in patient (approximately 

35%). However, in “Experiment 02”, the observed phenomenon was switched. While 

healthy donor displayed a weak reduction (approximately 10%), diabetic patient 

displayed an intense reduction (approximately 54%). It was not possible to observe an 

association between the reduction intensity of CD86 expression and patients' blood 

glucose or HbA1c data. These data suggest that the modulation of CD86 expression by 

VitD3 might rely on parameters that have not been evaluated/determined in our study. 

Although VitD3 was able to decrease the expression of CD80 in a glucose 

independent manner, both in controls and patients, there was a trend for a stronger 

modulation in VitD DC from healthy donors differentiated into 25 mM glucose. When 

comparing the modulation provided by VitD3 in controls, it was possible to observe a 

trend towards reduction in CD80 expression in VitD DC differentiated at 25 mM glucose 

compared to VitD DC differentiated at 5.5 mM glucose (0.37 ± 0.10 vs 0.51 ± 0.12; mean 

± SD; p = 0.11). This does not seem to be so clear in VitD DC of patients (0.27 ± 0.09 vs 

0.35 ± 0.12; mean ± SD; p = 0.55). It is noteworthy that CD80 expression was reduced in 

DC from patients when compared to DC from healthy donors and that this reduction was 

observed at both 5.5 mM of glucose and 25 mM of glucose. 
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Figure 12: Phenotypic characterization of mo-DC generated from controls and differentiated type 1 diabetic 
patients at varying glucose concentrations. Mo-DC were differentiated in the presence of 5.5mM or 25mM glucose 
with GM-CSF and IL-4 (DC) or GM-CSF, IL-4 and VitD3 (VitD DC) and activated on day six with 100 ng/ml LPS. 
On the seventh day the cells were harvested and stained for flow cytometer analysis. (A) Analysis of relative mean 
fluorescence intensity (R-MFI) (which is calculated as the ratio of the target MFI group divided by the MFI from DC 
differentiated in 5.5mM of glucose from healthy donor) for CD80, CD86, CD83, PD-L1, CD40 and HLA-DR. (B) 
Representative histograms of PD-L1, CD86, CD80 and CD83 markers with the MFI values of one experiment. (C) PD-
L1/CD86 Ratio. Statistics were made with two-way ANOVA with Tukey post-test. **** (p <0.0001), *** (P <0.001), 
** (p <0.01), * (P <0.05); n = 14. 
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Figure 13: Representative graphs of CD86 expression in two different experiments. Mo-DC were differentiated 
into 5.5mM or 25mM glucose with GM-CSF and IL-4 (DC) or GM-CSF, IL-4 and VitD3 (VitD DC) and activated on 
day six with 100 ng/ml LPS. On the seventh day the cells were harvested and stained for flow cytometer analysis. 

 

Although discreet, HLA-DR expression also appeared to be modulated by VitD3 

in a glucose-dependent manner in healthy donors. Reduction expression of this marker 

could be observed when comparing VitD DC with DC differentiated in the presence of 

25 mM glucose, but not at 5.5 mM of glucose. It is noteworthy that although VitD3 

modulated HLA-DR expression, approximately 99% of the cells remained positive for 

this marker, suggesting that these cells were still able to present antigens in the context 

of the major histocompatibility complex class II (MHC-II). The expression of CD83 and 

CD40 molecules was significantly reduced by VitD3, in both patients and controls, 

independently of glucose and it was not modulated by T1D. Although expression of PD-

L1 was not affected by VitD3, it could be observed that PD-L1/CD86 ratio in these cells 

was slightly increased, although without significantly statistical differences (Figure 12C). 

Taken together, these data suggest that VitD3 seems to induce the differentiation 

of potentially tolerogenic mo-DC in a glucose-dependent manner and that this effect is 

even more prominent in healthy donors than in T1D patients. 
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4.3.Quantification of cytokines secreted by DC and VitD DC generated at different 

glucose concentrations 

Next, secretion of cytokines by mo-DC differentiated in the presence of 5.5 mM 

or 25 mM glucose was verified. The secretion of TNF-a, IL-10, IL-12p70, IL-6, IL-1b 

and IL-8 were evaluated by CBA. No major differences were observed for IL-1b secretion 

in none of the groups (Figure 14E). IL-8 could not be evaluated because concentration 

values for IL-8 were above the curve and were therefore disregarded. 

TNF-a secretion was reduced in VitD DC compared with DC group in both 

controls and patients, only at high glucose concentration, showing that TNF-a secretion 

followed the same trend observed for CD86 expression. On the other hand, extracellular 

levels of glucose tended to increase the concentration of TNF-a in both patients and 

healthy donors when analyzing mo-DC not treated with VitD3. This suggests that that 

while VitD3 is reducing the secretion of TNF-a in a glucose-dependent manner glucose 

itself is increasing the secretion of TNF-a in non treated mo-DC (Figure 14A). 

VitD3 reduced the secretion of IL12p70 in both controls and patients in a glucose-

independent manner, although statistical significance could only be observed at high 

glucose concentration (Figure 14C). In addition, glucose was able to induce IL-12p70 

secretion in the DC groups from both healthy donors and diabetic patients and, as 

observed for TNF-a, glucose-induced increases in IL12p70 secretion was stronger among 

patients than in healthy donors. However, differently from TNF-a, VitD3 seems to be 

inducing reduction secretion of IL-12p70 regardless of glucose concentration or disease 

state. 

The only positively modulated cytokine by VitD3 was IL-6 (Figure 14D). 

Comparing IL-6 secretion between VitD DC and DC groups, in both healthy donors and 

diabetic patients, it could be observed that VitD DC secreted more IL-6 than DC, when 

cells were differentiated in the presence of 5.5 mM, especially in patients. Concordantly, 

when cells were differentiated in the presence of 25 mM glucose, it is also possible to 

observe an upward trend in IL-6 secretion by VitD DC group, suggesting that VitD3 

induces secretion of IL-6, regardless of glucose concentration. 

No statistical differences were observed for IL-10, however, it was possible to 

observe a clear trend in increase IL-10 secretion by mo-DC from diabetic patients. Also, 

only in diabetic patients, VitD3 was able to induce IL-10 secretion (Figure 14B). This 

might suggest that either mo-DC from diabetic patients present a more suppressive 



Results 81 

profile, being even more susceptible to become tolerogenic after treatment with VitD3 or 

that mo-DC from diabetic patients are more prone to secrete IL-10 as a negative feedback 

mechanism to limit a pro-inflammatory status in mo-DC. This hypothesis could be 

supported by the fact that patients’ mo-DC tended to secret more IL-6 in normoglycemia 

and also by the fact that both TNF-a and IL-12p70 were positively regulated by glucose.  

The IL-10/IL-12p70 ratio followed the same trend as observed in IL-10 secretion. 

VitD DC, from diabetic patients, had higher IL-10/IL-12p70 ratios and glucose did not 

significantly modulate this ratio. Although more discreet, and not statistically significant, 

VitD DC from healthy donors also displayed higher IL-10/IL-12p70 ratio. However, 

differently from diabetic patients, in which glucose did not affect this ratio, VitD DC from 

healthy donors differentiated in high glucose levels displayed higher IL-10/IL-12p70 

ratio when compared to VitD DC from healthy donors differentiated in higher glucose 

concentrations (25.74 ± 7.76 vs 9.25 ± 2.83; mean ± SEM; p= 0.01 when analyzed healthy 

donors separately) (Figure 14F). 

Taken together these data might suggest that glucose has limited role for VitD3 

effects on mo-DC cytokine secretion, perhaps being important in reducing TNF-

a secretion and increasing IL-10/IL-12p70 ration (only in healthy donors). On the other 

hand, chronic exposition to high glucose concentration (as in T1D patients) might induce 

the secretion of important inflammatory cytokines, like TNF-a, IL-6 and IL-

12p70 rendering mo-DC perhaps in a low-grade inflammatory status. 
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Figure 14: Secretion of TNF-a, IL-10, IL-12p70 and IL-6 in supernatant from DC and VitD DC differentiated in the presence 
of 5.5 mM or 25 mM glucose. Mo-DC were differentiated in the presence of 5.5mM or 25mM glucose with GM-CSF and 
IL-4 (DC) or GM-CSF, IL-4 and VitD3 (VitD DC) and activated on day six with 100 ng/ml LPS. On the seventh day 
the cells were harvested, and the supernatant was frozen to be evaluated by CBA methodology. (A) TNF-α secretion, 
(B) IL-10 secretion, (C) IL12p70 secretion, (D) IL-6 secretion, (E) IL-1b and (F) IL-10/IL-12p70 ratio. Two-way 
ANOVA statistics with Tukey post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n = 14-17. 
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4.4.Evaluation of lymphostimulatory capacity of mo-DC generated at different 

glucose concentrations 

Next, we aimed to evaluate the functional capacity of mo-DC from controls and 

diabetic patients by analyzing their capacity to induce proliferation of allogeneic T 

lymphocytes. To this end, CD3+ T lymphocytes from healthy donors were 

immunomagnetically isolated, stained with CFSE and co-cultured with either LPS-

activated DC or LPS-activated VitD DC in a U-bottom 96 plate at a ratio of 1 DC : 30 

LT. 

It was observed that VitD3 was able to limit lymphostimulatory capacity of mo-

DC from both healthy donors and diabetic patients at the two glucose concentrations 

evaluated (Figure 15). Decreased lymphostimulatory capacity of VitD DC was observed 

for both CD4+ T lymphocytes (Figure 15B) and for CD8+ T lymphocyte (Figure 15C). 

Although without statistically significant difference, glucose appears to modulate VitD 

DC lymphostimulatory capacity in healthy donors while this was not the case for T1D 

patients. It could be observed that VitD DC trend to be less efficient in inducing CD4+ T 

lymphocyte proliferation when they were differentiated in the presence of 25 mM of 

glucose (0.54 ± 0.17 vs 0.72 ± 0.13; mean ± SD; p = 0.23). However, this trend did not 

seem to exist when we analyze the same data on VitD DC from diabetic patients (0.46 ± 

0.21 vs 0.53 ± 0.22; mean ± SD; p = 0.88). In line with these data, it was also observed a 

trend for VitD DC from healthy donors to be more efficient in inducing CD4+ T 

lymphocyte proliferation when differentiated in the presence of 5.5 mM glucose than 

VitD DC from patients differentiated under the same conditions (0.90 ± 0.23 vs 0.53 ± 

0.23; mean ± SD; p= 0.18). These differences are evident when analyzing data from 

controls and diabetic patients separately (Figure 15D). Although statistically incorrect, 

this analysis serves to demonstrate the effects mentioned above. When analyzing only the 

data from healthy donors, a significant reduction in lymphostimulatory capacity of VitD 

DC differentiated in the presence of 25 mM glucose was observed when compared to 

VitD DC differentiated in the presence of 5.5 mM glucose (0,54 ± 0,17 vs 0,72 ± 0,13; 

mean ± SD; p=0,02). The same analysis, even if performed alone in diabetic patients, did 

not result in any significant differences (0.46 ± 0.21 vs 0.53 ± 0.22; mean ± SD; p=0.98). 
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Figure 15: DC and VitD DC lymphostimulatory capacity from healthy donors and diabetic patients, 
differentiated under various glucose concentrations and activated with 100 ng/mL of LPS. Allogeneic CD3+ T 
lymphocytes were previously stained with CFSE and incubated with DC and VitD DC at a ratio of 1 DC: 30 LT. (A) 
Representative Dot plot of the lymphostimulatory capacity of mo-DC, in which the abscissa expresses the CFSE 
fluorescence and in the ordered the expression of CD4. (B) Relative plots (relative to healthy donor’s DC differentiated 
at 5.5mM glucose) of CD3+CD4+CFSElo cell proliferation and percentage of CD3+CD4+CD25+ cells. (C) Relative plots 
(relative to healthy donor’s DC differentiated at 5.5mM glucose) of CD3+CD8+CFSElo cell proliferation. (D) Relative 
plots (relative to healthy donor’s DC differentiated at 5.5mM glucose) of CD3+CD4+CFSElo cell proliferation from 
controls (left panel) and diabetic patients (right panel). Statistics were performed with two-way ANOVA with Tukey 
post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n = 9. 
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4.5.IL-2 quantification in supernatants of allogeneic T lymphocytes co-cultured with 

mo-DC generated at different glucose concentrations 

The IL-2 concentration present in the supernatants of mo-DC and allogeneic T 

lymphocytes co-cultures was also verified. It was found that co-cultures with VitD DC 

had lower IL-2 content, regardless of the glucose concentration at which mo-DC were 

differentiated (Figure 16). This finding, coupled with the fact that VitD DC are less 

efficient in stimulating the proliferation of allogeneic T lymphocytes, suggests that this 

is a consequence of the lower proliferation of these lymphocytes, which would result in 

lower IL-2 secretion in the supernatant; however, this may also indicate that lymphocyte-

secreted IL-2 is being consumed by regulatory T cells, characterized by the expression of 

high levels of CD25 (IL-2 high affinity receptor a chain), the expression FoxP3 

transcription factor, to not produce high amount of IL-2 and to have low proliferation 

rates (RUDENSKY, 2011; SAKAGUCHI et al., 2010). We could observe a trend towards 

increased Tregs when cells were treated with VitD3 in both controls and patients and 

regardless of glucose concentration. However, this tendency was not statistically 

significant and the reduction in IL-2 secretion can actually be a consequence of both 

reduced IL-2 secretion by T cells with the concomitant consumption of the few IL-2 that 

is produced by Tregs. (Figure 16B). 

 

 
Figure 16: Lower IL-2 concentration in supernatant from CD3+ T lymphocyte co-cultured with DC and VitD 
DC differentiated at different glucose concentrations. Allogeneic CD3+ T lymphocytes were incubated with DC and 
VitD DC at a ratio of 1 DC: 30 LT and after five days of co-cultivation cells were harvested the supernatant was 
collected and used for IL-2 quantification. (A) Representative chart of IL-2 quantification by ELISA; (B) Frequency 
of regulatory T cells determined by FACS as CD3+CD4+CD25hiCD127loFoxP3+ cells. Statistics were performed with 
two-way ANOVA with Tukey post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n = 1 out of 3 
independent experiments (A); n=2 (B). 
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4.6.Intracellular quantification of cytokines produced by T lymphocytes co-cultured 

with DC and VitD DC generated at different glucose concentrations  

In addition to IL-2 quantification by ELISA, intracellular staining for IFN-γ, IL-

4, IL-17 and IL-10 cytokines were also verified. These cytokines are commonly 

associated with the Th profile induced by DC. Therefore, after seven days of co-culture 

between mo-DC and allogeneic T lymphocytes, the cells received a second stimulus with 

10 ng/mL of PMA and 1.0 µg/mL of ionomycin the presence of 1 µl/mL of brefeldin-A 

(BD GolgiPlug ™) for 16 hours. Then cells were extracellularly labeled with viability 

dye, anti-CD4 and anti-CD8, fixed, permeabilized and intracellularly labeled with anti-

CD3, anti-IFN- γ, anti-IL-4, anti-IL-17 and anti -IL-10. 

No statistically significant differences were observed regarding CD4+IFN-γ+, 

CD4+IL-4+, CD4+IL10+, CD4+IL-17+ and CD4+IFN-γ+IL17+ cells (Figure 17A and 

Figure 17B - upper right graph). However, it was possible to observe a trend for reduction 

of IL-17 positive cells and for IFN- γ and IL-17 double positive cells. No differences were 

observed in the percentage of CD4+IL-10+ cells and although this data disagree with many 

studies in the literature showing that T-lymphocytes co-cultured with mo-DC generated 

in the presence of VitD3, secrete higher levels of IL-10 (BAKDASH et al., 2014; 

FERREIRA et al., 2014), a recent work has shown that DC generated in the presence of 

Dex (added alone or in combination with VitD3 during the mo-DC differentiation), 

although they were efficient in inducing hypo-response in CD4+ T lymphocytes, they 

were neither able to stimulate increased Tregs cell frequencies nor to stimulate IL-10 

production in autologous T lymphocytes (MAGGI et al., 2016). 

Although no difference was observed regarding the frequency of IFN-g positive 

lymphocytes in any of the conditions evaluated, when analyzing MFI of CD4+IFN-g+ 

cells, a trend toward the reduction of IFN-g R-MFI (relative to DC differentiated in the 

presence of 5.5 mM from healthy donor) was observed when lymphocytes were co-

cultured with VitD DC from healthy donors differentiated in the presence of both 5.5 mM 

(0.71 ± 0 , 22 vs 1.00 ± 0.00; mean ± SD; p= 0.24) and 25 mM glucose (0.64 ± 0.20 vs 

0.93 ± 0.15; mean ± SD; p = 0.24). This reduction was not observed when analyzing IFN-

γ R-MFI from CD4+IFN-g+ cells that were co-cultured with VitD DC from diabetic 

patients who were able to induce not only the same percentage of CD4+IFN+ cells but the 

same amount of IFN-g. 
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When analyzing IFN-g production by CD8+ cells, as observed for CD4+ cells, no 

differences were observed regarding the frequencies of CD8+IFN-g+ cells (Figure 17C) 

in both healthy and diabetic patients. However, unlike what it was observed for CD4+IFN-

g+ cells, there was no modulation in IFN-g R-MFI in CD8+IFN-g+ cells co-cultured with 

VitD DC from healthy donors. 
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Figure 17: Cytokine pattern secreted by T lymphocytes co-cultured with DC and VitD DC. Allogeneic CD3+ T 
lymphocytes were incubated with DC and VitD DC at a ratio of 1 DC: 30 LT and after five days of co-culture T cells 
were re-stimulated with PMA/ionomycin in the presence of brefeldin A for 16 hours. Then, cells were harvested and 
labeled intracellularly for IFN-g, IL-17, IL-4 and IL -10. (A) Percentage graphs of cells expressing IL-4, IL-17, IL-10, 
IFN-g and IFN-g and IL-17. (B and C) Representative histograms, percent and relative graphs (relative to DC from 
controls differentiated in the presence of 5.5 mM) of IFN-g MFI secretion in CD4+ (B) and CD8+ (C) cells. Statistics 
were performed with two-way ANOVA with Tukey post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P 
<0.05); n = 6 
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4.7.Extracellular flux analysis 

Recently, extracellular flux analysis technique has been widely used to determine 

the bioenergetic state of cells (ANGELIN et al., 2017; EVERTS et al., 2012; EVERTS; 

PEARCE, 2014). By this technique it is possible to infer whether a cell is preferentially 

compromised with glycolysis or OXPHOS pathway or if both pathways are being used at 

the same time. For this purpose, extracellular acidification (a measured called ECAR - 

Extracellular Acidification Rate) and oxygen consumption (a measured called OCR - 

Oxygen Consumption Rate) are evaluated in real time. In general, cells with a glycolytic 

profile, secrete larger amounts of lactate, which is accompanied by the proton H+, 

providing acidification of the medium. For this reason, ECAR measurement is used to 

determine the glycolytic profile of the cell. On the other hand, cells with OXPHOS profile 

consume larger amounts of O2 to feed the production of ATP inside the mitochondria. 

Thus, the OCR measurement is used as an indicator of the mitochondrial respiration levels 

of the cell. In addition, it is possible to determine the OCR/ECAR ratio to evaluate which 

metabolic pathway is preferably used by the cells. 

Figure 18 shows the analysis of metabolic profile from DC and VitD DC groups 

generated at different glucose concentrations from both healthy donors and type 1 diabetic 

patients. It could be observed that mo-DC from healthy donors generated in the presence 

of VitD3 showed an increase in both glycolysis and OXPHOS when compared to mo-DC 

generated only in the presence of GM-CSF and IL-4 (Figure 18B and Figure 18C, 

respectively). The increase in both metabolic profiles, although observed in the two 

glucose concentrations, seemed to have been influenced, at least partially, by glucose 

concentration. Among healthy donors, it was observed that baseline OCR values in VitD 

DC group were significantly reduced as glucose concentration increased during the period 

of cell differentiation (Figure 18C). 

Also, among healthy donors, it was possible to observe an increase in glycolysis 

in VitD DC group when compared to DC group when cells were differentiated in the 

presence of 5.5 mM. However, this phenomenon was not observed when VitD DC were 

differentiated in the presence of 25 mM glucose (Figure 18B). Interestingly, VitD DC 

that were differentiated in the presence of 25 mM glucose had reduced glycolysis when 

compared to the VitD DC differentiated in the presence of 5.5 mM (Figure 18B).  
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Figure 18: Metabolic profile of DC and VitD DC from healthy donors and diabetic patients. mo-DC were 
differentiated in the presence of 5.5 mM or 25 mM glucose with GM-CSF and IL-4 (DC) or GM-CSF, IL-4 and VitD3 
(VitD DC) and activated on day six with 100 ng/mL LPS. On the seventh day cells were removed, counted and plated 
on poly-D-lysine pre-treated XF24 plate (90000-140000 cells per well) and allowed to adhere to for one hour in a CO2-
free incubator. Cells were then taken to the XF24 Analyzer for quantification of ECAR and OCR values. (A) Mean 
ECAR baseline values for DC and VitD DC from healthy donors and patients. (B) Glycolysis in DC and VitD DC from 
healthy donors and patients. (C) Mean baseline OCR values for DC and VitD DC from healthy donors and patients. 
(D) OCR/ECAR ratio for DC and VitD DC from healthy donors and patients. Statistics were performed with two-way 
ANOVA with Tukey post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); data are representative of 
1 out of 2 independent experiments (A, C, D) or 1 independent experiment (B). 
 

When analyzing the cells from patients with T1D, it was observed that VitD DC 

had lower glycolytic profile and OXPHOS when compared to VitD DC from healthy 

donors (Figure 18A, Figure 18B and Figure 18C). Interestingly, VitD DC from diabetic 

patients had reduced glycolysis (regardless of glucose concentration) when compared to 

DC group, a characteristic that was also observed in healthy donors differentiated at high 

glucose concentration (Figure 18B). It was also observed that in diabetic patients, the 

oxygen consumption of VitD DC is similar to the oxygen consumption of DC, a fact that 

was not observed in healthy donors (Figure 18C). While OXPHOS in diabetic patients 

was not affected by the glucose concentration to which the cells were subjected during 

the differentiation period, that was not the case for glycolysis, which was slightly reduced 

at higher glucose concentration, especially when cells were not treated with VtD3 (Figure 

18B and Figure 18C). Also, when comparing mo-DC not treated with VitD3, glycolysis 
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was increased in diabetic patients differentiated under normoglycemia, but that was not 

the case for cells differentiated under hyperglycemia (Figure 18B and Figure 19A). 

Peritoneal macrophages from diabetic mice also displayed increased glycolytic rates then 

controls (RAMALHO et al., 2019; Davanso et al. unpublished data presented in Figure 

19B with authorization). This might suggest that under normoglycemic situation, cells 

from diabetic patients consume higher amounts of glucose, perhaps by increased 

expression of glucose transporters, which would facilitate the increased intracellular 

glucose track. However, when glucose availability increases, these cells start to undergo 

to metabolic adaptations leading, perhaps, to a “exhaustion” state causing decrease in the 

consumption of glucose. 

 

 
Figure 19: Mo-DC and murine peritoneal macrophages from T1D subjects appears to be more glycolytic than 
those from controls. (A) ECAR values from mo-DC from T1D patient or control subject. mo-DC were differentiated 
in the presence of 5.5 mM glucose with GM-CSF and IL-4 and activated on day six with 100 ng/mL LPS. On the 
seventh day cells were removed, counted and plated on poly-D-lysine pre-treated XF24 plate (90000-140000 cells per 
well) and allowed to adhere to for one hour in a CO2-free incubator. Cells were then taken to the XF24 Analyzer for 
quantification of ECAR values. (B) ECAR values from peritoneal macrophages isolated from mice either treated with 
streptozotocin (STZ) or left untreated. The peritoneal cells were plated (1x105 per well) on XF96 plates, and after 2 
hours for adhesion to the plate, were washed to obtain peritoneal macrophages. One hour prior to the assay, cells were 
left at 37 ° C in the absence of CO2 and then taken to the XF96 Analyzer for the quantification of ECAR values 

 

Taken together these data suggest that the metabolic reprogramming induced by 

VitD3 in healthy donor monocytes may not occur in the same way as in diabetic patients’ 

monocytes. The fact that VitD DC from diabetic patients differentiated under higher 

glucose concentration were not affect neither in glycolysis nor in OXPHOS while in 

healthy donors both glycolysis and OXPHOS were impaired, might suggest that, in 

healthy donors, these cells could be using glucose to fuel TCA cycle while the same might 

not be true for diabetic patients. 
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4.8.Glucose uptake by DC and VitD DC from healthy donors and T1D patients 

When the cell's glycolytic energy demand increases, so does glucose 

consumption. As an example, to support biosynthesis of fatty acids for the expansion of 

endoplasmic reticulum and Golgi, rapidly after activation with LPS, DC shift from 

OXPHOX to glycolysis with consequent increase in glucose consumption (EVERTS et 

al., 2014a; PEARCE; EVERTS, 2015) and GLUT1 expression (KRAWCZYK et al., 

2010). The results obtained in the seahorse experiment are consistent with literature data 

in which VitD DC have increased glycolysis, suggesting also increased glucose 

consumption. Based on this, the expression of GLUT1 in mo-DC and VitD DC from 

controls and diabetic patients differentiated at different glucose concentrations was 

evaluated (Figure 20). 

Although not statistically different, when analyzing GLUT1 R-MFI, it was 

possible to observe a trend in VitD DC, from both diabetic patients and healthy donors, 

to increase membrane GLUT1 expression when differentiated in the presence of 5.5 mM 

glucose. This trend was not observed when cells were differentiated in the presence of 25 

mM glucose (Figure 20A). These results might suggest that VitD DC differentiated in the 

presence of 5.5 mM of glucose have a greater ability to increase membrane GLUT1 

expression, which would be consistent with Seahorse data, suggesting that, at least in 

healthy donors, not only the increase in glycolysis, but also GLUT1 expression and, 

potentially, the glucose uptake, would be dependent on glucose concentration in VitD 

DC. Because mo-DC from diabetic patients displayed higher glycolysis at 

normoglycemia, we would expect that the expression of GLUT1 to also be increased in 

these cells. However, it was observed that both DC and VitD DC from diabetic patients 

had lower R-MFI values when compared to DC and VitD DC from healthy donors, 

regardless of the glucose concentration in which these cells were differentiated (Figure 

20A). 

As DC and VitD DC from healthy donors showed higher expression of the 

transporter membrane GLUT1 after activation with LPS, we hypothesized that this 

increase in GLUT1 could lead to higher glucose uptake by healthy donors. To this end, 

glucose uptake was evaluated by flow cytometry using 2-NBDG (a glucose-like 

fluorescent compound widely used in the literature to study glucose uptake by cells 

(BUCK et al., 2016; EVERTS et al., 2014b; IP et al., 2017)). Therefore, DC and VitD 

DC from healthy donors and diabetic patients were differentiated in the presence of either 

5.5 mM or 25 mM glucose and activated with LPS for 24 hours. After this time, cells 
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were harvested and incubated with 50 nM of 2-NBDG in PBS at 37 oC for 1 hour and 

measured by flow cytometer. Surprisingly, as can be seen in Figure 20B, no differences 

between healthy donors and patients were observed in none of the groups, which could 

suggest that some other glucose transporter may be compensating the reduced expression 

of GLUT1 observed in diabetic patients. However, VitD DC from healthy donors and 

diabetic patients were able to uptake more glucose than DC, independently of glucose 

concentration  

 

 
Figure 20: GLUT1 expression in mo-DC and monocytes and glucose uptake by DC and VitD DC from healthy 
donors and diabetic patients. mo-DC were differentiated in the presence of either 5.5 mM or 25 mM glucose with 
GM-CSF and IL-4 (DC) or GM-CSF, IL-4 and VitD3 (VitD DC) and activated on day six with 100 ng/ml of LPS for 
24 hour in which cells were harvested and GLUT1 expression and glucose uptake were evaluated. (A) R-MFI graph 
(relative to DC from healthy donors differentiated in the presence of 5.5 mM glucose) from GLUT1 expression. (B) 
Representative histograms and R-MFI (relative to DC from healthy donors differentiated in the presence of 5.5 mM 
glucose) plot of 2-NBDG uptake by DC and VitD DC. (C) Expression of GLUT1 in monocytes and dMo 12 hours after 
receiving stimulus for differentiation in DC or VitD DC. Statistics were performed with two-way ANOVA with Tukey 
post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n = 6 (Figure 11A); n = 4 (Figure 11B); n = 2-
6 (Figure 11C). 

 

In order to better understand the effects regarding GLUT1 expression and glucose 

uptake in mo-DC from healthy donors and diabetic patients, GLUT1 expression was 

evaluated in fresh CD14+ monocytes isolated from PBMC as well as in differentiating 
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monocytes 12 hours after monocytes were stimulated with GM-CSF and IL-4 or GM-

CSF, IL-4 and VitD3 (these monocytes will be called dMo). There were no differences 

in GLUT1 expression when analyzing fresh CD14+ monocytes from healthy donors and 

diabetic patients isolated from PBMCs (Figure 20C). It was observed that 12 hours after 

the differentiation, dMo showed reduction in membrane GLUT1 expression, which could 

indicate that these cells internalized this transporter to capture the glucose present in the 

culture medium. No significant differences could be observed in GLUT1 membrane 

expression in dMo. However, it was possible to observe a trend for VitD3 to decrease 

membrane GLUT1 expression in dMo of diabetic patients, suggesting that these dMo 

would be capturing more glucose than dMo who did not receive VitD3. 

Taken together these data suggest that after activation with LPS, VitD3 appears 

to increase GLUT1 expression when mo-DC are differentiated at low glucose 

concentrations, without, however, affecting the glucose consumption by the cells. Yet, 

because we measured the surface expression of GLUT1, other modulations induced by 

the internalization of this molecule might have occured that were missed by us (better 

discussed in the Discussion section) 

 

4.9.Mitochondrial mass and potential membrane analysis in mo-DC and VitD DC 

from healthy donors and T1D patients 

In addition to increased glycolysis, VitD DC from healthy donors also displayed 

increase values of basal OCR when VitD DC were differentiated in the presence of 5.5 

mM glucose. Additionally, these cells displayed higher OCR/ECAR ratio, suggesting a 

predominance of OXPHOS over glycolysis. It has been shown that effector T 

lymphocytes, which have a predominantly aerobic respiration metabolic profile, when 

becoming memory T lymphocytes, change their metabolism toward OXPHOS and FAO 

(BUCK et al., 2016). This change is characterized by increased OCR/ECAR ratio with 

predominance of OXPHOS over glycolysis (BUCK et al., 2016). The same work 

demonstrated that this change was provided by altered fission/fusion balance in 

mitochondria, with effector cells having fissioned mitochondria while memory T cells 

had fused mitochondria. Since VitD DC from healthy donors had a similar profile, with 

higher baseline OCR values and OXPHOS predominance over glycolysis, we 

hypothesized that VitD3 could also modulate mitochondrial fitness. 

For this purpose, mitochondrial mass and membrane potential (Dym) were 

evaluated using TMRE and MitoTracker Deep Red probes, respectively. In mitochondrial 
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membrane potential experiments, a control group was added to which 100 µM of CCCP 

(a compound with the ability to decouple mitochondria inducing loss of membrane 

potential) was added. Figure 21 shows the results obtained for membrane potential 

(Figure 21A), mitochondrial mass (Figure 21B) in addition to the OCR (Figure 21C) and 

OCR/ECAR (Figure 21D) data observed in the Seahorse experiment. It could be observed 

that even with a marked increase in oxygen consumption by VitD DC from healthy 

donors, surprisingly no changes were observed regarding mitochondrial membrane 

potential or mitochondrial mass in none of the groups evaluated. These data suggest that 

VitD3 is not changing mitochondrial mass or membrane potential; however, the increased 

OCR values observed might, yet, be a consequence of VitD3-induced increase 

fusion/fission ratio leading to more functional mitochondria without necessarily affecting 

its mass or membrane potential. 

 

 
Figure 21: Analysis of the mitochondrial mass and membrane potential of DC and VitD DC from healthy donors 
and diabetic patients differentiated in the presence of either 5.5 mM or 25 mM glucose. mo-DC were differentiated 
in the presence of either 5.5 mM or 25 mM glucose with GM-CSF and IL-4 (DC) or GM-CSF, IL-4 and VitD3 (VitD 
DC) and activated on the sixth day with 100 ng/mL of LPS for 24 hour, in which cells were harvested and incubated 
with TMRE or MitoTracker Deep Red. (A) Mitochondrial membrane potential graph (Dym) and (B) mitochondrial 
mass of DC and VitD DC. (C) OCR and (D) OCR/ECAR data from DC and VitD DC. Statistics were performed with 
two-way ANOVA with Tukey post-test. **** (p <0.0001), *** (P <0.001), ** (p <0.01), * (P <0.05); n = 6 (A and B); 
n = 2 (C and D).  
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Part II – The role of AMPK in the tolerogenic properties of DC 

 

4.10. Characterization of tolDC 

4.10.1. RA DC, VitD DC and Dex DC differ in many characteristics, but are equally 

suppressive 

We decided to select VitD3, RA and Dex as tolerogenic compounds since a large 

data in literature confirm their ability to induce tolDC either alone or in combination 

(BAKDASH et al., 2015; FERREIRA et al., 2014; 2015; MAGGI et al., 2016; 

MALINARICH et al., 2015; VANHERWEGEN et al., 2018). However, none of these 

studies compared the metabolic properties of each one of these induced tolDC. First, we 

aimed to confirm that VitD3, RA and Dex were indeed capable of generating tolerogenic 

mo-DC and results are shown in Figure 22. CD14+ monocytes were treated with GM-

CSF and IL-4 plus either VitD3, RA or Dex on day 0. Tolerogenic compounds were on 

refreshed together with the cytokines on day 2/3 and on day 6, mo-DC were activated 

with 100 ng/mL of LPS for 24 hours. In the first experiment, two concentrations of each 

compounds were tested 0.01 µM and 0.1 µM of VitD3, 0.1 µM and 1.0 µM of RA and 

Dex. Since the results were similar, the dose of 0.01 µM of VitD3 and 1.0 µM of RA and 

Dex were selected. Those doses were the ones already being used in Brazil, in the case of 

VitD3 and the doses of RA and Dex previously used in the lab of Dr. Bart Everts. 

Both VitD3 and Dex were able to decrease the expression of important co-

stimulatory molecules, such as CD80, CD86, CD83 (Figure 22A), increase the secretion 

of IL-10 and decrease the secretion of IL12p70 (Figure 22B). RA did not decrease the 

expression of co-stimulatory molecules on mo-DC and also had no effect on the secretion 

of IL-10 and IL-12p70 by mo-DC; however, the expression of important inhibitory 

molecules such as PD-L1 and ILT3 was significantly increased (Figure 22A). It is worth 

noting that the expression of CD103 was significantly increased by RA. CD103 is an aE 

integrin commonly associated with mucosal sites, specially the intestine, where epithelial 

cells are able to metabolize the dietary vitamin A into RA, that in turn, instructs the 

differentiation of tolDC (ILIEV et al., 2009; LAMPEN et al., 2000). Increased expression 

of CD103 had already been shown as a consequence of RA treatment, generating 

functionally tolDC (BAKDASH et al., 2015; SWAIN et al., 2018). 

We also functionally analyzed the tolDC by investigating the properties of T cells 

primed by these DC (Figure 22C, Figure 22D and Figure 22E). The secretion of IFN-

g was significantly decrease when T cells were primed with all 3 types of tolDC. On the 
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other hand, the secretion of IL-10 by T cells, was significantly increased when T cells 

were primed by RA DC and we could also observe a trend in increase the secretion of IL-

10 when T cells were primed by Dex DC when compared with control DC (2.66 ± 1.6 vs 

1.0 ± 0.0, p=0.55). The most important characteristic of a tolDC, is to induce T cells that 

are functionally able to suppress the proliferation of bystander T cells. As observed in 

Figure 22E, DC primed with all the tolerogenic compounds were efficient in generating 

tolerogenic T cells as evidenced by their capacity to suppress the proliferation of 

autologous memory T cells.  

We also analyzed the metabolic profile of tolDC and could observe that VitD DC 

are the tolDC that present the most striking metabolic differences, compared to the 

untreated DC (Figure 23). It was possible to observe that VitD DC were metabolic more 

active than all the other DC; they had higher basal values of OCR (Figure 23B) and 

maximal respiration (Figure 23C) and were highly glycolytic as well (Figure 23E). Those 

results are in agreement to the results observed for us in Brazil, reinforcing the highly 

metabolic profile of those cells. In addition to understanding how changed in glucose 

concentrations could affect tolDC phenotype, we aimed to find some common metabolic 

mechanisms that could potentially be important for the function of tolerogenic DC. A 

common feature of DC is the ability of those cells to rapidly switch from OXPHOS to 

glycolysis after the engagement of TLR ligands (EVERTS et al., 2014a; GUAK et al., 

2018). We were interested to know if tolerogenic DC are also able to promote this rapid 

switch towards glycolysis. As depicted in Figure 24A, all the tolerogenic DC were able 

to induce a rapid glycolytic metabolism after LPS stimulation, as observed in the control 

DC. However, different from what we can see in the control group, the increased 

glycolytic metabolism is also accompanied by an increase in OCR values, especially in 

the VitD DC group, but this pattern could be observed in all tolerogenic DC (Figure 24B).  

The concomitant increase in OXPHOS with glycolytic metabolism in response to 

the LPS might suggest that glucose in tolerogenic DC is being oxidized in the 

mitochondria to increase OXPHOS to support production of ATP. Taken together these 

results suggest that all three tolerogenic compounds were able to induce functionally 

tolDC, even though differences could be observed among them regarding surface 

markers, IL-10 and IL-12p70 secretion and metabolic profile. 
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Figure 22: Characterization of mo-DC rendered tolerogenic by VitD3, RA or Dex. Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex 
were added on day 0. On the 6th day, 100 ng/mL of LPS were added and mo-DC were used for further experiments. 
(A) Characterization of surface markers of tolDC by flow cytometry. (B) mo-DC were co-cultured with CD40L-
expressing cell line (J558) for 24 hours and supernatants were collected, and cytokines were measured by ELISA. (C-
E) mo-DC were co-cultured with allogeneic naïve T cells as described in “material and methods” section and (C,D) 
intracellular cytokines levels were measured by flow cytometry or (D) T cell suppression assay was performed. (C) 
Representative plots of ICS for IL-10 and IFN-g; (D) Quantification of Of cytokines measured by ICS. (E) 
Quantification (left chart) and representative graphic (right chart) of T suppression assay. Data are pooled from 4-9 (A) 
independent experiments, representative of 1 out 3 independent experiments (B) and pooled from 2-3 independent 
experiments (C-E) with one to two donors. Statistics are One-Way Anova with Tukey HSD post-test. Data shown as 
mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
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Figure 23: Metabolic profile from tolDC. Monocytes were isolated from PBMC with CD14+ magnetic beads and 
differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex were added on day 0. On the 6th 
day, 100 ng/mL of LPS were added and mo-DC were used for further experiments. Extracellular flux analysis ECAR 
(A) and OCR (B) of tolDC and quantification of basal levels of OCR (C), maximal respiration (D) and glycolysis (E). 
Data are pooled from from 2-3 independent experiments with one to two donors. Statistics are One-Way Anova with 
Tukey HSD post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
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Figure 24: LPS activation induces a rapid increase in glycolytic metabolism in both control and tolerogenic DC. 
Real-time changes in the ECAR (A) and OCR (B) of mo-DC left untreated or treated with LPS. The second dot line 
indicate the moment in which LPS was inject in the cells. Data are pooled from 3 donors from 3 independent 
experiments. 
 

4.10.2. Elongation of very long-chain fatty acids family member 6 (ELOVL6) is 

increased in RA DC and Dex DC. 

To better understand the metabolic pathways involved in tolDC features, we 

performed a qPCR to address the expression of several metabolic-related enzymes in mo-
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DC treated with tolerogenic compounds either at day 0 or at day 5. To exclude the LPS-

induced effects in the metabolic pathways, iDC were used in the experiments. Figure 25 

and Figure 26 show the results for tolDC treated at day 0 and at day5, respectively.  

Several metabolic-associated genes were modulated when tolDC were treated 

with compounds at day 0 and, interestingly, even though PCA could not clear separate 

VitD DC and RA DC from each other (different from what it was observed for Dex DC 

– Figure 25C), HCA could still identify the three different cluster related to each one of 

the tolDC groups (Figure 25B), which suggests intrinsic differences between the groups. 

Surprisingly, HK1 and 6-phosphofructo-2-kinase/fructose-2,6- biphosphatase 3 

(PFKFB3), important glycolytic enzymes, were downregulated in VitD DC, which 

displayed the higher glycolytic metabolism among all of the tolDC. RA DC displayed 

reduced levels of CPT1A, which might suggest that FAO is not important for RA DC 

immunosuppressive capacity. VitD DC and RA DC shared some common features, since 

most of the significantly modulated protein were downregulated and some proteins 

behaved in the same way for both conditions, like LKB1 and SIRT1. Some proteins had 

different patterns, as it is the case for the succinyl dehydrogenase subunit A (SDHA), the 

complex II in the electron transport chain and also an enzyme responsible for the 

oxidation of succinyl (LAMPROPOULOU et al., 2016; MILLS et al., 2016). While 

SDHA was downregulated in RA DC it was upregulated in Dex DC.  

The most interesting observation was the modulation observed on the elongase of 

very long-chain fatty acids (ELOVL) family genes. ELOVL family is a set of protein that 

consists of 7 different proteins (ELOVL1-7) and each one of them have distinct tissue 

distribution and preferences for different fatty acid substrate (JAKOBSSON; 

WESTERBERG; JACOBSSON, 2006). ELOVL1 is associated with the elongate of FA 

up to C26 (CASTRO; TOCHER; MONROIG, 2016); ELOVL2 and ELOVL5 are the 

elongases capable to act on PUFA, however ELOVL2 is capable to elongate C20 and C22 

PUFA while ELOVL5 only elongates C18 and C20, with no activity over C22 PUFA; 

ELOVL3 is thought to control the elongation of FA up to C24 (CASTRO; TOCHER; 

MONROIG, 2016); ELOVL4 is the only elongase capable of elongate both PUFA and 

saturated FA as well (CASTRO; TOCHER; MONROIG, 2016); ELOVL6 is the main 

elongase capable to elongate C12-16 saturated fatty acids up to C18, but cannot elongate 

FA beyond this (INAGAKI et al., 2002; MOON et al., 2001) and ELOVL7 seems to be 

involved in the elongation of saturated FA up to C24 (TAMURA et al., 2009). Among the 

genes modulated in tolDC, at least one member of the ELOVL family was either up or 
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downregulated in all tolDC groups (Figure 25A). In VitD DC ELOVL1 and ELOVL4 

tended to be downregulated and ELOVL5 and ELOVL7 were significantly 

downregulated, while ELOVL3 and ELOVL6 tended to be upregulated (Figure 25B and 

Figure 26). RA DC displayed an overall increase in ELOVL member, with ELOVL3, 

ELOVL4 and ELOVL5 tending to be upregulated while ELOVL6 was significantly 

upregulated. On the other hand, ELOVL1 tended to be downregulated and ELOVL7 was 

significantly downregulated (Figure 25A and Figure 26). Dex DC displayed decreased 

expression of ELOVL7 and increased expression of ELOVL6 while ELOVL3 and 

ELOVL4 were not amplified, which could be either due to lack of expression of these 

genes or some technical issue (Figure 25A, Figure 25B and Figure 26). 

 

 
Figure 25: Quantitative PCR from tolDC treated with compounds at day 0. Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in mo-DC in the presence of GM-CSF + IL-4 and either VitD3, RA or 
Dex were added at day 0. On the 7th day, mo-DC were harvested, washed in PBS and snap freezed in liquid nitrogen 
until qPCR evaluation. (A) Volcano plot of VitD DC (upper left), RA DC (upper middle) and Dex DC (upper right) vs 
DC group. (B) hierarchical cluster analysis (HCA) and heatmap displaying different genes expressed by tolDC. (C) 
PCA score plot from PCA analysis performed in tolDC. The cluster highlighted in red represents VitD DC and RA DC 
that could not be completely isolated and in green is the cluster from Dex DC. Data are pooled from 3 independent 
experiments with one donor each. Statistics in (A) are student’s T test performed with log-transformed data and p<0.05 
was considered significant. 
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Figure 26: Expression of elongases in tolDC treated with compounds at day 0. Monocytes were isolated from 
PBMC with CD14+ magnetic beads and differentiated in mo-DC in the presence of GM-CSF + IL-4 and either VitD3, 
RA or Dex were added at day 0. On the 7th day, mo-DC were harvested, washed in PBS and snap freezed in liquid 
nitrogen until qPCR evaluation. Data are pooled from 3 independent experiments with one donor each. Statistics are 
Two-Way Anova with Tukey post-test or Kruskal-Wallis with Tukey post test. Data shown as mean ± SEM; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p<0.0001. 
 

In tolDC treated at day 5, PCA analysis could better identify the clusters for each 

tolDC (Figure 27C) and this was confirmed by the HCA analysis (Figure 27B). When 
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analyzing the genes expressed by these cells, the modulation of ELOVL family members 

was again clearly displayed in all tolDC. In VitD DC ELOVL1 tended to be 

downregulated and ELOVL4 and ELOVL5 were significantly downregulated (Figure 

27A) while ELOVL3 and ELOVL6 tended to be upregulated and ELOVL7 was 

significantly upregulated (Figure 27A and Figure 28). RA DC also displayed an overall 

increase in ELOVL member, with ELOVL3, ELOVL4, ELOVL5 and especially 

ELOVL6 being significantly upregulated while only ELOVL7 tended to be 

downregulated (Figure 27A and Figure 28). Dex DC displayed a trend for decreased 

expression of ELOVL4 and ELOVL7 and increased expression of ELOVL3 and 

ELOVL6 (Figure 27A and Figure 28). 

 

 
Figure 27: Quantitative PCR from tolDC treated with compounds at day 5. Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex 
were added at day 5. On the 7th day, mo-DC were harvested, washed in PBS and stored at -80 oC until the moment of 
GC-MS analysis. (A) Volcano plot of VitD DC (upper left), RA DC (upper middle) and Dex DC (upper right) vs DC 
group. (B) hierarchical cluster analysis (HCA) and heatmap displaying different genes expressed by tolDC. (C) PCA 
score plot from PCA analysis performed in tolDC. The clusters highlighted in red (VitD DC), blue (RA DC) and green 
(Dex DC) are displayed in the figure. Data are pooled from 3 independent experiments with one donor each. Statistics 
in (A) are student’s T test performed with log-transformed data and p<0.05 was considered significant. 
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Figure 28: Expression of elongases in tolDC treated with compounds at day 5. Monocytes were isolated from 
PBMC with CD14+ magnetic beads and differentiated in mo-DC in the presence of GM-CSF + IL-4 and either VitD3, 
RA or Dex were added at day 5. On the 7th day, mo-DC were harvested, washed in PBS and snap freezed in liquid 
nitrogen until qPCR evaluation. Data are pooled from 3 independent experiments with one donor each. Statistics are 
Two-Way Anova with Tukey post-test or Kruskal-Wallis with Tukey post-test. Data shown as mean ± SEM; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p<0.0001. 
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Even though cells treated at day 5 seem to have a more pronounced modulation 

of ELOVL genes, these genes were modulated similar in tolDC, regardless if they were 

treated at day 0 or at day 5. In summary, while RA DC displayed an overall upregulation 

of ELOVL genes, VitD DC displayed an overall downregulation and Dex DC displayed 

few alterations. Taken together, data suggest that, among the tolDC evaluated, RA DC 

might have an increase in LCFAs as consequence of an increased expression of elongases. 

 

4.10.3. Long chain fatty acid pathway is differently affected in RA DC, VitD DC and 

Dex DC. 

To better understand the data observed in the qPCR analysis, we hypothesized 

that the increase in ELOVLs proteins could be accompanied by an increase in LCFAs in 

tolDC and to test this, we performed a lipidomic analysis in tolDC treated with 

tolerogenic compounds either at day 0 (Figure 29) or at day 5 (Figure 30). Previous data 

from the laboratory already pointed towards an increase in PUFAs pathway in tolDC. 

PUFAs are fatty acids that contains more than two bonds between carbon atoms and 

mainly two types of PUFA can be found: omega 3-fatty acids and omega 6-fatty acids. 

Omega-6 linoleic acid and omega-3 a-linoleic acid are the most common PUFAs and 

they are both essentials FAs, which means they cannot be synthesized, and need to be 

acquired from the diet, which is not the case for MUFA (DOMINGUEZ; 

BARBAGALLO, 2017).  

The analysis performed for cells treated at day 0 showed that, even though each 

group clustered separately from each other in PCA, VitD DC and RA DC were more 

closely related to each other than they were from Dex DC (Figure 29C). This is even more 

evident when analyzing the heatmap and HCA (Figure 29B). It is possible to observe that 

the distance of Dex DC cluster from RA DC and VitD DC is higher, suggesting the lipids 

profile of Dex DC is not similar to the one observed in RA DC and VitD DC. 

Additionally, heatmap and volcano plot clearly showed that while VitD DC and RA DC 

had increase in LCFA, Dex DC had decrease amounts of these lipids. RA DC displayed 

the most striking increasing in LCFA with increases of both MUFA (elaidic acid, 

nervonic acid, erucic acid and 11-eicosenoic acid) and omega-6 family PUFAs [11,14-

eicosadienoic acid (EDA), 13-16-docosadienoic acid (DDA)]. On the other hand, VitD 

DC displayed increases in omega-3 family PUFA [eicosapentaenoic acid (EPA)], omega-

6 family PUFA (arachidonic acid - AA) as well as MUFA (elaidic acid). Interestingly, 
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although a massive reduction in LCFAs, Dex DC displayed increases in EPA, as it was 

also observed for VitD DC. 

 

 
Figure 29: Lipidome analysis from tolDC treated with compounds at day 0. Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex 
were added at day 0. On the 5th day, mo-DC were harvested, washed in PBS and stored at -80 oC until the moment of 
GC-MS analysis. (A) Volcano plot of VitD DC (upper left), RA DC (upper middle) and Dex DC (upper right) vs DC 
group. (B) hierarchical cluster analysis (HCA) and heatmap displaying lipids expressed by tolDC. (C) PCA score plot 
from PCA analysis performed in tolDC. The cluster observed in the dendrogram from item (B) are highlighted in red 
(VitD DC), blue (RA DC) and green (Dex DC). Data are pooled from 3 independent experiments with one donor each. 
Statistics in (A) are student’s T test performed with log-transformed data and p<0.05 was considered significant. 
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acid, erucic acid, oleic acid and 11-eicosenoic acid, all LC MUFA (Figure 30A) that were 

also reduced when cells were treated at day 0. 

It is worth noting that VitD DC and RA DC treated at day 5 also shared some 

common features with the cells treated at day 0. Although less prominent, it was also 

possible to observe a trend for increasing 11-eicosenoic acid, EDA, DDA and erucic acid 

for RA DC and EPA for VitD DC (Figure 31), all of them strongly increased when cells 

were treated at day 0.  

 

 
Figure 30: Lipidome analysis from tolDC treated with compounds at day 5.  Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex 
were added at day 5. On the 5th day, mo-DC were harvested, washed in PBS and stored at -80 oC until the moment of 
GC-MS analysis. (A) Volcano plot of VitD DC (upper left), RA DC (upper middle) and Dex DC (upper right) vs DC 
group. (B) hierarchical cluster analysis (HCA) and heatmap displaying lipids expressed by tolDC. (C) PCA score plot 
from PCA analysis performed in tolDC. The cluster highlighted in red and blue represent VitD DC and RA DC that 
could not be completely isolated and in green is the cluster from Dex DC. Data are pooled from 4 independent 
experiments with one donor each. Statistics in (A) are student’s T test performed with log-transformed data and p<0.05 
was considered significant. 

 

This increased lipid content, especially for cells treated at day 0 was also 

confirmed by the quantification of neutral lipids with the bodipy dye (Figure 32). We 

could observe a clear increase in neutral lipids for VitD DC and RA DC when cells were 

treated at day 0, but this was not the case for cells treated at day 5. It is worth to note, 
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however, that the bodipy staining accounts for the total neutral lipids inside the cells and 

does not distinguish between LCFA, short chain fatty acid (SCFA) or even triglycerides 

and total cholesterol.  

 

 
Figure 31: Lipidome analysis from tolDC treated with compounds at day 5 - graphic view. Monocytes were 
isolated from PBMC with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and 
either VitD3, RA or Dex were added at day 5. On the 5th day, mo-DC were harvested, washed in PBS and stored at -
80 oC until the moment of GC-MS analysis. Bar graphic representation of (A) 11-Eicosenoic acid, (B) 11,14-
Eicosadienoic acid, (C) 13,16-Docosadienoic acid. (D) erucic acid and (E) EPA observed in Figure 26. Statistics are 
Two-Way Anova with Tukey post-test or Kruskal-Wallis with Tukey post-test. Data shown as mean ± SEM; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p<0.0001. Data are pooled from 4 independent experiments with one donor each. 

 

 
Figure 32: Total neutral lipids content is increased in VitD DC and RA DC treated at day 0. Monocytes were 
isolated from PBMC with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and 
either VitD3, RA or Dex were added on day 0. On the 6th day, 100 ng/mL of LPS were added and mo-DC were stained 
with bopdipy and FACS measured. Data are mean from 2 independent experiments. 



Results 110 

Taken together, these data suggest that LCFA pathway might be a common feature 

in tolDC with, however, different lipids being associated with different tolDC, since 

increasing in EPA seemed to be the main characteristic for VitD DC and, especially Dex 

DC, while increasing in low-inflammatory LCFA, as erucic acid and EDA, seemed to be 

the characteristic for RA DC. 

 

4.11. Glucose effects during differentiation of tolDC 

After characterizing tolDC, we aimed to investigate the effects of glucose 

concentration during the differentiation of tolDC. For that, CD14+ monocytes were 

isolated, and mo-DC were generated in the presence of GM-CSF + IL-4 or GM-CF + IL-

4 and tolerogenic compounds. The differentiation was performed in either 1 mM, 5.5 mM 

or 25 mM (which resembles the situation of hypoglycemia, normoglycemia and 

hyperglycemia respectively) of glucose with media, cytokines, tolerogenic compounds 

and glucose being replenished at day 2/3 of the differentiation. 

The Figure 33A shows the expression of the surface markers from tolDC 

differentiated in different glucose concentrations. It could be observed that for RA DC 

and Dex DC glucose does not seem to be important for the modulation of any surface 

markers evaluated. However, for VitD DC the expression of CD86 and, to a lesser extent, 

CD83, were further reduced when glucose concentration in the media was increased. 

Also, the PD-L1/CD86 ratio was increased suggesting that VitD DC differentiated in high 

glucose concentration could be more tolerogenic. As well as it had already been observed 

in Brazil, and different from what has been previously published (FERREIRA et al., 

2015), the expression of CD80 and HLA-DR were hardly affected by the glucose 

concentration in the media.  

Because previous data from the literature, and also our own, suggested that 

glucose concentration was important for the tolerogenic functions of VitD DC, one could 

hypothesize that while the expression of CD86 was decreased, the expression of 

inhibitory markers such as ILT-3 and PD-L1 would be increased. However, the ILT-3 

expression was trend to decrease when glucose concentration was increased. It is worth 

noting, however, that VitD3 induced the expression of ILT-3 in all conditions, suggesting 

that VitD3 induced expression of this tolerogenic marker was independent from glucose 

levels. PD-L1 expression, was little affected in normal and high glucose concentration. 

However, surprisingly, low glucose concentration induced the expression of PD-L1. One 

possible explanation for this phenomenon is that in the absence of glucose, cells rely in a 
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different metabolic pathway to survive, as for example glutaminolysis (O'NEILL; 

KISHTON; RATHMELL, 2016). In bladder cancer cells, glucose deprivation stimulated 

glutaminolysis and the IFN-g-dependent expression of PD-L1 was abolished when 

glutaminolysis was blocked (WANG et al., 2018). VitD DC differentiated in low glucose 

media might also rely on glutaminolysis for their survival which might favor the 

expression of VitD3-induced PD-L1. 
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Figure 33: Effect of glucose concentrations during the differentiation of mo-DC. Monocytes were isolated from 
PBMC with CD14+ magnetic beads and differentiated in DC in the presence of either 1 mM, 5.5 mM or 25 mM of 
glucose. GM-CSF + IL-4 and either VitD3, RA or Dex were added on day 0 and on the 6th day, 100 ng/mL of LPS 
were added and mo-DC were used for further experiments. (A) Characterization of surface markers of tolDC by flow 
cytometry. (B,C) mo-DC were co-cultured with allogeneic naïve T cells as described in “material and methods” section 
and (C) intracellular cytokines levels were measured by flow cytometry or (D) T cell suppression assay was performed. 
Data (A-C) are pooled from 4-9 independent experiments (A), 2-3 independent experiments with one to two donors. 
Statistics are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 
0.001, ****p<0.0001. 
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Next, we evaluated the functional properties of tolDC by analyzing the cytokines 

produced by T cells primed with tolDC and also the ability of those T cells to suppress 

the proliferation of bystander T cells. It could be observed in Figure 33B that IFN-

g secretion by T cells was not modulated by the glucose concentration in which mo-DC 

were differentiated. All tolDC in all glucose concentrations were still able to limit the 

IFN-g secretion by T cells. 

The ability to generate tolerogenic T cells, were also tested by the T suppression 

assay, in which T cells that were primed by DC were co-culture with autologous memory 

T cells. It was possible to observe that RA DC suffered no influence from the glucose 

concentration while Dex DC and specially VitD DC became less tolerogenic when 

differentiated in high glucose concentration (Figure 33C). This was surprising, because 

the alterations observed in surface markers, the results observe in Brazil and data from 

literature pointed toward an inverse relationship between glucose concentration and 

tolerogenicity of VitD DC.  

After having explored the function and characteristics of tolerogenic mo-DC, we 

also tried to explore the metabolic profile of tolDC, differentiated under various glucose 

concentrations. As observed for other parameters, the most important difference related 

to glucose concentration was observed in the VitD DC. Those cells presented lower 

values of basal OCR and glycolysis when differentiated in low glucose concentration, but 

it was still higher than all the other mo-DC (Figure 34).  

The increase in glycolysis and OXPHOS from 1 mM of glucose to 5.5 mM of 

glucose in VitD DC was also observed in Brazil. Here we could also observe a trend to 

decrease glycolysis when VitD DC were differentiated in high glucose concentration, 

similar as we had observed in Brazil (Figure 34C); however, that was not the case for 

OXPHOS (Figure 34B and Figure 34D). Interesting, RA DC were more glycolytic when 

differentiated at low glucose levels and went back to the same level as control DC when 

differentiated at normoglycemia or hyperglycemia (Figure 34C).  
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Figure 34: Metabolic characterization of tolDC. Monocytes were isolated from PBMC with CD14+ magnetic beads 
and differentiated in DC in the presence of either 1 mM, 5.5 mM or 25 mM of glucose. GM-CSF + IL-4 and either 
VitD3, RA or Dex were added on day 0 and on the 6th day, 100 ng/mL of LPS were added and mo-DC were used to 
measure extracellular flux acidification rate (ECAR) and oxygen consumption rate (OCR). Graphics are quantification 
of maximum respiration (bottom left), glycolysis (bottom midle) and basal levels of OCR (bottom right). Data are 
pooled from 3 independent experiments one to two donors. Statistics are Two-Way Anova with Sidak’s post-test. Data 
shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
 

Because OXPHOS and maximum respiration were very high in VitD DC, we 

investigated the mitochondrial membrane potential and mitochondrial mass in tolDC, to 

see if the increase in OXPHOS was also accompanied by an increase in mitochondrial 

activity. However, mitochondrial membrane potential and mitochondrial mass were not 

changed neither in unstimulated DC (Figure 35A) nor in LPS-stimulated DC (Figure 

35B). These observations further support the idea that in VitD DC glycolysis is being 

used to fuel the mitochondria to support the high metabolic activity of those cells. 
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Figure 35: Mitochondrial membrane potential and mass were not affected by glucose concentration. Monocytes 
were isolated from PBMC with CD14+ magnetic beads and differentiated in DC in the presence of either 1 mM, 5.5 
mM or 25 mM of glucose. GM-CSF + IL-4 and either VitD3, RA or Dex were added on day 0 and on the 6th day, 100 
ng/mL of LPS were added and mo-DC were stained with Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM) 
(A) or MitoTracker green (B) for the analysis of mitochondrial mass and mitochondrial membrane potential, 
respectively. Data are pooled from 3 independent experiments one donor each. Statistics are Two-Way Anova with 
Sidak’s post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
 

In conclusion, changes glucose levels only had an effect on the functional 

properties of VitD3 treated DC which is largely in line with the strongly glycolytic 

phenotype of these but not the other tolDC.  

 

4.12. Role of AMPK in the function of tolerogenic DC 

4.12.1. AMPK activity is increased in RA-DC and VitD DC 

In previous experiments from the laboratory it was found that that the AMP/ATP 

ratio in both VitD3, RA and Dex DC was increased when compared to untreated DC 

(Figure 36). One of the main metabolic sensors in our cells and activated upon increases 

in AMP/ATP ratio is AMPK, a heterotrimeric protein, formed by a catalytic a-subunit 
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and two regulatory subunits: b and g (HARDIE; ROSS; HAWLEY, 2012). The oxidation 

of glucose is often linked to AMPK activation, since the fate of the glucose is catabolism 

to generate ATP inside the mitochondria. The increase in OCR in response to LPS 

together with the increased AMP/ATP ratio previously observed, prompted us to assess 

the role of AMPK in the biology of these tolDC. 

 
Figure 36: TolDC displayed altered AMP/ATP ratio. Previous data from the laboratory showed that AMP/ATP ratio 
was increased in tolDC. 

 

First to evaluates the activation status of AMPK in the tolDC, we checked the 

phosphorylation of Ser79 in ACC, a main protein downstream of AMPK signaling 

pathway. As it can be observed in Figure 37, there was a significant increase in ACC 

phosphorylation in VitD DC and RA DC providing a first hint that AMPK activation 

might be important for tolDC functions. 
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Figure 37: AMPK activity is increased in VitD3- and RA-induced tolDC. Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4 and either VitD3, RA or Dex 
were added on day 0. On the 6th day, 100 ng/mL of LPS were added and mo-DC were used for further experiments. 
Data are pooled from 3 independent experiments with one to two donors. Statistics are One-Way Anova with Tukey 
HSD post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 

 

4.12.2. AMPKKD restores spare respiratory capacity in RA-DC 

Next we wanted to explore the role of AMPK in regulating the properties of these 

tolDC. To this end, we decided to silence the expression of AMPK in tolerogenic DC to 

properly address the function of this protein. To silence the expression of AMPK in mo-

DC, the protocol of differentiation of the cells was slightly modified. Monocytes were 

differentiated in mo-DC in the presence of GM-CSF and IL-4 and media and cytokines 

were replenished at day 2 of the differentiation. On the fourth day, cells were transfected 

with siRNA for either control or AMPKa1 gene, that encodes the catalytic subunit of 

AMPK and is the only isoform expressed by myeloid cells (QUENTIN et al., 2011). On 

the fifth day, cells were either treated with VitD3, RA, Dex or left untreated. Then, in the 

sixth day cells were activated with LPS for 24 hours and then harvested for the 

experiments. 

We hypothesized that AMPK could be involved in controlling the metabolic 

profile of tolDC. Figure 38, Figure 39 and Figure 40 shows the metabolic profile of VitD 

DC, RA DC and Dex DC, respectively.  
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Figure 38: Metabolic characterization of VitD DC. Monocytes were isolated from PBMC with CD14+ magnetic 
beads and differentiated in DC in the presence of GM-CSF + IL-4. On day 4 cells were harvested and silenced with 
either control siRNA or AMPKa1 siRNA. On day 5 cells were treated with either VitD3, RA or Dex. On the 6th day, 
100 ng/mL of LPS were added and mo-DC were used for further experiments. OCR (A) and ECAR (B), baseline levels 
of OCR (C), Mitochondrial spare respiratory capacity (SRC) (D), mitochondrial maximal respiratory capacity (E) and 
glycolysis (F) measured in control or AMPKa1 silenced DC and VitD DC. (A,B) Data are pooled from 3 independent 
experiments with one donor each. (C, D, E, F) Data are representative of 1 out of 3 independent experiments. Statistics 
are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p<0.0001. 
 

 
Figure 39: Metabolic characterization of RA DC. Monocytes were isolated from PBMC with CD14+ magnetic beads 
and differentiated in DC in the presence of GM-CSF + IL-4. On day 4 cells were harvested and silenced with either 
control siRNA or AMPKa1 siRNA. On day 5 cells were treated with either VitD3, RA or Dex. On the 6th day, 100 
ng/mL of LPS were added and mo-DC were used for further experiments. OCR (A) and ECAR (B), baseline levels of 
OCR (C), Mitochondrial spare respiratory capacity (SRC) (D), mitochondrial maximal respiratory capacity (E) and 
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glycolysis (F) measured in control or AMPKa1 silenced DC and RA DC. (A,B) Data are pooled from 3 independent 
experiments with one donor each. (C, D, E, F) Data are representative of 1 out of 3 independent experiments. Statistics 
are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p<0.0001. 
 

 
Figure 40: Metabolic characterization of Dex DC. Monocytes were isolated from PBMC with CD14+ magnetic beads 
and differentiated in DC in the presence of GM-CSF + IL-4. On day 4 cells were harvested and silenced with either 
control siRNA or AMPKa1 siRNA. On day 5 cells were treated with either VitD3, RA or Dex. On the 6th day, 100 
ng/mL of LPS were added and mo-DC were used for further experiments. OCR (A) and ECAR (B), baseline levels of 
OCR (C), Mitochondrial spare respiratory capacity (SRC) (D), mitochondrial maximal respiratory capacity (E) and 
glycolysis (F) measured in control or AMPKa1 silenced DC and Dex DC. (A,B) Data are pooled from 3 independent 
experiments with one donor each. (C, D, E, F) Data are representative of 1 out of 3 independent experiments. Statistics 
are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p<0.0001. 
 

Loss of AMPK largely reverted, the VitD3-induced metabolic alterations, 

especially glycolysis and basal levels of mitochondrial OCR (Figure 38).  

Differently from what we observed in VitD DC, in which mitochondria seem to 

be highly active, RA DC had reduced SRC that was restored in the absence of AMPK 

(Figure 39D). A similar trend could be observed in the maximal respiratory capacity of 

those cells. Finally, consistent with the absence of AMPK activation in Dex-DC no major 

alterations were observed in the metabolic profile of Dex DC, in absence of AMPK 

(Figure 40). Taken together these data suggest that AMPK is important for VitD3 and 

RA-induced metabolic changes in tolDC. 
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4.12.3. AMPKKD decreases induction of suppressive T cells by RA DC 

As it can be observed in Figure 41A, knockdown of AMPKa1 mRNA expression 

was higher than 90% and cells that were silenced for AMPK could not properly 

phosphorylate ACC when treated with AICAR. Interesting, none of the costimulatory 

markers (Figure 41B) or the cytokines secreted by tolDC (Figure 41C) were affected by 

lack of AMPK. However, there was a clear trend towards reduced expression of CD103, 

the main marker associated with RA DC differentiation, in the absence of AMPK, 

suggesting that AMPK might be important for the differentiation process of these tolDC 

(Figure 41B). 

Next we aimed to analyze the cytokines secreted by naïve T cells primed by tolDC 

as well as their ability to induce the differentiation of FoxP3 Treg. The T cells ability to 

secret IFN-g was not affect by the lack of AMPK, since all tolDC were still able to 

decrease the ability of T cells to secret this cytokine. However, it could be observed that 

the ability of RA DC to induce IL-10-secreting T cells was slightly reduced when RA DC 

were silenced for AMPK (4.00 ± 1.23 vs 6.54 ± 1.63; mean ± SD; p=0.35) (Figure11D). 

Regarding the generation of Treg, surprisingly, VitD DC did not induce the gene 

(KAISAR et al., 2017) (Figure11E). RA-DC and Dex DC most likely induce Tr1 Treg, 

characterized by the secretion of IL-10. The lack of AMPK did not affect the FoxP3+ 

generation by any of the tolDC. 

So far, the data had suggested the lack of AMPK was not important for the 

tolerogenic properties of VitD DC nor Dex DC. However, several pieces of data pointed 

out that AMPK has an impact in the RA DC, since the expression of CD103 and the 

ability to promote IL-10 secretion by T cells were impaired in the absence of AMPK. 

Concordantly, the ability to generate functional suppressor T cells by RA DC was 

completely abrogated when AMPK was silenced in these cells (Figure 41F). To further 

corroborate these findings we cultured murine GM-CSF bone marrow-derived dendritic 

cells (GMDC) from CD11cWT and CD11cDAMPKa1 mice in the presence of RA. 

Interestingly, while RA conditioned GMDC displayed reduced ability to promote OT-II 

CD4+ T cell proliferation, this was not observed in GMDC lacking AMPK (Figure 41G). 

Taken together, these data suggest that RA depends on AMPK to promote tolDC with the 

ability to induce functional suppressive IL-10-secreting T cells. 
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Figure 41: Suppressive ability of T cells primed by RA DC is dependent on AMPK. Monocytes were isolated from 
PBMC with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4. On day 4 cells were 
harvested and silenced with either control siRNA or AMPKa1 siRNA. On day 5 cells were treated with either VitD3, 
RA or Dex. On the 6th day, 100 ng/mL of LPS were added and mo-DC were used for further experiments. (A) fold 
change of AMPKa1 expression by mo-DC (B) Characterization of surface markers of tolDC by flow cytometry. (C) 
mo-DC were co-cultured with CD40L-expressing cell line (J558) for 24 hours and supernatants were collected, and 
cytokines were measured by ELISA. (D, E, F) mo-DC were co-cultured with allogeneic naïve T cells as described in 
“material and methods” section and (E) intracellular cytokines levels were measured by flow cytometry, (F) FoxP3 
expression was analyzed by flow cytometry or (E) T cell suppression assay was performed. (G) Bone marrow cells 
were isolated from CD11cWT and CD11cDAMPKa1 mice an cultured in the presence of murine GM-CSF for 8 days. On 
day 6, cells were either treated with RA or left untreated and on the 7th day GMDC were pulsed with OVA + LPS for 
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24 hours. On day 8, MACS-isolated CTV-labelled OVA-specific OT-II T cells were co-cultured with GMDC. 4 days 
later, proliferation of OT-II T cells was evaluated by CTV dilution. (A-G) Data are pooled from 3-4 independent 
experiments with one donor each. Statistics are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 

 

4.12.4. AMPKKD restored ALDH activity in RA-DC 

One of the main characteristics of RA DC is the expression of the aE integrin 

CD103. Moreover, DC differentiated in the presence of RA have been shown to express 

ALDH2, encoded by the aldh1a2 gene, which is responsible for metabolizing vitamin A 

to RA (BAKDASH et al., 2015). In the gut CD103+ DC are also characterized by the 

expression of ALDH2 and production of RA, which has been linked to their ability to 

prime and recruit Tregs (COOMBES et al., 2007; ESTERHÁZY et al., 2019). Because 

of this we decided to evaluate the expression and activity of ALDH in RA DC and test if 

AMPK would affect this. 

The activity of ALDH is, as expected, significantly increased in RA DC, and in 

some extent in Dex DC and VitD DC as well (Figure 42A). To try to better understand if 

the increased ALDH activity could be important for the tolerogenic properties of RA DC, 

mo-DC were incubated with DEAB (an inhibitor of ALDH activity) for 30 minutes, 

treated with RA then on the next day cells were activated with LPS for 24 hours (48 hours 

of RA treatment in total). The treatment with DEAB did not affect the ALDH activity 

(Figure 42B) nor the ability of RA DC to generate functional suppressive T cells (Figure 

42C), suggesting that there was no proper inhibition of the enzyme.  

To try to better understand the ALDH function in RA DC, we hypothesized that 

AMPK could be involved in the RA-induced ALDH activity and to test this we analyzed 

the ALDH activity in RA DC lacking AMPK. We could observe that in iDC the RA 

treatment itself had little impact in the ALDH activity and, as a consequence, AMPK had 

no significant impact in the activity of this protein (Figure 42D). However, when RA DC 

were activated with LPS we could see that the increased RA-induced ALDH activity was 

completely abolished in the absence of AMPK (Figure 42E). Taken together these data 

suggest that RA-induced ALDH activity in LPS-stimulated DC might be dependent on 

AMPK. 
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Figure 42: ALDH activity in RA-induced DC might be controlled by AMPK. (A) Monocytes were isolated from 
PBMC with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4. On day 5 cells were 
treated with either VitD3, RA or Dex. On the 6th day, 100 ng/mL of LPS were added and ALDH activity was measured 
by flow cytometry. (B,C) Monocytes were isolated from PBMC with CD14+ magnetic beads and differentiated in DC 
in the presence of GM-CSF + IL-4. On day 5 cells were either treated with N,N-diethylaminobenzaldehyde (DEAB) 
or left untreated and 30 minutes later cells were treated with RA. On the 6th day, 100 ng/mL of LPS were added and 
ALDH activity was measured by flow cytometry (B) or mo-DC were co-cultured with allogeneic naïve T cells for T 
cell suppression assay as described in “material and methods” section (C). (D,E) Monocytes were isolated from PBMC 
with CD14+ magnetic beads and differentiated in DC in the presence of GM-CSF + IL-4. On day 4 cells were harvested 
and silenced with either control siRNA or AMPKa1 siRNA. On day 5 cells were treated with either treated with RA 
or left untreated. On the 6th day, cells were left untreated (D) or treated with 100 ng/mL of LPS (E) and ALDH activity 
was measured by flow cytometry. Data are pooled from 2 independent experiments with 2 and 3 donors (A,B) or 1 
experiment with 3 donors (C) or 1 experiment with 1 donor (D,E). Statistics are One-Way Anova with Tukey HSD 
post test (A) or Two-Way Anova with Sidak’s post-test (B,C). Data shown as mean ± SEM; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p<0.0001. 

 

4.12.5. Mouse RA GMDC mimic human RA-DC 

We had already observed that RA GMDC were also dependent on AMPK to 

inhibit the proliferation of OT-II CD4+ T cells (Figure 41G). Next we aimed to investigate 

the whole profile of GMDC treated with RA. First of all, we observed that indeed the 

AMPKa1 was knocked out of CD11c cells, since the levels of pACC were reduced in 

CD11cDAMPKa1 when compared to CD11cWT (Figure 43A). Although without statistical 

significance, the expression of CD80 and CD86 tended to be reduced in RA GMDC in 

an AMPK-independent manner while no differences were observed regarding PD-L1 

expression (Figure 43B). The secretion of IL-12p70 was also reduced by RA GMDC 

independently from AMPK (Figure 43C). These results were different from the ones we 

observed in mo-DC, since the expression of co-stimulatory markers were not affected as 
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well as the secretion of IL-12p70. However, even with those differences, RA GMDC 

relied on AMPK to inhibit the proliferation of (Figure 43D). The secretion of IFN-g was 

reduced when OT-II CD4+ T cells were co-culture with RA GMDC (0.69 ± 0.07 vs 1.00 

± 0.00; mean ± SEM; p= 0.09), but this reduction was independent on AMPK 

(Figure13E). Interestingly, while RA mo-DC could not induce FoxP3+ Treg, RA GMDC 

not only were able to induce those cells as this ability was reversed in CD11cDAMPKa1 

GMDC (Figure 43E). Interestingly, in GMDC the inhibition of ALDH with DEAB was 

effective in restore the ability of GMDC to induce the proliferation of OT II CD4+ T cells 

and the increased of FoxP3+ cells trend to reduce. Taken together the data suggests that, 

in the mice system, RA also depends on AMPK to generate suppressive DC, via ALDH 

activity that, instead of generating IL-10-secreting T cells, are now able to induce FoxP3+ 

Treg. 
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Figure 43: RA-induced GMDC recapitulate the phenotype of RA DC. Bone marrow cells were isolated from 
CD11cWT and CD11cDAMPKa1 mice an cultured in the presence of murine GM-CSF for 8 days. On day 6, cells were 
either treated with RA or left untreated and on the 7th day GMDC were pulsed with OVA + LPS for 24 hours. (A) 
phosphorylation levels of acetyl-coA acetylase (pACC) measured by flow cytometry. (B) Surface markers expressed 
by GMDC. (C) GMDC that were not treated with LPS on day 7 were treated with LPS in the presence of brefediln A. 
Six hours later cells were harvested and fixed with 1.9% of formaldehyde and then permeabilized with ebioscience 
permbuffer and stained for IL12p70 secretion. (D,E) On day 8, MACS-isolated CTV-labelled OVA-specific OT-II T 
cells were co-cultured with GMDC. 4 days later, proliferation of OT-II T cells was evaluated by CTV dilution (D) and 
6 days later the T cell expression of FoxP3 and cytokines were evaluated (E). (F) Bone marrow cells were isolated from 
CD11cWT and CD11cDAMPKa1 mice an cultured in the presence of murine GM-CSF for 8 days. On day 6, cells were 
either treated with RA or left untreated and on the 7th day GMDC were either treated with N,N-
diethylaminobenzaldehyde (DEAB) or left untreated and 30 minutes and then pulsed with OVA + LPS for 24 hours. 
On day 8, MACS-isolated CTV-labelled OVA-specific OT-II T cells were co-cultured with GMDC. 4 days later, 
proliferation of OT-II T cells was evaluated by CTV dilution (left panel) and 6 days later the T cell expression of FoxP3 
was evaluated (right panel). (A-F) Data are pooled from 2/3 independent experiments with one mice from each 
genotype in each experiment. Statistics are Two-Way Anova with Sidak’s post-test. Data shown as mean ± SEM; *p < 
0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
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Next we evaluated the metabolic profile of immature GMDC and similar to what 

we had observed in the mo-DC, VitD GMDC had an overall increase in the metabolic 

activity, with increased levels of both glycolysis and OXPHOS that were also dependent 

on AMPK (Figure 44A and Figure 44D). It is interesting to note that RA GMDC also 

showed reduced SRC, as it could be observed in RA mo-DC. However, the absence of 

AMPK did not completely restore the mitochondrial fitness that was still impaired (Figure 

44B). The basal respiration of both tolDC was completely abrogated in the absence of 

AMPK (Figure 44D), which might suggest that AMPK is important for the mitochondrial 

function of tolerogenic GMDC in a more extensive way than it is for the mo-DC. 

Glycolysis was slightly, but not significantly increased in VitD and RA GMDC, but 

AMPK was important for the glycolytic activity of all GMDC (Figure 44C and Figure 

44D). Interesting, the absence of AMPK in control GMDC did not only affect glycolysis, 

but SRC and most striking the maximal respiratory capacity were also reduced. Taken 

together, the data suggest that AMPK is important for the metabolic function of GMDC 

in a more extensive manner than it was for the mo-DC and that tolerogenic GMDC relies 

on AMPK for glycolysis. 
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Figure 44: Metabolic characterization of GMDC. Bone marrow cells were isolated from CD11cWT and CD11cDAMPKa1 mice an 
cultured in the presence of murine GM-CSF for 8 days. On day 6, cells were either treated with VitD, RA or left untreated and cells 
were harvested on the 8th day. (A) OCR and ECAR values from GMDC. (B) Quantification of maximal respiration (left panel) and 
spare respiratory capacity (SRC) (right panel) from GMDC. (C) Quantification of glycolysis from GMDC. (D) Energetic graphic 
showing the baseline levels of OCR vs glycolysis levels from GMDC. Data are representative from one out of 3 independent 
experiments with one mice from each genotype in each experiment. Statistics are Two-Way Anova with Sidak’s post-test. Data shown 
as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
 

4.12.6. CD11cAMPKa1 RA GMDC failed to decrease polyclonal IFN-g secretion by T 

cells in cell transfer experiment. 

After having stablished that RA GMDC also relied on AMPK activity for their 

tolerogenic properties, we aimed to address how the loss of AMPK would affect the T 
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cell-priming capacities of DC in vivo. To this end we adoptively transferred GMDC 

derived from either CD11cWT or CD11cDAMPKa1 mice, treated or not with RA and pulsed 

in vitro with OVA and LPS into footpads of recipient mice and analyzed the T cell 

response in the draining LNs 7 days later (Figure 45A). Compared to WT GM-DC, the 

immunization with AMPK-deficient GMDC did not affect the frequencies of 

CD4+CD44+ nor the frequencies of CD8+CD44+ T cell. On the other hand, the frequency 

of effector CD44+CD62L-CD8+ T cells (Figure 45B) and OVA-specific CD8+ T cells 

(Figure 45C) were significantly increased. The immunization with WT RA GMDC did 

not affect the priming of OVA-specific CD8+ T cells nor reduced the frequencies of 

effector CD4+ or CD8+ T cells. However, the immunization with WT RA GMDC 

decreased the frequencies of both IFN-g and IL-17A-secreting CD4+ T cells (Figure 45D 

and Figure 45E, respectively), but only the secretion of IFN-g could be rescued when 

AMPK-deficient RA GMDC were transfected (Figure 45D). No differences were 

observed in the secretion of IL-10 and IL-4 by CD4+ T cells neither the secretion of IFN-

g by CD8+ T cells (Figure 45F). Surprisingly, no differences were observed neither on the 

frequencies of CD4+FoxP3+ T cells nor on the expression of CTLA-4 by FoxP3+ Treg 

(Figure 45G).  
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Figure 45: AMPK is important for RA-induced GMDC to limit the secretion of IFN-g by T cells in vivo. GMDC 
were stimulated for 24hours with OVA and LPS and then injected into footpads of WT mice. Seven days later, T cell 
responses were evaluated in draining popliteal LNs (popLn) by flow cytometry (A-G). (B) Frequencies of CD4+CD44+ 

cells (left panel), CD8+CD44+ cells (middle panel) and CD8+CD44+CD62L- effector CD8+ and CD4+ T cells. (C) 
Frequencies of CD8+CD44+CD62L- OVA-specific CD8+ T cells, based on KbOva tetramer, are shown in representative 
flow cytometry plots (left) and frequencies of CD8+ (middle) and live cells (right). (D-G) popLn cells were stimulated 
with PMA/Ionomycin in the presence of Brefeldin A and CD4+ T cells were analyzed for expression of IFN-g (D) and 
IL-17A (E) as shown in representative flow cytometry plots (left) and frequencies of live cells (right). CD4+ popLn 
cells were also analyzed for the expression of IL4 (F left), IL-10 (F middle) and CD8+ T cells were analyzed for the 
expression of IFN-g (F right) as shown in frequencies of live cells. CD4+ popliteal LN cells were also analyzed for the 
expression of FoxP3 (G left) and FoxP3+ cells were analyzed for the expression of CTLA-4 (G right). Data are from 
one experiment with four lymph nodes per condition. Statistics are Two-Way Anova with Sidak’s post-test. Data shown 
as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
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4.12.7. CD11cAMPKa1 gut CD11b+CD103+ DC have low ALDH activity. 

To further explore the in vivo importance of AMPK for the tolerogenic properties 

of DC, we next aimed to investigated how AMPK could modulate the function of DC in 

vivo in the two main suppressive tissues: the gut and the lungs. For that, we extracted 

small intestine lamina propria (siLP) together with mesenteric lymph nodes (msLN) and 

payer’s patch as well as lungs from CD11cWT and CD11cDAMPKa1 mice. 

In the gut and msLN, we can identify three mains subsets of cDC: CD103+CD11b- 

(CD103+ DC), CD103+CD11b+ (CD103+CD11b+ DC) and CD103-CD11b+ (CD11b+ 

DC). In CD11cDAMPKa1mice the frequency of CD103+CD11b+ DC tended to be reduced 

when compared to the cells presented in the gut of CD11cWT (Figure 46A) and the 

frequencies of other myeloid subsets such as cDC2, pDC, CD11c+ macrophages and 

CD11c- macrophages also tended to be reduced (Figure 46C). Interesting, the ALDH 

activity was reduced only on CD103+CD11b+ DC (Figure 46B). At steady state, no 

differences were observed in the frequency of regulatory FoxP3+ T cells (Figure 46D) nor 

in the expression of co-stimulatory molecules in any of the gut subtypes of cDC (Figure 

46E). Analysis of the lungs of CD11cDAMPKa1 mice showed no differences in the 

frequencies of CD103+ or CD11b+, alveolar macrophages or interstitial macrophages 

(Figure 46F). Interesting, also in the lungs, the ALDH activity of CD103+ DC was 

reduced (Figure 46G). In naïve mice with AMPK deficiency in CD11c+ cells, no 

differences in frequency of FoxP3+ T cells were observed in the lungs, although the 

expression of the immune-suppressor marker CTLA-4 was increased in FoxP3+ T cells 

in the lungs (Figure 46F). Concordantly, reduced frequency of effector CD4+CD44+ T 

cells, as well as reduced frequencies of IFN-g and IL-10-secreting CD4+ T cells were 

observed, suggesting AMPK is important for cDC to mount T cell response in lungs 

(Figure 46G). 

CD11cDAMPKa1 mice had normal frequencies of migratory, resident and the three 

main DC subtypes in the msLN (Figure 47A). ALDH activity of cDC was not affected as 

well in none of the subtypes of DC (Figure 47B) and, an overall increase of several 

activation markers could be observed in all cDC, specially CD103+CD11b+ and CD11b+ 

DC (Figure 47C). All though no differences were observed in the frequencies or 

activation status of FoxP3+ Tregs at steady state (Figure 47E), CD11cDAMPKa1 mice 

displayed enhanced production of IFN-g and IL-10 by CD4+ T cells in msLNs (Figure 
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17D). The increase in IL-10 production by T cells might be a negative feedback 

mechanism, triggered by a possible inflammatory status in the msLN.  

Interestingly, we could observe that ALDH activity, was higher in 

CD11b+CD103+ cDC in the gut while in the msLN, the subtype with higher ALDH 

activity was CD103+CD11b- cDC (Figure 17F). This might suggest that in the siLP, the 

main suppressive subset of cDC would be the CD11b+CD103+ cDC instead of 

CD103+CD11b- cDC, which was claimed to have this function in the msLN 

(ESTERHÁZY et al., 2019). Collectively, the data suggest that AMPK signaling in DC 

might control gut and msLN homeostasis by promoting an anti-inflammatory status via 

regulation of ALDH activity specifically in CD103+CD11b+ DC. Interesting, the role of 

AMPK signaling in DC might be tissue-selective since in the lungs, CD11cDAMPKa1 mice 

seemed to present defective T cells-cytokine secretion.  

 



Results 132 

 
Figure 46: ALDH activity in gut CD11b+CD103+ DC is partially dependent of AMPK. (A-E) Cells from small 
intestine lamina propria (siLP) were isolated from CD11cWT and CD11cDAMPKa1 mice and stained for flow cytometry 
analyzes. (A) Representative plot (left) and frequencies of CD45+ live cells (right) of the cDC found in the gut (see 
Supplementary Figure 1A for whole gating strategy). (B) representative plot of concatenated samples (left) and relative 
geometric median fluorescence intensity (GeoMFI) (right) of ALDH activity. (C) Frequencies of immune cells 
identified in the gut of CD11cWT and CD11cDAMPKa1 mice. (D) Representative plot (left) and frequencies of CD45+ live 
cells (right) of CD4+FoxP3+ T cells found in the gut of CD11cWT and CD11cDAMPKa1 mice (E) GeoMFI of indicated 
surface markers expressed by cDC found in the gut. (E-G) Lung cells were isolated from CD11cWT and CD11cDAMPKa1 
mice and stained for flow cytometry analysis. (A) Representative plot (upper) and frequencies of CD45+ live cells 
(lower left) of cDC, macrophages and CD4+FoxP3+ T cells found in the lungs of CD11cWT and CD11cDAMPKa1 mice 
(see Supplementary Figure 1B for whole gating strategy) and expression of activation markers of CD4+FoxP3+ T cells 



Results 133 

(lower right). Lung cells were stimulated with PMA/Ionomycin in the presence of Brefeldin A and CD4+ T cells were 
analyzed for expression of CD44 (H left) IFN-g (H middle) and IL-10 (H right) as shown by frequencies of live cells. 
(A-E) Data are pooled from 2 independent experiments with 3/4 mice per genotype. (F-H). Data are from 1 experiment 
with 4 mice per genotype Statistics are Unpaired T test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 
0.001, ****p<0.0001. 
 

 

 
Figure 47: AMPK limits the expression of co-stimulatory molecules in cDC and helps to promote homeostasis 
in msLN. (A-E) Cells from mesenteric lymph noded (msLN) were isolated from CD11cWT and CD11cDAMPKa1 mice 
and stained for flow cytometry analyzes. (A) Representative plot (upper left) and frequencies of CD45+ live cells (upper 
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right) of the cDC found in the msLN (see Supplementary Figure 1A for whole gating strategy). Representative plot 
(bottom left) and frequencies of CD45+ live cells (bottom right) of migratory DC (MigDC) and resident DC (ResDC) 
found in the msLN. (B) Relative geometric median fluorescence intensity (GeoMFI) of ALDH activity in cDC found 
in the msLN. (C) Relative GeoMFI of indicated surface markers expressed by cDC found in the msLN. (D,E) cells 
from msLN were stimulated with PMA/Ionomycin in the presence of Brefeldin A and CD4+ T cells were analyzed for 
expression of IFN-g (D) and IL-10 (E) as shown in representative flow cytometry plots (left) and frequencies of live 
cells (right). (F) ALDH activity in cDC in gut and msLN. Cells isolated from both gut and msLN were stained for the 
ALDH activity and the subtypes displaying higher ALDH activity are switched in the gut and msLN. (A-F) Data are 
pooled from 2 independent experiments with 3/4 mice per genotype. (F) Data are representative from 1 out of 2 
independent experiment. Statistics are Unpaired T test. Data shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 
0.001, ****p<0.0001. 
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5. DISCUSSION 

In the context of T1D, an autoimmune syndrome with a very complex 

pathophysiology, DC emerge as an important cell type because of their unique role in 

capturing, processing and presenting antigens to T cells. These cells, ultimately, will be 

responsible, directly or indirectly, for the destruction of islet beta cells. Interestingly, 

studying mo-DC from T1D patients, we observed reduced expression of CD80 followed 

by increases in IL-10 secretion. This would seem to contradict reports suggesting that 

DCs from NOD mice have a proinflammatory profile, with higher expression of 

costimulatory molecules and higher IL12p70 production (WHEAT et al., 2004). 

Nevertheless, other reports describe DCs with low CD86 expression and low ability to 

induce T lymphocyte proliferation in NOD mice compared to C57BL/6 and Balb/c mice 

(DAHLÉN; HEDLUND; DAWE, 2000). Consistent with our observation, low expression 

of costimulatory molecules, lower IL-12 secretion, followed by increases in IL-10 

content, and poor ability to induce naïve T cell proliferation were observed in mo-DCs 

from T1D patients compared to mo-DC from healthy donors (ANGELINI et al., 2005). 

Suggesting a role for hyperglycemia in this phenomenon, serum from T2D patients or 

monocytes exposed to hyperglycemia displayed reduced expression of CD86, CD83 and 

failed to induce the proliferation of allogeneic T cells (MONTANI et al., 2016). 

Paradoxically, a low grade inflammation has been described in both NOD and mice 

treated with streptozotocin (a molecule able to induce beta cell destruction) associating 

this phenomena with increased levels of leukotriene-B4 (LT-B4) (FILGUEIRAS et al., 

2015). To explain this apparent paradox of increased inflammatory response by deficient 

DC, it has been proposed that a deficiency in the maturation of patients' DC would lead 

to poor T lymphocyte stimulation, thus decreasing the stimulus for the generation of 

Tregs, facilitating the autoimmune process (ANGELINI et al., 2005; DAHLÉN et al., 

1998; MOLLAH et al., 2008). Indeed, CD80/CD86 knockout NOD mice displayed severe 

insulitis and reduced levels of Tregs (SALOMON et al., 2000) whereas CD11cDLKB1 mice, 

which display elevated levels of CD86, show increased Tregs counts in multiple organs 

(PELGROM et al., 2019). However, when we tested in our model, high glucose 

concentrations did not significantly affect the phenotype nor impaired the function of mo-

DC from both patients and healthy donors. Interestingly, these mo-DC from patients, with 

lower CD80 expression and higher IL-10 production, are not mirrored by blood DC and 

CD14+ monocytes, which after LPS activation, secreted elevated levels of TNF-a. It is 

noteworthy, however, that under hyperglycemic conditions, mo-DC from diabetic 
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patients tended to secrete more TNF-a, IL-6 and IL-12p70 than mo-DC from healthy 

donors. This raises the question of how much the observed mo-DC phenotype and the 

increased ability of monocytes and blood DC from patients to secrete TNF are dependent 

on the same pathophysiological phenomena. Contributing to the complexity of the issue, 

it has been described that VitD3-treated mo-DC activated with LPS (but not CD40L) 

secreted elevated levels of TNF-a and the blocking of either membrane-bound TNF-a or 

soluble TNF-a impaired the capacity of this cells to induce Tregs (KLEIJWEGT et al., 

2010). 

We also investigated the role of VitD3 in both the “immunosuppressive” and 

metabolic properties of mo-DC from healthy donors and diabetic patients under different 

glucose concentrations. These two aspects of DC biology suffered coherent effects when 

the cells were obtained from healthy donors but seemed to dissociate when the cells were 

obtained from T1D patients. While VitD DC of diabetic patients maintained a similar 

metabolic profile, regardless of glucose concentration, VitD DC of healthy donors 

suffered significant variations in their glycolytic activity and oxidative metabolism, 

which were both partially inhibited at higher glucose concentrations. On the other hand, 

the immunophenotype of VitD DC from both patients and healthy donors was different 

from that of mo-DC, with reduced CD86 expression, lower TNF-a secretion (at higher 

glucose concentrations) and decreased ability to induce proliferation of T cells. 

Furthermore, VitD DC from healthy donors were even less efficient in inducing 

proliferation of allogeneic CD4+ T lymphocytes, when differentiated at higher glucose 

concentrations (25 mM), a phenomenon that was not observed in VitD DC from diabetic 

patients, since these cells were equally ineffective, regardless of glucose concentration. 

Interestingly, the reduced lymphostimulatory capacity observed in VitD DC from healthy 

donors differentiated at hyperglycemia was accompanied by reduction in glycolysis and 

oxidative profile, a feature displayed by diabetic patients’ VitD DC in both normo and 

hyperglycemia. This might suggest that VitD DC from healthy donors differentiated at 

high glucose concentration, tend to have a similar metabolic profile to VitD DC of 

diabetic patients and that VitD3-induced metabolic reprogramming might not rely as 

much on glycolysis in diabetic patients, as it seems to do in healthy donors. 

In these experiments, where cells were exposed to glucose and their metabolism 

was evaluated, we noted that while VitD DC from healthy donors (differentiated under 

normoglycemic conditions) were able to increase intracellular glucose traffic, VitD DC 
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from diabetic patients (regardless of glucose concentration) were not. Interestingly, while 

increasing glucose concentration from 1 to 10mM was reported to be essential for the 

induction of the tolerogenic profile by VitD3 on healthy donors cells (FERREIRA et al., 

2015), we noted that further increasing glucose concentration (25mM), inhibited 

glycolysis, but did not affect, in a similar degree, their lymphostimulatory deficit. Thus, 

although experiments with lower glucose concentrations suggest a causal relationship 

between tolerogenic profile and metabolic profile of mo-DC, the data we obtained with 

the higher dose of glucose on the cells of control subjects and the data obtained with 

patients’ cells, regardless of glucose concentration, cast doubts upon such hypothesis.  

The increase in glycolysis observed in VitD DC from healthy donors coincided 

with the increase in cell membrane GLUT1, when these cells were differentiated in the 

presence of 5.5 mM of glucose. Interestingly, VitD DC from diabetic patients 

differentiated in the presence of 5.5 mM of glucose also displayed increased surface 

GLUT1 expression without, however, increased glycolysis. Surface GLUT1 expression 

in diabetic patients was lower than that observed in healthy donors and this could, at least 

partially, explain why GLUT1 increase may not have been sufficient to increase 

glycolysis of these cells: the increased glucose available to the cell would be diverted to 

other metabolic pathways preventing the increased lactic acid production – the actual 

parameter we measure when we talk about “glycolysis”. When the cells were 

differentiated under hyperglycemia, VitD3 failed to increase expression of surface 

GLUT1 on both patients and healthy donors and glycolysis was reduced in VitD DC from 

healthy donors, resembling the metabolic profile of patients. This reinforces the 

hypothesis that VitD DC differentiated under high glucose concentrations tend to present 

the same metabolic reprogramming observed in diabetic patients. We cannot exclude the 

possibility that GLUT1-dependent metabolic modulations might have been biased by the 

time frame of our analysis. Increased GLUT3 and GLUT1 expression was observed 4 and 

6 hours, respectively, after mo-DC received stimulus for differentiation (given by GM-

CSF, IL-4 and VitD3) (FERREIRA et al., 2015) or after activation with LPS 

(KRAWCZYK et al., 2010). In our model, GLUT1 expression was evaluated 24 hours 

after LPS activation, a time when higher levels of expression might have been masked by 

GLUT1 internalization. In this scenario, since patients expressed lower levels of surface 

GLUT1, but similar to healthy donors’ glucose uptake, one could hypothesize that, in 

order to maintain glucose homeostasis, patients’ cells are actually constitutively 

expressing higher levels of GLUT1 and that after 24 hours of LPS activation, this 
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transporter would have been internalized leading to its reduction on the surface. In line 

with this observation, is the fact that at normoglycemic conditions mo-DC from diabetic 

patients were, actually more glycolytic than mo-DC from healthy donors (not considering 

VitD3 modulations). The same observation was true, here, for diabetic blood 

CD11c+CD123- DC and diabetic alveolar macrophages (RAMALHO et al., 2019), with 

the first being accompanied by increased secretion of TNF-a, following LPS stimulation 

and dramatic reduction in glycolytic capacity, a metabolically feature already observed 

in LPS-activated DC (MALINARICH et al., 2015). 

After activation by LPS, DC rapidly increase glucose consumption via the 

glycolytic pathway to fuel TCA (EVERTS et al., 2014b). Recently, it has been shown 

that glycogen-derived carbons are used during this initial increase of glycolytic pathway 

for citrate synthesis and that much of the extracellular glucose captured by DC is rapidly 

converted to glycogen (THWE et al., 2017). In hyperglycemic situations, this glycogen 

reserve may be lower than that of normoglycemia, which could potentially explain the 

fact that VitD DC of diabetic patients, although uptaking glucose in the same way as 

healthy cells, lack signs of consumption of this molecule in the glycolytic and oxidative 

pathways. This would be due to an even more immediate shift of glucose uptake to 

intracellular glycogen replacement, as suggested above.  

Increases in OCR or even OCR/ECAR ratios may indicate greater mitochondrial 

function and the fission/fusion relationship of these organelles, since these phenomena 

have been described as associated in T lymphocytes (BUCK et al., 2016). In our model, 

though an increased OCR and OCR/ECAR was noted, we did not observe significant 

mitochondrial changes. Neither mitochondrial membrane potential nor mitochondrial 

mass were altered by treatment with VitD3 or by the pathological condition of the donor. 

However, we cannot discard that VitD3 induces alterations in the fission/fusion ratio of 

the cells. We performed a single preliminary experiment with VitD DC differentiated 

under low (1 mM) and medium (10 mM) glucose concentrations, and though it did not 

identify any changes in the shape of mitochondria (data not shown), it had a high cell 

mortality rate.  

What seems to us to be the most interesting findings in relation to diabetic 

patients’ experiments were the facts that (1) mo-DC from both diabetic patients and 

healthy donors were rendered “tolerogenic” by VitD3; (2) VitD DC from diabetic patients 

presented lower glycolytic rates than those of VitD DC from healthy donors and (3) VitD 

DC from patients were resistant to the higher extracellular glucose levels-induced  
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decrease in glycolysis and OXPHOS observed in VitD DC from healthy donors. These 

data suggest that although in healthy individuals VitD3 appears to rely on cellular 

metabolism modifications to induce a “tolerogenic” profile, linking metabolic to 

immunological alterations, monocytes from diabetic patients are resistant to VitD3-

induced metabolic reprogramming but not to VitD3 ability to induce tolDC, a 

phenomenon that occurs without the evident metabolic changes. 

We also aimed to investigate how blood monocytes and DC were affected in 

diabetic patients. Intriguingly, we observed an inverse association between circulating 

pDC frequency and duration of diabetes. This suggests that pDC might have a role in the 

onset and earlier phases of T1D. pDC are cells that secrete large amounts of IFN-a and 

are, therefore, believed to be important in virus innate immunity, since they express TLR-

7 and TLR-9, which recognize viral nucleic acids (REYNOLDS; HANIFFA, 2015). 

Literature data are conflicting regarding the frequency of these cells in patients with T1D 

with both increased (ALLEN et al., 2009; KLOCPERK et al., 2019; PENG et al., 2003) 

and reduced (CHEN et al., 2008; VUCKOVIC et al., 2007) frequencies reported. 

Interestingly, two studies that used very similar numbers of patients (61 and 70) and 

newly diagnosed patients (between 1 and 2 months) had different outcomes. In one of 

them, an increase in the frequency of pDC in patients was reported (ALLEN et al., 2009), 

while the other reported decreased frequency of these cells (VUCKOVIC et al., 2007). It 

is noteworthy that virus infections have been associated with the development of T1D in 

experimental models (QAISAR et al., 2017) and humans (DOTTA et al., 2007) as well 

as increase in IFN-a secretion by pDC in the LNs (LI et al., 2008); this would explain the 

increased pDC population in newly diagnosed patients, as we observed. Furthermore, this 

hypothesis would predict that with time, pDC levels would decrease in the patients, what 

has been actually described in the same study mentioned above, where 2 years after 

diagnosis, 3 out of 5 patients had decreased frequency of pDC (ALLEN et al., 2009). 

As already mentioned, classical monocytes and CD11c+ DC from diabetic patients 

secreted higher levels of TNF-a and displayed higher glycolytic features. Although any 

significant alteration in cDC1, cDC2, pDC or monocytes frequencies were observed, an 

increase in a CD123loCD11c+ DC population was observed in diabetic patients. Several 

efforts have recently been made to understand ontogeny, functions and the diversity of 

DC subpopulations, trying to correlate well-defined mouse populations with those present 

in peripheral blood (HANIFFA; COLLIN; GINHOUX, 2013; MERAD et al., 2013; 
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REYNOLDS; HANIFFA, 2015). Dzionek et al identified in 2000 (DZIONEK et al., 

2000) three antigens, called BDCA-2-4 (Blood Dendritic Cells Antigens) which, together 

with BDCA-1 (CD1c) are still used to identify blood populations of human DC. 

Genomics studies with emphasis on monocyte and DC subpopulations began with the 

idea of understanding ontogeny and homology of these cells (ROBBINS et al., 2008; 

WATCHMAKER et al., 2013). Based on these studies, it was possible to align the CD1c+ 

and CD141+ DC of human peripheral blood with the CD11b+ and CD8a+/CD103+ DC of 

mice, respectively. 

Even with a limited number of colors, it was possible to identify the three main 

subpopulations of blood DC described in the literature in both healthy donors and diabetic 

patients. Also, it was possible to observe a population LIN(CD3/CD19/CD56)-HLA-

DR+CD14-CD11c+CD123lo expressing high levels of CD16 and that was more prevalent 

in diabetic patients. CD16+ DC have been described in the literature before (AUTISSIER 

et al., 2010; BACHEM et al., 2010; ROBBINS et al., 2008). However, in one study, the 

authors did not use CD123 to characterize pDC, but CD304, which makes impossible to 

draw any parallel since the present population expresses low/intermediate levels of 

CD123 (BACHEM et al., 2010). In another, they were characterized as CD11c+CD123-, 

without mentioning a population CD123lo (AUTISSIER et al., 2010). The third work used 

public gene expression data to cluster known populations of DC by analyzing homology 

between humans and mice (ROBBINS et al., 2008).  

Studies that identified cDC and pDC in diabetic patients either did not used CD16 

or included this marker within the LIN- (CHEN et al., 2008; PENG et al., 2003; 

SUMMERS et al., 2006; VUCKOVIC et al., 2007). Robbins et al. (ROBBINS et al., 

2008), by analyzing public transcriptional data from healthy donors in CD16+ DC, 

compared this cells with others subpopulations of DC, monocytes, neutrophils and 

lymphocytes and they demonstrated that these cells clustered closer to neutrophils and 

monocytes than to DC, expressing genes more associated with these cells. Recent studies 

using single-cell RNA-seq have identified new subpopulations of DC in the blood. One 

of them was identified as a cDC precursor, expressing CD123, capable of inducing T 

lymphocyte proliferation, but not capable of secreting IFN-a (SEE et al., 2017). 

However, this population was selected based on a lineage that included CD16, making it 

difficult to hypothesize that diabetic patients have an increase in this precursor population 

of DC. 
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A second recent work also used single-cell RNA-seq to identify a new DC 

population and two new monocyte populations (VILLANI et al., 2017). Interestingly, in 

the first strategy to select cells for single-cell RNA-seq, authors used the same strategy 

used by us, identifying 6 types of DC named by the authors as follows: DC1 

(corresponding to cDC1 and expressing CD141+), DC2 and DC3 (corresponding to 

divisions within the CD1c+ population, called by us cDC2), DC4 (population CD1c-

CD141-), DC5 (new population expressing AXL and Siglec6) and DC6 (corresponding 

to pDC). According to the authors, the DC4 population expresses CD16 and, although it 

expresses many monocyte-like genes (a finding similar to that described by Robbins et 

al. in 2008 (ROBBINS et al., 2008)), formed a different cluster from the CD16+ monocyte 

cluster being characterized by expressing genes related to IFN type I secretion and 

antiviral response, while the monocyte population expressed immune process and 

leukocyte migration genes (VILLANI et al., 2017). Based on the literature and our finding 

that there is a CD123loCD11c+CD1c-CD141- population expressing CD16, we can 

hypothesize that diabetic patients have a significant increase in this population, which 

could be the DC4 population, characterized by Villani et al. 

Not only VitD3, but other compounds are able to induce tolDC when added to 

monocytes during the differentiation toward mo-DC (BAKDASH et al., 2015; MAGGI 

et al., 2016; TAI et al., 2011). In order to better understand how different compounds 

could induce tolDC and how these compounds could metabolically influence mo-DC, 

monocytes were treated with VitD3, RA and Dex. Largely consistent with the literature, 

we were able to efficiently induce tolDC with all the compounds, evidenced by the ability 

of T cells primed by all tol DC efficiently suppress the proliferation of bystander T cells 

without inducing the generation of FoxP3 Treg. Common features were observed among 

VitD DC and Dex DC, which shared a drastic reduction in co-stimulatory markers, 

increased secretion of IL-10 and reduced secretion of IL12p70. RA-induced mechanism 

did not alter co-stimulatory markers, neither IL-10 nor IL12p70 secretion by mo-DC, 

however T cells primed by RA DC secreted higher levels of IL-10 suggesting that RA 

DC is able to induce a subtype o Treg called Tr1, characterized by the low expression of 

FoxP3 and increased secretion of IL-10 (GROUX et al., 1997; ZENG et al., 2015). The 

induction of Tr1 had already been shown by RA-treated DC(BAKDASH et al., 2015) and 

also by butyrate-treated DC that induced RA secretion by DC with concomitant increased 

ALDH activity (KAISAR et al., 2017). Our data supports the idea that RA acts on mo-

DC increasing their ability to differentiated Tr1 Treg. 
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One interesting find from the project, was that tolDC displayed an overall 

modulation of both LCFAs and ELOVL family genes, regardless if tolerogenic 

compounds were added to monocytes (at day 0) or to iDC (at day 5). ELOVL are enzymes 

enrolled during the first step of elongation of FA and, to date, seven different members, 

that can be ubiquitously or more tissue-related expressed, were identified (JAKOBSSON; 

WESTERBERG; JACOBSSON, 2006; TAMURA et al., 2009). The observed 

modulation of LCFA and ELOVL genes was not straightforward when analyzing the data 

from cells treated either at day 0 or at day 5. When cells were treated at day 0, increases 

in LCFAs were more prominent in tolDC than increases in ELOLV gene, whereas cells 

treated at day 5 displayed the opposite dynamics. This might reflect time-dependent 

discrepancies in which, in the first scenario (because cells were treated at earlier time 

points), the levels of LCFAs are increased due to a longer stimulation of the cells, 

allowing enough time for properly expression and activation of the enzymes. In contrast, 

in the second scenario, the enzymes’ levels might not be as high as in the first situation 

and, as consequence, alterations in LCFAs are less evident. The same is true for the 

ELOVL genes, that might not be highly upregulated when cells were treated at day 0 but 

could have been 24 or 48 hours after the stimulus for differentiation. It is noteworthy, that 

we did not evaluate protein levels in neither of the situations and the possibility that gene 

upregulation did not actually correlates (or will be correlated) with increased expression 

of the enzymes cannot be excluded. 

While VitD DC and Dex displayed higher levels of EPA, RA DC displayed an 

overall increase of low-grade inflammation LCFAs, particularly nervonic acid, erucic 

acid, 11-eicosenoic acid, EDA and DDA. Omega-3 a-linoleic acid and omega-6 linoleic 

acid are the most common PUFAs and they are both essentials FAs, which means they 

cannot be synthesized, and need to be acquired from diet (DOMINGUEZ; 

BARBAGALLO, 2017). Ultimately, these lipids give rise to their derivatives, especially 

EPA and AA, respectively (MEHTA; DWORKIN; SCHWID, 2009) that serves as 

substrates to two main types of enzymes: cyclooxygenase (COX) and lipoxygenases 

(LOX) which, in turn, generates eicosanoid like prostaglandins, leukotrienes, lipoxins and 

resolvins (NELSON; RASKIN, 2019). Generally, omega-3 FAs are associated with anti-

inflammatory responses (GUTIÉRREZ; SVAHN; JOHANSSON, 2019) while omega-6 

FAs are associated with pro-inflammatory responses (INNES; CALDER, 2018) and 

decrease in omega-6:omega-3 ratio has been suggested as essential for reducing risk of 

obesity and to reduce low-grade inflammation (DINICOLANTONIO; O’KEEFE, 2018; 
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SIMOPOULOS, 2016; 2003). EPA and AA give rise to different eicosanoids with AA’s 

derivatives being classical mediators of inflammation like prostaglandin E2 (PGE2), 

leukotriene B4 (LTB4) and thromboxane A2 (TXA2) whereas EPA’s derivatives are PGE3, 

LTB5 and TXB3, which are less inflammatory eicosanoids than their AA-derivates 

counterparts (NAGY; TIUCA, 2017; NELSON; RASKIN, 2019). 

With that being said, it is easy to understand how elevated levels of EPA in tolDC 

can contribute to their immunosuppressive capacity. DC treated with EPA displayed 

reduced expression of costimulatory markers and secretion of IL-12 (DRAPER et al., 

2011; WANG et al., 2007; ZAPATA-GONZALEZ et al., 2008; ZEYDA et al., 2005). 

Interestingly, docosahexaenoic acid (DHA), a LC PUFA produced as consequence of 

EPA elongation, was even more potent in limiting DC functions (ZAPATA-GONZALEZ 

et al., 2008). Feeding either mice (TEAGUE et al., 2013) or rat (SANDERSON et al., 

1997) with fish oil, which is rich in both DHA and EPA, also impaired the immunogenic 

function of DC, characterized by reduced expression of costimulatory markers and 

reduced T cell activation. Consistent, mice treated with resolvin E1 (RvE1), also a 

metabolite derived from EPA after 5-lipooxygenase (5-LOX) action, presented reduced 

migratory capacity from the skin to the draining LNs as well as reduced number of 

effector and memory T cells in a model of cutaneous hypersensitivity (SAWADA et al., 

2015). EPA could also reduce the body weight and weight of adipose tissues, under steady 

state situation, which was accompanied by increased number of Tregs. Additionally, the 

ability of adipose tissue macrophages (ATM) to induce Tregs was also improved by EPA 

treatment (ONODERA et al., 2017).  

Contrary to what we observe for VitD3 and Dex treatment, RA DC displayed 

reduced levels of EPA but an overall increase in LCFA. One of the LCFAs increased in 

RA DC was EDA, an omega-6 FAs that gives rise to AA. Contrary to AA, EDA is a less 

pro-inflammatory mediator with the capacity to inhibit inducible nitric oxide synthase 

(iNOS) and nitric oxide (NO) production in macrophages (HUANG et al., 2011; 

PEREIRA et al., 2014). It is noteworthy that 11-eicosenoic acid, also increased in RA 

DC, was also able to inhibit iNOS and NO production, although in less extent (PEREIRA 

et al., 2014). Consistently, higher EDA values in serum of patients with major depressive 

disorder (MDD), was significantly inversely correlated with circumference waist 

(MOCKING et al., 2013). Circumference waist is the primary risk factor for 

cardiovascular disease, which has been associated with mortality among patents with 

MDD (DHAR; BARTON, 2016). EDA levels in inflammatory bowel disease (IBD) 
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patients was demonstrated to be lower than those in healthy individuals and the elongation 

of linoleic acid to EDA, instead of g-linoleic acid, has been suggested to be important in 

IBD because it could potentially decrease the AA:EDA ratio (SITKIN; POKROTNIEKS, 

2018), which was significantly increased in patients with ulcerative colitis (UC) (SITKIN 

et al., 2018). Interestingly, butyrate-producing bacteria (BPB) were depleted in UC 

patients and oral butyrate administration, not only enhanced BPB but also increased 

AA:EDA ratio (SITKIN et al., 2018). This is particularly interesting because butyrate has 

been demonstrated to induce tolDC by inducing the secretion of RA and, consequently, 

increasing ALDH activity in DC (KAISAR et al., 2017), suggesting a possible link 

between RA and EDA.  

Erucic acid, and the product of its elongation (nervonic acid), were also increased 

in RA DC and the anti-inflammatory properties of these LCFAs are particularly 

interesting in the context of neuroimmunological disorders, such as 

adrenoleukodystrophy (ALD), multiple sclerosis (MS) and Huntington’s disease 

(extensively revised here (ALTINOZ et al., 2019; ALTINOZ; OZPINAR, 2019)), since 

nervonic acid is one of the lipids that compose myelin (SARGENT; COUPLAND; 

WILSON, 1994). Erucic acid is part of the Lorenzo’s oil, which is the only available and 

partially efficient therapy for ALD, characterized by a progressive inflammatory 

demyelization in the brain and an abnormal accumulation of very long chain fatty acids 

(VLCFA) (ALTINOZ; OZPINAR, 2019). Patients with ADL displayed elevated levels 

of pro-inflammatory cytokines (MARCHETTI et al., 2017) and treatment with a mixture 

containing erucic acid decreased IL-6 in the cerebrospinal fluid 2 months after treatment, 

with also improvement in neurophysiologic parameters (CAPPA et al., 2011). Erucic acid 

has also been demonstrated to decrease the lytic activity of NK cells from ALD patients 

(SEDLMAYR et al., 1995) and was dramatically reduced in lungs from patients infected 

with H7N9 (SUN et al., 2018). Interestingly, in one of the patients, levels of erucic acid 

increased from day 9 to day 13 after disease onset, a time that reflects the window of 

resolution of lung inflammation and, in another patient, the levels of erucic acid decreased 

as lung inflammation became more severe (SUN et al., 2018). Another interestingly 

characteristic of erucic acid is its ability to decrease the activity of ELOVL1, responsible 

for the elongation of saturated and monounsaturated FAs C20 to C22 and C24 to C26, such 

as the majority of LCFA presented in ALD (SASSA et al., 2014). In RA DC, ELOVL1 

and ELOVL7, which also elongates FAs up to C24, were the only two downregulated 
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ELOVL genes, suggesting that the downregulation of ELOVL1 (and potentially 

ELOVL7) might be a consequence of the increased levels of erucic acid in these cells. 

When evaluating the metabolic profiles of tolDC, VitD DC were the most active 

tolDC, with increase glycolysis and OXPHOS. As already discussed, glycolysis seems to 

be important for suppressive functions of VitD DC (FERREIRA et al., 2015) by 

supporting the mitochondrial respiration (VANHERWEGEN et al., 2018). However, we 

demonstrated that even in low glucose concentrations, VitD DC were still able to induce 

functional suppressive T cells, upregulate ILT-3 and decrease co-stimulatory markers, 

suggesting that even in the absence of glucose, another metabolically pathway can be 

used to fuel mitochondrial respiration, perhaps glutaminolysis, since the block of FAO 

did not altered suppressive functions of VitD DC (FERREIRA et al., 2015). The fact that 

higher glucose concentrations was not indispensable for the induction of tolDC was 

consistent across data obtained from healthy donors both in Brazil and in The Netherlands 

and with different mo-DC generation methodology. In both situations, the glucose 

availability in the media had little effect in the differentiation of tolDC and, comparing 

with other tolerogenic compounds, with data pointing toward a selective effect in VitD 

DC, which is line with the highly glycolytic profile of these cells. Literature data points 

toward a more tolerogenic profile in high glucose concentration. However, T suppression 

assay performed in The Netherland suggested the opposite. We don’t have a clear 

explanation why the results observed now are different from the literature, however it is 

worth to note that both the work from Ferreira et al. (FERREIRA et al., 2015) and the 

data obtained in Brazil were based on an experimental setup that was somewhat different 

from the one used by us now. Ferreira et al. and our data from Brazil were actually 

measuring the ability of mo-DC to induce the proliferation of T cells. The experiment we 

performed now was indeed measuring the ability of mo-DC to generate functional 

tolerogenic T cells. It can be that at low glucose levels the ability of mo-DC to induce the 

proliferation of T cells is not impaired, but the T cells that proliferate are more prone to 

become tolerogenic T cells. It is worth noting that the expression of both ILT-3 and PD-

L1 were higher in VitD DC differentiated at low levels of glucose. Concordantly, mo-DC 

from poorly controlled type 1 diabetic patients with HbA1c around 10,2% (something 

around 13 mM of glycemia) differentiated in the presence of Vitamin D2 and Dex were 

less tolerogenic than mo-DC from both heathy donors and well controlled type 1 diabetic 

patients (DÁŇOVÁ et al., 2017). This might suggest that actually, high glucose 

concentrations would impair the ability of mo-DC to became tolerogenic. On the other 
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hand, even having their tolerogenicity impaired, VitD DC still were able to efficiently 

generate functional suppressive T cells both in our work as well as from poorly controlled 

diabetic patients (DÁŇOVÁ et al., 2017).  

The increase in OXPHOS observed after LPS treatment in tolDC is a strong 

suggestion of glucose oxidation, which has already been linked to VitD DC function 

(VANHERWEGEN et al., 2018). Previous data from the lab showed that tolDC had 

increase AMP/ATP ratio that together with glucose oxidation points toward an increase 

activation of AMPK, an important metabolic sensor in eukaryotic cells. AMPK is a 

heterotrimeric complex comprising a catalytic a-subunit and regulatory g- and b- subunits 

(HARDIE; ROSS; HAWLEY, 2012). The activation of AMPK can be triggered by both 

canonical and non-canonical pathways, both of then having as final consequence the 

increase in ATP levels by activating catabolic and decreasing anabolic pathways 

(GARCIA; SHAW, 2017). We demonstrated here that VitD DC and RA DC had 

increased AMPK activity, once again indicating oxidative metabolism is important for 

the functions of tolDC. The VitD3-induced metabolic alterations were largely restored, 

especially glycolysis and basal levels of mitochondrial OCR, when tolDC were silenced 

for AMPK. On the other hand, the reduction in overall metabolic activity did not impair 

the suppressive functions of VitD DC. The dramatic reduction in glycolysis without 

affecting its function may seem surprising but may indicate that in the absence of 

enhanced glycolysis, another metabolic pathway is serving as a carbon source to fuel 

mitochondrial metabolism, allowing for maintenance of a mitochondrial driven 

suppressive capacity of these cells. Further studies would need to be performed to identify 

if/which compensatory metabolic pathways are operating in this scenario. Interestingly, 

we observed a reduced SRC in RA DC which suggests reduced mitochondrial activity, a 

characteristic that was shared with butyrate-conditioned DC capable of secreting RA 

(KAISAR et al., 2017). The reduction in SRC was restored when AMPK was silenced in 

RA DC, but to what extent the suppressive function of RA DC relies on reduced 

mitochondria activity is yet to be determined. 

The main finding of our work was to demonstrate that AMPK is important for the 

suppressive functions of RA DC, both in vivo and in vitro. Interestingly, the absence of 

AMPK did not alter the expression of co-stimulatory markers in none of the human 

tolDC, but the ability to generate functional suppressive Tr1 Tregs was completely 

abolished in human RA DC silenced for AMPK. Likewise, murine RA-GMDC were able 

to efficiently induce the differentiation of Tregs, in this case FoxP3+, and this was not the 



Discussion 148 

case for RA-GMDC derived from CD11cDAMPKa1. The induction of Tregs by RA-treated 

DC was already demonstrated by both GMDC (FENG et al., 2010) and human mo-DC 

(BAKDASH et al., 2015), but we now for the first time show that this is dependent on 

AMPK signaling.  

CD103+ DC has largely being associated with the induction of FoxP3+ Treg in the 

gut (COOMBES et al., 2007; DEL RIO et al., 2010), especially via the conversion of 

vitamin A into RA (LAMPEN et al., 2000) by the activity of ALDH enzymes (ILIEV et 

al., 2009). Here we have shown increased expression of CD103 in mo-DC and increased 

ALDH activity in both mo-DC GMDC treated with RA, observations that are largely in 

agreement with the literature (BAKDASH et al., 2015; FENG et al., 2010). Mostly, we 

were able to demonstrate that in human RA treated mo-DC, the increased activity of 

ALDH enzyme was largely lost when AMPK was silenced. Interestingly, although the 

suppressive effects of human RA DC could not be reversed when ALDH activity was 

blocked, possibly due to a technical limitation, we could demonstrate that this was true 

for RA GMDC, which suggests a direct link of AMPK, ALDH activity and the 

suppressive functions of RA DC. It has been demonstrated that TLR-MyD88 axis is 

required for the optimal function of RA DC (FENG et al., 2010) and in our human 

experiments we, indeed, did not observe any effect of AMPK silencing on ALDH activity 

when it was measured in immature DC, only when mo-DC were on a LPS background.  

Intestinal cDC play an important role in maintaining intestinal homeostasis by 

keeping the balance between tolerance and immunity. The gut is a main source of RA and 

because of that cDC presented in this tissue, are more prone to acquire a suppressive 

phenotype (BEKIARIS; PERSSON; AGACE, 2014). It has been demonstrated that in 

msLN CD103+CD11b- migratory DC are the main subset of cDC expressing aldh1a2 

gene with consequent higher ALDH activity and that this particular subset of cDC are 

most important to differentiation of FoxP3+ Tregs (ESTERHÁZY et al., 2016; 2019). We 

could observe that the relationship in ALDH activity, was actually switched between 

CD11b+CD103+ cDC and CD103+CD11b- cDC (Figure 47F), which tempt us to 

speculate that in the siLP, perhaps the main suppressive subset of cDC would be the 

CD11b+CD103+ cDC instead of CD103+CD11b- cDC. In fact, in both human 

(WATCHMAKER et al., 2013) and mouse (DENNING et al., 2011) siLP, 

CD11b+CD103+ cDC was the subset more prone to induce the differentiation of FoxP3+ 

Treg. Interestingly, while in human siLP CD103+CD11b- cDC had lower ALDH activity 

and were unable to differentiate Treg, in mouse siLP the levels of ALDH activity were 
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similar between both subsets and CD103+CD11b- cDC were also capable to differentiate 

Treg but a lesser extent than CD103+CD11b+ cDC. Our results are in agreement with this 

observation, since we found reduced frequencies and ALDH activity in CD103+CD11b+ 

cDC present in the lamina propria of CD11cDAMPKa1, followed by increased expression of 

costimulatory markers, specially by CD103+CD11b+ cDC, and increased IFN-g and IL-

10 secretion by T cells, characterizing an overall inflammatory status in msLN.  

Despite the fact that an overall increase in surface markers was observed in msLN 

cDC, the only marker that was increased in all subsets of CD11cDAMPKa1 mice was CD40. 

Interesting, the over expression of this co-stimulatory molecules in CD11c+ cells has been 

shown to impair the differentiation of pTreg and develop an spontaneous fatal colitis with 

reduced frequencies of both CD103+ cDC and CD103+CD11b+ cDC (BARTHELS et al., 

2017). Concordantly, AMPK deficiency BMDC, when stimulated with CD40L displayed 

a pro inflammatory status with increased secretion of IL-6 and decreased secretion of IL-

10 (CARROLL; VIOLLET; SUTTLES, 2013). No differences were observed in the siLP 

cDC subsets regarding the expression of CD40. However, it can be hypothesized that the 

upregulation of the surface markers might occur during the migration of cDC from the 

siLP towards the msLN. In general, this data points toward an important role of AMPK 

in promoting the generation of Tregs by limiting the expression of CD40 in cDC 

specifically in the intestine/msLN. It is worth noting that we also analyzed liver from 

CD11cDAMPKa1 mice and no differences were observed regarding frequencies of cDC, 

ALDH activity, cytokine secretion by T cells. 

Finally, to our surprise, despite the fact that CD103+ DC displayed a reduced 

ALDH activity in the lungs, we observed increased CTLA-4 expression by Tregs and 

reduced frequencies of effector T cells and IFN-g-secreting T cells in CD11cDAMPKa1. 

These results are not in agreement with previous data from the literature showing that 

CD11cDAMPKa1 actually had an impaired lung injury at baseline and followed by 

hookworm infection (NIEVES et al., 2016). Still, DC are not the only myeloid cells 

expressing CD11c and in the lungs and one of the most frequent myeloid cell population 

is the alveolar macrophages (AM), which express high levels of CD11c (MISHARIN et 

al., 2013). The importance of macrophages to control lung homeostasis seems to be higher 

than that promoted by DC (DUAN; CROFT, 2014) and in vitro experiments showed that 

interstitial macrophages (IM) were up to fourfold more efficient in inducing  Tregs than 

DC(SOROOSH et al., 2013). AM also showed to be able to induce the differentiation of 
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FoxP3(COLEMAN et al., 2013) and AMPK might act differently in AM and DC. It is 

important to note that all in vivo data were performed under steady state and under 

inflammatory conditions the homeostasis’ break could lead to differences not observed 

so far. Additional studies are needed determine the contribution of AMPK in 

macrophages vs DC in regulating lung and gut homeostasis both during steady state and 

following inflammation.  

In conclusion, we demonstrate a role for AMPK in promoting the generation of 

DC rendered tolerogenic by RA. Although not completely illustrated, RA seems to induce 

increased ALDH in DC in an AMPK-dependent manner resulting in tolDC capable to 

instructs Tr1 regulatory T cells. These studies identify AMPK as a potential interesting 

target to regulate tolerance in autoimmune disease, especially in IBD since RA DC play 

an important role in gut homeostasis. 
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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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Supplementary Figure 1 – Gating strategy used for the analysis of blood and monocytes DC. After 
isolation PBMCs isolation, cells were washed with PBS and labeled with specific antibodies to CD3, CD19, 
CD56, CD11c, CD14, CD16, CD1c, CD141, CD123 and HLA-DR. Initially, the population with size and 
granularity compatible with PBMCs was selected; doublets were then excluded through the FSC-H vs FSC-
A strategy; from then on, the analysis was divided for DC subpopulations and monocyte subpopulations. 
For DC subpopulations, CD3/CD19/CD56+ were excluded, then HLA-DR positive and CD14 negative cells 
are selected. From this population, CD123 x CD11c markers were analyzed to identify subpopulations of 
plasmocytoid DC (pDC) or classic DC (cDC). Within the cDC gate, CD141 vs CD1c expression was 
analyzed for identification of cDC1 and cDC2 subpopulations. For analysis of monocyte subpopulations, 
the population compatible with monocyte in size and granularity was selected and, to purify the analysis, 
cells positive for lineage and then cells negative for HLA-DR were excluded. From this population, 
monocyte subpopulations based on CD14 vs CD16 expression were analyzed. 
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Supplementary Figure 2 – Representative gates indicating that CD123loCD11c+ is mainly CD141-CD1c- cells, being 
thus a subset of DC different from cDC1 and cDC2 
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Supplementary Figure 3 – Gating strategy for analysis of gut (A) and lung (B) myeloid cells. (A) 
Initially cells were gated base on size (FSC-A) and granularity (SSC-A) and doublets were excluded base 
on FSC-H vs FSC-A. Then, immune cells were selected base on CD45 expression and dead cells were 
excluded using SSC-A vs Áqua Live/Dead staining. Myeloid cells were selected base on CD11b and CD11c 
expression. Next, cells were analyzed for CD11b and MHC II expression and granulocytes were gated 
based on the lack of MHC II expression. The remaining cells were analyzed for CD64 and F4/80 expression 
and the double positive population (macrophages – Mphs) were gated as CD11c+ and CD11c- population. 
The CD64-F4/80- population were gated based on MHC II and CD11c population and the double positive 
population were further analyzed by Siglec-H and CD11c. The Siglec-H+CD11cInt population were gated 
as pDC and the remaining cells as cDC. Then cells were analyzed for the expression of CD11b and CD103 
and cDC were gated in CD11b-CD103+ DC, CD11b+CD103+ DC and CD11b+CD103- DC. (B) Until CD11b 
vs CD11c analysis, the gating strategy was the same for the gut. Next, cells were selected based on MHC 
II and SSC-A and then macrophages were gated based on Mertk vs CD64 expression. Next, within the 
CD64-Mertk- population cDC were gated based on MHC II and CD11c. Next, cells were analyzed for 
CD103 and CD11b and gated for ALDH activity and frequency analysis. 
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Supplementary Figure 4 – Gating strategy for analysis of gut (A) and lung (B) myeloid cells. (A) 
Initially cells were gated base on size (FSC-A) and granularity (SSC-A) and doublets were excluded base 
on FSC-H vs FSC-A. Then, immune cells were selected base on CD45 expression and dead cells were 
excluded using SSC-A vs Áqua Live/Dead staining. Myeloid cells were selected base on CD11b and CD11c 
expression. Next, cells were analyzed for CD11b and MHC II expression and granulocytes were gated 
based on the lack of MHC II expression. The remaining cells were analyzed for CD64 and F4/80 expression 
and the double positive population (macrophages – Mphs) were gated as CD11c+ and CD11c- population. 
The CD64-F4/80- population were gated based on MHC II and CD11c in Migratory DC (MigDC - 
CD11c+MHCIIhi and Resident DC (ResDC – CD11c+MHCIIInt). MigDC were then gated as pDC (Siglec-
H+CD11cInt) and cDC based on Siglec-H and CD11c expression and cDC were gated based in CD103 and 
CD11b expression in CD11b-CD103+ DC, CD11b+CD103+ DC and CD11b+CD103- DC. 
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Dendritic cells (DC) are professional antigen presenting cells, uniquely able to induce naïve

T cell activation and effector differentiation. They are, likewise, involved in the induction

and maintenance of immune tolerance in homeostatic conditions. Their phenotypic and

functional heterogeneity points to their great plasticity and ability to modulate, according

to their microenvironment, the acquired immune response and, at the same time, makes

their precise classification complex and frequently subject to reviews and improvement.

This review will present general aspects of the DC physiology and classification and will

address their potential and actual uses in the management of human disease, more

specifically cancer, as therapeutic and monitoring tools. New combination treatments

with the participation of DC will be also discussed.

Keywords: human dendritic cells, DC, monocyte-derived dendritic cells, mo-DC, cancer vaccines, cancer

combination therapies

INTRODUCTION

Identified in mouse spleen for their peculiar shape and capacity to activate naïve lymphocytes (1–
3), dendritic cells (DC) are considered the most efficient antigen presenting cells (APC) (3, 4),
uniquely able to initiate, coordinate, and regulate adaptive immune responses. Though their ability
to capture, process and present antigens is considered their main characteristic, their phenotypic
heterogeneity is striking and very different consequences can come from their action. This review
will present an overview of the main subpopulations of human DC described and will focus on
their potential translational use.

OVERVIEW OF DENDRITIC CELLS IN THE IMMUNE SYSTEM
PHYSIOLOGY

Human DC are identified by their high expression of major histocompatibility complex (MHC)
class II molecules (MHC-II) and of CD11c, both of which are found on other cells, like
lymphocytes, monocytes and macrophages (5–12). DC express many other molecules which allow
their classification into various subtypes (Table 1). Although some of the DC subtypes were
originally described as macrophages, DC and macrophages have distinct characteristics (13–15)
and ontogeny, so that, currently, little doubt remains that they belong to distinct lineages (16–24).

21 January 2019
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Dendritic cells are what they eat: how their metabolism
shapes T helper cell polarization
Thiago A Patente1,2, Leonard R Pelgrom1 and Bart Everts1

Dendritic cells (DCs) are professional antigen-presenting cells

that play a crucial role in the priming and differentiation of CD4+

T cells into several distinct subsets including effector T helper

(Th) 1, Th17 and Th2 cells, as well as regulatory T cells (Tregs). It

is becoming increasingly clear that cellular metabolism shapes

the functional properties of DCs. Specifically, the ability of DCs

to drive polarization of different Th cell subsets may be

orchestrated by the engagement of distinct metabolic

pathways. In this review, we will discuss the recent advances in

the DC metabolism field, by focusing on how cellular

metabolism of DCs shapes their priming and polarization of

distinct Th cell responses.
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Introduction
Dendritic cells (DCs) are professional antigen-presenting
cells that play a crucial role in the development of
adaptive immune responses by governing the priming
and maintenance of CD4 + and CD8 + T cell responses.
Classically, DCs reside in a quiescent state in peripheral
tissues acting as sentinels of the immune system. Upon
capturing pathogen-derived antigens or detecting tissue-
derived danger signals, DCs become activated and
migrate to draining lymph nodes (LNs). Herein, pro-
cessed antigens are presented to T cells to initiate an
adaptive immune response. Depending on the DC subset
involved and the nature of the activation signal received,
DCs control the priming and differentiation of CD4 + T
cells into several distinct subsets including effector T
helper (Th) 1, Th17, and Th2 cells, as well as regulatory
T cells (Tregs) [1].

It is becoming increasingly clear that immune cell acti-
vation and function, including that of DCs, are coupled to,
and underpinned by, profound changes in cellular metab-
olism [2,3 ]. There is a growing body of literature showing
that acquisition of an immunogenic phenotype by DCs,
characterized by enhanced migratory-capacity and overall
T cell priming-capacity, is accompanied by, and depen-
dent on a switch from oxidative phosphorylation
(OXPHOS) to glycolysis [4 !,5 ,6!!,7–13 ]. In addition, more
recent studies show that the ability of DCs to drive
polarization of different Th cell subsets may be under-
pinned by engagement of distinct metabolic pathways. In
this review, we will discuss these recent advances in the
DCs metabolism field, by specifically focusing on how
DC metabolism shapes the priming and polarization of
distinct CD4 + T cell responses. For a discussion of the
metabolic requirements of DCs to shape CD8 + T cell
responses please refer to the following recent studies/
reviews [14 !,15 !!,16–18 ].

Metabolic regulation of MHC II-mediated
antigen presentation and costimulation
A prerequisite for priming of CD4 + T cell responses is
antigen presentation in the context of MHC II. TLR-
driven upregulation of surface expression of MHC II by
murine DCs has been shown to depend on glycolysis
[4 !,6!!,19 ]. DC activation involves acidification of the
lysosomal compartment, which is required for efficient
generation of peptides for loading into MHC II and that
is dependent on activity of ATP-driven proton pumps
[20 ]. In addition, TLR-driven surface expression of
MHC II by DCs is primarily thought to arise from
redistribution of molecules from endocytic compart-
ments through an energy-dependent process called lyso-
some tubulation [21,22]. Therefore, it is conceivable that
glycolysis is required for efficient upregulation of surface
expression of MHC II because it serves as a key source of
ATP to support these two steps in antigen presentation
(Figure 1). Mammalian target of rapamycin complex 1
(mTORC1) is an important nutrient sensor that pro-
motes glycolysis, anabolic metabolism and translation
[23 ]. Consistent with a role for glycolysis in regulation of
MHC II expression, mTORC1 is activated in DCs upon
TLR stimulation [14 !] and is implicated in TLR-
induced MHC II surface expression by DCs [19 ,24 ],
through its ability to promote lysosome acidification and
tubulation [24 ,25 ]. However, constitutive activation of
mTORC1 in murine DCs has been shown to result in
impaired MHC II expression, via mTORC1-driven sup-
pression expression of complex transactivator (CIITA), a

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in Immunology 2019, 58:16–23 www.sciencedirect.com



Appendix 180 

 
  

ARTICLE

LKB1 expressed in dendritic cells governs the development and
expansion of thymus-derived regulatory T cells
Leonard R. Pelgrom1, Thiago A. Patente 1, Alexey Sergushichev 2, Ekaterina Esaulova3, Frank Otto1, Arifa Ozir-Fazalalikhan 1,
Hendrik J. P. van der Zande 1, Alwin J. van der Ham 1, Stefan van der Stel1, Maxim N. Artyomov3 and Bart Everts1

Liver Kinase B1 (LKB1) plays a key role in cellular metabolism by controlling AMPK activation. However, its function in dendritic cell
(DC) biology has not been addressed. Here, we find that LKB1 functions as a critical brake on DC immunogenicity, and when lost,
leads to reduced mitochondrial fitness and increased maturation, migration, and T cell priming of peripheral DCs. Concurrently, loss
of LKB1 in DCs enhances their capacity to promote output of regulatory T cells (Tregs) from the thymus, which dominates the
outcome of peripheral immune responses, as suggested by increased resistance to asthma and higher susceptibility to cancer in
CD11cΔLKB1 mice. Mechanistically, we find that loss of LKB1 specifically primes thymic CD11b+ DCs to facilitate thymic Treg
development and expansion, which is independent from AMPK signalling, but dependent on mTOR and enhanced phospholipase C
β1-driven CD86 expression. Together, our results identify LKB1 as a critical regulator of DC-driven effector T cell and Treg responses
both in the periphery and the thymus.

Cell Research (2019) 0:1–14; https://doi.org/10.1038/s41422-019-0161-8

INTRODUCTION
Dendritic cells (DCs) form a central link between innate and
adaptive immunity and are crucial for initiation and regulation of T
cell responses both under inflammatory conditions as well as
during steady state. DCs are also key regulators of immune
homeostasis and maintenance of immune tolerance by governing
the development of regulatory T cells (Tregs). Tregs can be
induced in the thymus, referred to as thymic-derived Tregs
(tTregs), as well as in the periphery (pTregs) from naïve T cells.1

tTregs are characterized by a TCR repertoire that predominantly
recognizes self-antigens and are important to maintain self-
tolerance and to prevent auto-immunity.2 pTregs, on the other
hand, are thought to primarily govern tolerogenic responses
against foreign antigens and microbes.3 Whereas the mechanisms
through which pTregs are induced in the periphery by DCs are
fairly well characterized,4 the pathways through which DCs control
tTreg development and homeostasis are still poorly defined.
There is a growing appreciation that activation and effector

function of immune cells, including that of DCs, are dependent on
reprogramming of intracellular metabolic pathways.5,6 Primarily
in vitro studies have shown that an immunogenic phenotype of
DCs induced by Toll-like receptor (TLR) activation depends on a
glycolysis-driven anabolic program,7,8 while a more catabolic type
of metabolism is linked to quiescent and tolerogenic DCs,
characterized by increased fatty acid oxidation and mitochondrial
oxidative phosphorylation (OXPHOS).7,9,10 However, to what
extent catabolic vs. anabolic metabolism of DCs regulates the
balance between tolerogenic and immunogenic properties of DCs
under physiological conditions, remains to be determined.
The tumor suppressor liver kinase B1 (LKB1, encoded by Stk11)

is a bioenergetic sensor that controls cell metabolism and growth.

LKB1 has several downstream targets, but it is most well known
for being a key upstream activator of AMP-activated Kinase
(AMPK). Under low intracellular ATP levels, as a result of
insufficient oxygen and/or nutrient availability to fuel mitochon-
drial OXPHOS and glycolysis to generate ATP, LKB1 phosphor-
ylates AMPK. This allows AMPK to activate catabolic
mitochondrial metabolism and to suppress anabolic sugar and
lipid metabolic pathways to conserve energy and restore cellular
bioenergetic homeostasis.11 The role of LKB1 as a tumor
suppressor has been well appreciated as germline mutations in
Stk11 are responsible for the inherited cancer disorder Peutz-
Jeghers Syndrome12 and as LKB1 is commonly mutated in various
types of cancer.13 More recently a picture is emerging that LKB1
also plays a key role in regulation of the immune system. For
example, LKB1 was shown to be required for haematopoietic
stem cell maintenance14,15 and T cell development in the
thymus.16 It is also crucial for metabolic and functional fitness
of Tregs17,18 and can dampen pro-inflammatory responses in
macrophages.19 However, the physiological role of LKB1 in
regulating metabolic and functional properties of DCs has not
yet been explored.
We here report that loss of LKB1 in DCs results in disruption of

mitochondrial fitness and enhanced immunogenic properties of
these cells in vivo. Surprisingly, however, loss of LKB1 also greatly
enhances the capacity of CD11b+ DCs in the thymus to promote
the generation of functional Tregs, through enhanced mTOR
signalling and phospholipase C β1-driven CD86 expression. Our
findings reveal a central role for LKB1 in DC metabolism and
immune homeostasis, as it — depending on the context — acts
as a critical brake on the immunogenic and tolerogenic properties
of DCs.
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ABSTRACT
As cancer immunotherapy gains importance, the determination of a patient’s ability to react to his/her
tumor is unquestionably relevant. Though the presence of T cells that recognize specific tumor antigens
is well established, the total frequency of tumor-reactive T cells in humans is difficult to assess, especially
due to the lack of broad analysis techniques. Here, we describe a strategy that allows this determination,
in both CD4 and CD8 compartments, using T cell proliferation induced by tumor cell-lysate pulsed
dendritic cells as the readout. All 12 healthy donor tested had circulating CD4 and CD8 tumor cell-
reactive T cells. The detection of these T cells, not only in the naïve but also in the memory compart-
ment, can be seen as an evidence of tumor immunosurveillance in humans. As expected, breast cancer
patients had higher frequencies of blood tumor-reactive T cells, but with differences among breast
cancer subtypes. Interestingly, the frequency of blood tumor-reactive T cells in patients did not correlate
to the frequency of infiltrating tumor-reactive T cells, highlighting the danger of implying a local tumor
response from blood obtained data. In conclusion, these data add T cell evidence to immunosurveillance
in humans, confirm that immune parameters in blood may be misleading and describe a tool to follow
the tumor-specific immune response in patients and, thus, to design better immunotherapeutic
approaches.
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Introduction

Cancer is a disease of one’s own cells that acquire charac-
teristics that allow tumor progression, due to the accumu-
lation of mutations and protein expression changes.1 These
protein modifications give rise to a number of different
antigens that have the potential to be recognized by
T cells,2 a phenomenon that is central to the development
of specific immune responses. Today, the ability of the
immune system to recognize tumor cells through the pre-
sence of T cells that are specific for different tumor anti-
gens is well acknowledged, and is a fundamental concept
used in the development of new immunotherapeutic
approaches.3 Indeed, a number of studies have shown, in
humans, the existence of both CD4 and CD8 T cells spe-
cific for mutated and non-mutated tumor-associated
antigens.4,5 Not surprisingly, since T cell receptor (TCR)
generation is random and independent of presence or expo-
sure to antigens,6 tumor-specific T cells are found also in
healthy individuals.7

The presence of tumor-specific T cells has been shown
to affect patient prognosis and the response to therapy,
even for non-immunological treatments.8 Thus, tracking
the T cell response against the tumor during the course of
the disease and therapy is becoming an urgent need, since

it can be a powerful tool to improve personalized
approaches to treatment. However, although the presence
of T cells that recognize certain tumor antigens can be
measured using multimers of major histocompatibility
complex (MHC) molecules, the construction of multimers
for all possible antigens in a tumor is not possible. Broader
methods usually used consist of tumor-specific T cell cyto-
toxicity evaluation or cytokine production (like IFN-γ
ELISPOT) as readouts of specificity. Although valid spe-
cially for the CD8 compartment, these strategies restrict the
evaluation to T cells that have specific cytokine-secretion
patterns or that are able to kill tumor cells.

Thus, considering these challenges to assess the total fre-
quency of tumor-reactive T cells in humans,9 we developed
a strategy to determine the frequency of tumor-reactive CD4
and CD8 T cells. Sallusto’s group has described a technique
that allows the quantification of antigen-specific
T lymphocytes, by generating T cell libraries through non-
specifically expanding and challenging T cells with antigen-
presenting cells (APC) loaded with the antigens of interest.10

Here, we include modifications that would allow this quanti-
fication in the cancer setting, where antigen-specific T cells
may have low antigen affinity due to their resemblance to self-
antigens,11 and/or may be exhausted,12 thus, decreasing their
ability to proliferate. Accordingly, we chose monocyte-derived

CONTACT José Barbuto jbarbuto@icb.usp.br Immunology Department of the Institute of Biomedical Sciences, University of Sao Paulo, Avenida Prof. Lineu
Prestes, 1730. CEP05508-000, Sao Paulo, SP, Brazil

ONCOIMMUNOLOGY
2019, VOL. 8, NO. 8, e1607674 (10 pages)
https://doi.org/10.1080/2162402X.2019.1607674

© 2019 Taylor & Francis Group, LLC


