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resumo

Células dendriticas plasmacitéides, microambiente tumoral, interferdo,
metabolismo celular, metabolémica, espetroscopia de ressonancia magnética
nuclear

As células dendriticas plasmacitdides (pDCs) caracterizam-se pela produgéo de
grandes quantidades de interferdo tipo 1 (IFN-o/B) quando estimuladas nos
recetores TLR7/9. Em cancro, contudo, as pDCs tém demonstrado uma
diminuicdo da sua capacidade de ativacao, diminuindo a produc¢é&o de interferdo
e, assim, contribuindo para um ambiente imunossupressor. Nos Ultimos anos
tem sido demonstrado que o metabolismo celular desempenha um papel
fundamental no processo de ativacdo das pDCs, embora ainda falte uma
compreenséo abrangente da relacdo entre as adapta¢gfes metabdlicas destas
células e as suas fungdes estimuladoras ou reguladoras. O presente trabalho
pretendeu contribuir para elucidar esta relacdo. Numa fase inicial, a linha celular
de pDCs humanas CAL-1 foi cultivada in vitro e tratada com um agonista de
TLR7 (CL307) em diferentes concentracdes e tempos de incubacgdo, com vista
a otimizar as condi¢des de ativacé@o das células. De seguida, o trabalho focou-
se nas respostas fenotipicas e metabdlicas das pDCs ao CL307, sob a
influéncia de fatores que mimetizam o microambiente tumoral (TNF-a+TGF-(3).
Para além da avaliacao dos niveis de expressao de mRNA de IFN- e TNF-q,
as fracdes polares das células foram analisadas por espectroscopia de RMN de
protdo, tendo-se identificado cerca de 30 metabolitos intracelulares.
Analisaram-se ainda os sobrenadantes dos meios de cultura para caracterizar
os padrdes de consumo e excrecao das células. Os niveis de mRNA de IFN-B
e TNF-a aumentaram significativamente apés incubacao das células durante 3h
com CL307 a 1 uM. A exposi¢édo ao estimulo durante 3h resultou numa maior
alteragdo dos niveis de expressdo de mRNA de IFN-B e TNF-a, mas num menor
impacto na composic¢éo e atividade metabdlica das células do que durante 1h
de exposicdo ao estimulo. As alteracBes metabdlicas associadas a ativagédo
com CL307 sugerem intensificacéo da glicélise e do ciclo do acido tricarboxilico
(TCA), que podera estar correlacionada com o aumento das necessidades
biosintéticas, inerente a um perfil imunogénico. Sob a influéncia de TNF-a e
TGF-[3, observou-se uma supressdo da expressdo de mRNA de IFN-B e TNF-a
associada a ativagcdo do TLR7, acompanhada por uma atenuacdo das
alteracdes metabdlicas. De uma forma geral, este estudo demonstrou que, na
presenca de um microambiente tumoral, as células dendriticas plasmacitéides
CAL-1 alteram a sua resposta fenotipica e metabdlica a estimulacdo do TLR7.
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Plasmacytoid dendritic cells (pDCs) are characterized by their ability to produce
large amounts of interferon type | (IFN-a/B) when TLR7/9 receptors are stimulated.
In cancer, however, pDCs have been shown to decrease their response,
decreasing interferon production and thus contributing to an immunosuppressive
environment. In recent years, cellular metabolism has been shown to play a key
role in the activation process of pDCs, although a comprehensive understanding
of the relation between metabolic adaptations on these cells and their stimulatory
or regulatory functions is still lacking. The present work aims to further clarify this
relation. Firstly, the human CAL-1 pDC cell line was cultured in vitro and treated
with a TLR7 agonist (CL307) at different concentrations and incubation times, in
order to optimize conditions for CAL-1 activation. Then, the work focused on the
phenotypic and metabolic responses of pDCs to CL307, under the influence of
factors that mimic the tumor microenvironment (TNF-a+TGF-B). In addition to the
evaluation of IFN- and TNF-a mRNA expression levels, the polar fractions of the
cells were analyzed by 'H-NMR spectroscopy and about 30 intracellular
metabolites were identified. Culture media supernatants were further analyzed to
characterize cell consumption and excretion patterns. The levels of IFN-B and
TNF-a mRNA increased significantly upon incubation with CL307 1 uM for 3h.
Exposure to the stimulus for 3h resulted in a greater change in IFN-B and TNF-a
MRNA, but had a lower impact on cell composition and metabolic activity than an
incubation of 1h. Metabolic changes associated with activation with CL307
resulted in intensification of glycolysis and the tricarboxylic acid (TCA) cycle, which
may be correlated with the increased biosynthetic requirements inherent in an
immunogenic profile. Under the influence of TNF-a and TGF-B, there was a
suppression of IFN-B and TNF-a mRNA expression associated with activation,
accompanied by attenuation of metabolic changes. Overall, this study
demonstrated that, in the presence of a tumor microenvironment, CAL-1
plasmacytoid dendritic cells alter their phenotypic and metabolic response to TLR7
stimulation.
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CHAPTER 1

INTRODUCTION







1. Introduction

1.1 Tumor microenvironment and the immune system

Cancer constitutes a major health burden worldwide, with 18.1 million new cases
and 9.6 million deaths reported in 20182, It comprises a set of diseases characterized by
uncontrolled cell division and disrupted cell homeostasis, resulting from regulation failure
due to genetic or epigenetic unrepaired alterations in normal cells. Despite all the diversity
between and within cancer types, a number of crucial alterations in cell physiology have
been highlighted as being present in all cancer types. These so-called cancer hallmarks
were described in the year 2000 by Hanahan and Weinberg as self-sufficiency in growth
signals, insensitivity to growth-suppressor signals, resistance to apoptosis, enabling
replicative immortality, sustained angiogenesis, and tissue invasion and metastasis?. A
decade later, two emerging hallmarks were added, reprogramming energy metabolism and
evading immune response, together with two enabling characteristics: genome instability
and inflammation®. Recently, the cellular properties underlying tumorigenesis have been
re-organized and condensed into a framework of 7 cancer hallmarks: selective growth and
proliferative advantage, altered stress response favouring overall survival, vascularization,
invasion and metastasis, metabolic rewiring, an abetting microenvironment, and immune
modulation®. Although during their development all cancer cells tend to acquire this same
set of hallmark capacities, their mode of doing so varies mechanistically and

chronologically®.

The interactions between immune and cancer cells have been the object of
numerous studies for many years, focusing on how the immune system protects the host
against malignant cells and how it can be stimulated to repress tumor development®. The
immune system can be described as the collection of cells, tissues and molecules that
provide protection against potentially harmful threats like microbial infections, toxicants or
abnormal cells®. In the context of cancer, the immune system plays a key role in shaping
tumor development, that can be a tumoricidal role, whereby immune cells detect and
destroy tumor cells, or a tumorigenic role, as a number of cancer variants can produce
immunosuppressive factors that suppress antitumor immune cells’®. During cancer
immunoediting, the immunogenicity of tumors changes through three phases. In the first
phase, elimination, transformed cells are destroyed by the immune system. After the
elimination and equilibrium phases, the escape phase represents the progressively growth

of tumor cells’. In brief, the immune system can recognize precursors of cancer during initial



transformation and, in most cases, destroy them in a process termed
immunosurveillance®!°. This mechanism can destroy cells that are close to becoming
malignant while selecting tumor cells that can survive an antitumor immune attack. Thus,
tumor cells that survive immune system may enter the equilibrium phase where editing

occurs, reducing the effectiveness of antitumoral therapies?®.

The stimulation of immune responses against cancer cells is being studied for many
cancer types. Indeed, in recent years, cancer immunotherapy has emerged as a novel
promising therapeutic strategy, with some approaches reaching some good results'?,
mainly in melanoma, lung and ovarian cancers®®. The general concept of cancer
immunotherapy consists of modulating the patient's own immune response to eliminate
tumor cells, leaving normal cells unaffected'®. This is a great advantage compared to
conventional chemotherapy, the first-line treatment for most malignancies, as anticancer
drugs can lead to severe side effects related to systemic and local toxicity and/or to the
development of drug resistance!*. The main cancer immunotherapy approaches currently
under clinical development include immune checkpoint blockade, that blocks inhibitory
receptors such as cytotoxic T lymphocyte antigen (CTLA)-4 and programmed cell death
protein 1 (PD-1)>1,

One of the factors limiting the success of cancer immunotherapies is the highly
immunosuppressive nature of the tumor microenvironment (TME). Therefore, a deeper
understanding of the mechanisms controlling immune cell responses in the TME is crucial.
This work focuses on a specific type of innate immune cells present in the TME, dendritic
cells, and addresses the role of metabolism in dendritic cell-mediated immunosuppressive

or antitumor effects.

1.2. Immune cells in the tumor microenvironment

The tumor microenvironment (TME) is a complex ecosystem comprising various cell
types, including neoplastic cells, endothelial cells, cancer-associated fibroblasts (CAFs) and
infiltrating immune cells!’ (Figure 1). Moreover, extracellular matrix (ECM) components,
responsible for signal transmission and regulation of growth factors'’, as well as cytokines
and chemokines, growth factors, and hormones secreted by stromal and tumor cells, are

also responsible for shaping stromal and cancer behaviour819,



Dendritic cell

Figure 1 — Different immune cell types in the tumor microenvironment (TME). Apart from tumor cells, the
TME contains endothelial cells, fibroblasts, immune cells and others. Immune cells in the TME include cells
of the innate immune system, namely monocytes, macrophages, neutrophils, dendritic cells and natural killer
cells, and cells of the adaptive immune system, including T and B lymphocytes. The arrows represent
secretion of cytokines, chemokines, growth factors and hormones by stromal and tumor cells.

Immune cells in the TME comprise cells of the innate immune system, such as
monocytes, macrophages, neutrophils, dendritic cells (DCs) and natural killer (NK) cells,
and cells of the adaptive immune system, including T and B lymphocytes®. These immune

cells have their own receptor expression restricted to the TME?’.

Innate immune cells, such as neutrophils, M1-like macrophages and DCs are part
of the first line of defence?®. When homeostasis is perturbed these cells respond through
production of cytokines and chemokines that activate and recruit other immune cells,
initiating an immune response?. During the early stages of cancer cell proliferation,
cytotoxic immune cells such as NK cells and CD8" T lymphocytes promote tumor cell
elimination through their rapid and potent cytotoxic activity?°. T-helper (Th) 1 cells, on the
other hand, are essential for tumor rejection since they produce interferon (IFN)-y, tumor

necrosis factor (TNF)-a and interleukine (IL)-2%.

DCs are specialized and potent antigen-presenting cells (APCs) with an essential
role in regulation of immunity, mostly due to their capacity to uptake, process and present
antigens, including tumor antigens, to stimulate T cells, and also due to their ability to

scavenge pathogens and to secrete different effector and regulatory cytokines?®. Depending



on the inflammatory context and costimulatory signals, DCs can prime naive and memory
T cells and trigger an effector T cell response®. As a consequence, DCs are considered an
important link between the innate and adaptive immune system?:22, being found in many
cancer types such as breast, lung, renal, head and neck, gastric, colorectal, bladder and

ovarian cancers?s.

The functional states of DCs is influenced by a variety of stimuli. DC maturation
controls the responses of cells such as T, B and NK cells, leading to a tumoricidal effector
response?*. In the absence of maturation stimuli, DCs are kept in an immature state, leading
to immune tolerance?*. Also, some cytokines released by immature DCs, such as IL-10 and
transforming growth factor (TGF)-B, together with downregulation of costimulatory
molecules (CD80 and CD86) and release of chemokines such as C-C motif chemokine 22
(CCL22) and C-X-C motif chemokine 12 (CXCL12) can also promote immunosuppression
by activating regulatory T cells (Treg)?>?’. Apart from the importance of DC maturation for
the immune response, the tumor itself also influences DC maturation. Immunosuppressive
molecules and physiological changes, such as hypoxia, low pH and nutrient unavailability,
can inhibit antitumor immunity?®. Various soluble factors present in the TME, such as
vascular endothelial growth factor (VEGF), IL-6, IL-10 and IL-35, can induce tolerance in
DCs'%2, |L-6 inhibits DC maturation and migration, inducing a tolerogenic phenotype, while
IL-10 inhibit DC maturation, its antigen presentation capacity and production of [L-1229%
and priming of T cells, thus converting immunogenic into tolerogenic DCs, leading to an
induction of anergy on CD8' T cells®. Furthermore, VEGF, TGF-B, IL-1B, IL-13,
granulocyte-macrophage colony-stimulating factor (GM-CSF) and prostaglandins are
involved in DC differentiation to myeloid-derived suppressor cells (MDSCs) and tumor-

associated macrophages (TAMs)*.

Other subsets of inflammatory cells promote immunosuppression and metastatic
dissemination as the neoplastic tissue evolves to a clinically detectable tumor®, as is the
case of Trg cells, M2-like macrophages and MDSCs'8. Macrophages present in the TME
are known for inhibiting lymphocytes and DC maturation through release of cytokines such
as IL-10, prostaglandins and reactive oxygen species (ROS)*3* (Figure 2). On the other
hand, fibroblasts, the major constituents of TME, can also be associated with an increase

in tumor proliferation, drug resistance and decreased antitumor immunity3.
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Figure 2 — Balance between tumoricidal and tolerogenic immune responses. In the early stages of tumor
development, most infiltrating immune cells are innate cells. As the neoplastic tissue evolves to a clinically
detectable tumor, other subsets of inflammatory and immunosuppressive immune cells promote metastatic
dissemination. Legend: Breg — Regulatory B cell; CAF — Cancer-associated fibroblasts; CTL — Cytotoxic T
lymphocyte; CTLA — Cytotoxic T lymphocyte antigen; DC — Dendritic cell, GM-CSF — Granulocyte-
macrophage colony-stimulating factor; IDO — Indoleamine 2,3-oxygenase; IL — Interleukine; IFN — Interferon;
NK — Natural killer; NO — Nitric oxide; PD-1 — Programmed cell death protein 1; PD-L1 — Programmed cell
death-ligand 1; PGE2 — Prostaglandin 2; Th — T helper cell; TNF — Tumor necrosis factor; Treg — Regulatory
T cell. Adapted from Gonzalez et al. (2018)8 and Pitt et al. (2016)%°.

1.3. Dendritic cells

Due to their capacity to activate naive lymphocytes, DCs are able to initiate and
regulate adaptive immune responses, being considered the most efficient APCs*¢. Human
DCs undergo activation from an immature state to an immunostimulatory phenotype after
sensing pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPSs) through pattern recognition receptors (PRRs)%®. This
contributes to activation of CD8" or CD4* T cells through expression of co-stimulatory
molecules together with major histocompatibility complex (MHC) class | and Il molecules,
respectively®¢. Due to their crucial role, DCs can be found in almost all tissues, detecting
homeostatic imbalances and modifying ongoing immune responses by processing antigens
for presentation to T cells and secreting cytokines and growth factors®, while also

interacting with other immune cells, such as NK and innate lymphoid cells®"38,



1.3.1. Origin and classification of DCs

DCs originate from bone marrow CD34" hematopoietic stem cells (HSCs)3*, which
give rise to a series of precursors that migrate through the bloodstream to the target tissue.
There are two main subsets of DCs: conventional DC (cDCs) and plasmacytoid dendritic
cells (pDCs) 2.

cDCs are of myeloid lineage and are found in tissues and peripheral blood*°, being
involved in the recognition of bacterial structures and production of pro-inflammatory
cytokines, such as TNF-a, IL-6, IL-23, IL-18 and IL-12p70, activating different
proinflammatory T helper cell subsets and cytotoxic T lymphocytes (CTLs)*. Based on their
surface expression, location, cytokine secretion and the capacity to stimulate T and B cell
responses, human cDCs can be further subdivided into two subsets: conventional dendritic
cells type 1 (cDC1) and conventional dendritic cells type 2 (cDC2)?14243,

pDCs are biologically distinct from cDCs in several aspects. pDCs are not of myeloid
lineage markers and do not express CD11c. Instead, they express the surface markers
BDCA2 (CD303), BDCA4 and CD123%. pDCs can be found in peripheral blood and several
lymphoid organs®®%> and are characterized by their extraordinary ability to produce
interferons (IFNs)*, being considered the main producers of IFN-a in the human body*&4°.
pDCs secrete cytokines after recognition of single-strand RNA (ssRNA) and double-strand
DNA (dsDNA) by interaction with toll-like receptors (TLR) 7 and 9, being important anti-viral
sentinels?!. However, pDC present higher plasticity®® and can also induce immune tolerance
by different mechanisms such as secretion of immunoregulatory cytokines °! or promoting

T cell differentiation.

1.3.2. Pathways of DC activation

All DC subsets are equipped with PRRs that allow them to recognize danger signals.
The most widely studied family of PRRs are TLRs, known for being critical in DC maturation
to an immunogenic state and the priming of naive T cells®. Different DC subsets express
distinct TLRs coupled with distinct signalling pathways, which contribute to their functional
specialization and induction of type | IFN responses®. Besides, by cell contact or soluble
factors such as type | IFNs, TLR-induced activation of one DC subset can lead to the

activation of the other subset, thus enhancing antitumor responses“.



Generally, cDCs express TLR1, 2, 6 and 8; nevertheless, unlike human cDCs,
mouse cDCs express TLR4 and TLR9. Among DCs, TLR3 and TLR10 are selectively
expressed on the plasma membrane of cDCs*-%°. In ¢cDCs, TLR3 is expressed on the
surface of the cells and recognize ligand polyinosinic:polycytidylic acid (poly(l:C))%-.
Activation initiates with recruitment of myeloid differentiation primary response 88 (MyD88),
a crucial adapter that recruits interleukin-1 receptor-associated kinase (IRAK), tumor
necrosis factor receptor-associated factor (TRAF)-6 and interferon regulatory factor (IRF)-
5, leading to activation of the nuclear factor kappa B (NF-kB) to induce production of the
cytokines TNF-q, IL-6, IL-8 and IL-12, whereas TICAM-1 (TRIF), another functional adapter,
mediates activation of IRF-3 and IFN-B promoter®®. Moreover, double-stranded RNA
stimulate retinoic acid-inducible gene-I-like receptor (RIG-1) RNA helicase can also induce

type | IFN production by activating IRF-3°°,

Activation of pDC is also triggered by TLR signalling after PAMP recognition®°. In
these cells, upon recognition of foreign DNA or RNA, TLR9 activation initiates with MyD88,
a protein that forms a signalling complex with IRAK-4, TRAF-6 and IRAK-15!, The
subsequent signalling cascade will result in IRF-7 activation, which is phosphorylated and
translocated to the nucleus to induce transcription of type | IFN genes®!. Through TRAF-6
signalling, NF-kB and mitogen-activated protein kinase (MAPK) pathways are also induced,
leading to expression of inflammatory cytokines and chemokines, and upregulation of
costimulatory molecules®!. Moreover, association of NF-kB p65 and p50 subunits with IRF-
5 appears to be the main inducer of IL-6 mMRNA transcription®2. Additionally, depending on
the stimuli, TLR9 activation on distinct intracellular localizations can have different results
on cytokine response®. The TLR ligand CpG-A signals through MyD88/IRF-7, inducing a
strong IFN-I response, while CpG-B rapidly travels to the lysosomes to induce TNF, IL-6

and costimulatory molecules production®4, as well as upregulation of MHC 1%,

Additionally, pDCs can also control TLR access to different endosomes in order to
achieve a coordinated DNA detection response®. The Brain and Dendritic Cell (BAD)-
associated Lysosome-associated Membrane Protein (LAMP) (BAD-LAMP) is a molecule
expressed on pDCs that controls TLR9 trafficking to LAMP™ late endosomes, reducing IFN-
| production upon activation with CpG DNA, favouring TNF-a®. Therefore, in breast tumor-
associated pDCs, BAD-LAMP expression might contribute to the lack of IFN-a production,

generally associated with immune tolerance °7:%8,



1.3.3. The role of cDC and pDC in cancer

In consideration of their key role in the control of intrinsic and adaptive immunity,
cDCs are essential to the induction of antitumor immunity. In the case of cancer, in the TME
or after movement to tumor-draining lymph nodes, cDCs take antigens from tumor cells and
present them to T cells®. Through their role in the activation of antigen-specific CTLs, cDCs
can induce powerful cytotoxic immune responses towards tumor cells®®. One clinical trial in
melanoma patients who used naturally occurring cDC2s with tumor-associated antigens
(TAAs) showed that the existence of TAA-specific T cells in peripheral blood was linked to
progression-free survival®. In another study with melanoma mouse models, cDC1s were
shown to transport TAAs to tumor-draining lymph nodes (TdLNs) and cross-present them
to CD8* T cells™. While tumoral cDC1s stimulate activated CD8* T cells, and benefit Treg-
abundant tumors, cDC2s are more efficient in CD4" T cell stimulation and Th17
differentiation’2”®, However, cDCs can also have tolerogenic properties, thus promoting
tumor growth?!. In mice, cDCs have been reported to cross-prime tolerogenic cells, although

this is not well documented in humans’*7®.

Human pDCs are capable of infiltrating solid tumors, such as lung, breast, head and
neck cancers and melanoma, where they are maintained in a tolerance-promoting state®”:"6-
8. This blockage of pDC maturation can be reached through the secretion of
immunosuppressive factors by tumor cells’®®. On the other hand, the release of DAMPs
by tumor cells can stimulate TLR9 and activate pDCs®. In breast cancer, the presence of
GM-CSF and its receptor expression activate tumor-infiltrating (T1)-pDCs®2. Immature pDCs
can also be found in tdLNs and suppress CD8* T cell responses by expression of
indoleamine 2,3-oxygenase (IDO), inducible costimulatory (ICOS) ligand and granzyme
B83-85 Interestingly, TI-pDCs decrease its IFN production capacity, and thus promoting a
tolerogenic phenotype, under TLR stimulation due to the expansion of T.g cells and
induction of Th2 differentiation®?2®. In melanoma, an increased expression of IDO has been
observed in pDCs?®. Also, pDCs can promote tumor growth, survival and drug resistance
by influence of tumor-associated factors, such as TGF-B, TNF-a®, IL-108°, prostaglandin
E2 (PGE2)%, IL-3%t and VEGF®2. Therefore, several cancer types, such as breast cancer®’,

ovarian cancer®, multiple myeloma®! and melanoma®® are associated with immature pDCs.
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1.3.4. DC-based cancer immunotherapy

The use of different DC subsets for vaccination and their specialized contribution to
antitumor immunity is promising, however different cancer types might need different DC
therapeutic strategies. Therefore, different DC-based strategies are being explored to

induce immunological responses (Figure 3).

Manipulation of the immune system to control cancer is the key concept of cancer
immunotherapy®. DC-based cancer immunotherapy depends on the crucial role that these
cells induce antigen-specific T cell responses®. The use of DC vaccines for cancer has
been extensively investigated. The majority of DC-based vaccines currently being tested
consist of mature antigen-loaded autologous DC and are called ex vivo DC vaccines®
(Figure 3). To generate these vaccines, patients DC precursor cells (i.e. peripheral blood
monocytes, naturally occurring DCs or CD34* hematopoietic precursor cells) are firstly
isolated and differentiated into DCs. The most used technique is the differentiation of DCs
from peripheral blood mononuclear cells (PBMCs) (i.e. monocyte-derived DCs), by culturing
cells in GM-CSF and IL-4. Then, these DCs are modified (maturation) to present tumor-
specific antigens to T cells, using cytokines, TLR agonists, CD40 ligands or a cytokine
mixture (TNF-a, IL-1B, IL-6 and prostaglandin E2). These cells are loaded with tumor

antigens and infused back to the patient, to stimulate cytotoxic T cells?4,

When comparing to in vitro generated monocyte-derived dendritic cells (moDCs),
naturally occurring DC subsets bear greater antigen-presentation capabilities due to the
higher MHC molecule expression and specialized functions. In this sense, naturally
occurring DCs are proposed as the basis of next-generation vaccines®—°8, Preclinical
studies showed that primary mouse pDCs can induce CD8" T cell activation®®. Contrarily,
mouse cDCs were more effective in terms of prolonging survival in a model of gliomal®,
while another study reported that cDC1s are more effective in the induction of CD8* T cell

responses, whereas cDC2s induce Th17 responses’21°%,
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Figure 3 — DC-based immunotherapy approaches. By inducing antitumor immune responses by DCs
activation, DC-based vaccines aim to stimulate antitumor immunity through DCs capacity to activate tumor-
specific T cells. The most used strategy is vaccination based on monocyte-derived dendritic cells (right).
Peripheral blood monocytes are differentiated into DCs in the presence of GM-CSF and IL-4, the most used
combination. Then, DC activation can occur with different stimuli, including cytokines (TNF-a, IFN-y), CD40
ligands, TLR agonists and maturation cocktails (TNF-a, IL-1B, IL-6 and prostaglandin E2). Lastly, mature
DCs are loaded with tumor antigens and injected into the patient. On the other hand, activation of T cells
responses can also be reached by targeting antigens and adjuvants directly to DCs in vivo (left). Legend:
DC — Denditic cell; GM-CSF — Granulocyte-macrophage colony-stimulating factor; IL — Interleukine; TLR —
Toll-like receptor. Adapted from Patente et al. (2019)%.

Additionally, studies suggest that pDCs and cDCs act synergistically. In fact,
combination vaccination with distinct DC subsets can promote CD4*, CD8*, T-cell and NK-
cell responses!®?. ¢cDCs and pDCs have been used in combination in clinical trials against
melanoma, enhancing NK cell responses'®. In mice, pDCs were shown to induce CD8" T-
cell responses and promote the antigen capacity of cDCs'%41%, In humans, cDCs and pDCs
were shown to activate each other after TLR stimulation of one of the subsets!®. In this

way, combination vaccination might increase DC immunotherapeutic potential.

Activation of DCs can also be reached through cytokines, immunostimulatory
adjuvants and agents that block immunosuppressive DC functions!®’ (Figure 3). GM-CSF

stimulates DC differentiation, activation and migration®® by inducing antitumor immune
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responses and increasing survival in patients with advanced melanomal®®. Additionally, the
administration of the cytokine and growth factor FIt3L also promotes antitumor immunity

and CDS8* T cell activation in tumor mouse models™.

As mentioned above, tumors secrete modulatory factors that can influence the
immunoregulatory capacities of pDCs and keep them in an immature state that promotes
tolerance. However, when pDCs are TLR-stimulated they switch to a tolerogenic state.

Thus, some of TLR-based approaches are currently under investigation.

Poly(I:C), a TLR3 agonist, has emerged as a potential adjuvant for cancer
immunotherapy in human CD141* cDC1s"*10%110  preclinical studies in vitro showed the
efficacy of poly(l:C) in the activation of DCs and production of pro-inflammatory
cytokines’*!1, As concerning pDCs, treatment with the TLR7 agonist Imiquimod recruits
mature pDC to the tumor site and increases their IFN production, leading to tumor
regression in melanomas'!2113, Besides, numerous clinical trials with TLR7/TLR8 agonists
in cancer are ongoing (NCT02574377 and NCT026 92976). Moreover, a phase | clinical
trial has demonstrated that tumor pDCs can be stimulated with CpG, thus promoting
immunostimulatory capacities in pDCs in breast cancer and melanoma mouse models!4,
The same effect can also be observed stimulating pDCs with CpG before administration to
the patient!*>1¢ since tumor cells secrete immunoregulatory antigens that inhibit IFN and

pro-inflammatory cytokine production by pDCs, thus inhibiting antitumor responses®17,

Overcoming immunosuppression is another approach that enhances DC function.
Potential solutions include controlling the production of type | IFN by blocking IDO, induced
by TLRs, or suppressing other inhibitory molecules*®119, DC stimulation with Imiquimod, a
TLR7 agonist, increased IDO expression and inhibited antitumor immune responses. In this
sense, inhibition of IDO expression after activation could improve the efficacy of TLR-
mediated therapy??°. IDO is highly expressed on pDCs in leukemia'?!. Toho-1, an IDO
inhibitor, was found to be efficient in promoting antigen-presentation in pDCs?!, Moreover,
BAD-LAMP modulation can control pDC responses in tumor development®®. Indeed, recent
studies show that higher expression of BAD-LAMP in pDCs exposed to the TME can lead
to the impaired production of type | IFN. As the systemic type | IFN response produced by
pDCs is critical to NK activation and subsequent inhibition of tumor metastasis'??, inhibiting

BAD-LAMP expression could have a positive outcome.

In summary, the development of novel strategies still requires a better
understanding of DC biology and functions. Some preclinical studies bring up DCs as

efficient therapeutic treatments. Approaches to achieve this include administration of
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cytokines that induce DC activation, immunostimulatory adjuvants and agents that block
immunosuppressive DC functions as well as DC-based vaccines. However, we still need to
learn more about how we can modulate DC subsets with specialized functions in order to

improve antitumor immune responses.

1.4. Metabolism of DCs

The study of the molecular mechanisms that allow DCs to respond and initiate an
immune response has been undergoing great advances. Moreover, it is becoming
increasingly clear that external stimuli as well as the composition of the TME can alter the
function of immune cells metabolism. The following sections address current knowledge on
the metabolism of different DC subsets and its relation to the cell functional behaviour,
especially in the tumor microenvironment. A general overview is given in Figure 4, while
Table 1 summarizes the studies addressing the relationship between metabolic pathways

and innate immune function of cDC and pDC.

1.4.1. Glycolysis, Tricarboxylic Acid (TCA) cycle and Oxidative Phosphorylation
(OXPHOS)

Glycolysis consists of a series of reactions occurring in the cytosol, which convert
glucose into pyruvate, with the concomitant production of adenosine triphosphate (ATP)
and nicotinamide adenine dinucleotide (NADH). Glycolysis may serve several purposes,
such as the generation of energy under anaerobic conditions, or the fuelling of the TCA
cycle to perform mitochondrial aerobic respiration. In cells with low oxygen availability, low
mitochondria content or subject to certain stimuli, the pyruvate generated by glycolysis is
mainly converted into lactate, recycling NAD* (important to keep the glycolytic flux). On the
other hand, cells which rely mainly on aerobic respiration for energy generation, direct most
pyruvate into the TCA cycle, whose products participate in oxidative phosphorylation
(OXPHOS) to generate energy in mitochondria. The TCA cycle uses acetyl coenzyme A
(Acetyl-CoA), produced by the oxidation of pyruvate, and, in a series of redox reactions,
harvests much of its bond energy in the form of NADH, flavin adenine dinucleotide (FADH.)
and ATP molecules. The reduced electron carriers generated (NADH and FADH,) will pass
their electrons into the electron transport chain and, through OXPHOS, will generate most

of the ATP produced in cellular respiration?,
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An early promotion of glycolysis is a metabolic hallmark of several activated DC
subsets'?*. Glycolysis pathway is important not only for DC maturation, production of
costimulatory molecules and cytokine secretion, and T cell stimulatory capacity'?4, but also
for DC development. It was shown that administration of glycolysis inhibitor 2-Deoxyglucose
(2-DG) led to DC development inhibition in FMS-like tyrosine kinase 3 ligand (FIt3L)-induced
mouse DC progenitor proliferation?®. Furthermore, the presence of 2-DG in LPS-activated
cDC1s and cDC2s decreased the expression of costimulatory molecules and activation of
T cell responses'?®. Also, protamine-RNA complexes (pRNA)-stimulated human blood
cDC2s require glycolysis for activation, evidenced by expression of TNF-a, CD86 and PD-
L1127.

It has also been shown that different cDC subsets differentially rely on glycolysis
and oxidative metabolism. Analysis of mouse spleen CD8a* DCs (cDC1) and CD8a™ DCs
(cDC2) showed that CD8a* DCs have a higher oxidative metabolism, when compared to
cDC2, and abnormal mitochondrial function could affect the expansion of cDC1s, important
for CD8" T cell antitumor responses'?,

Metabolic competition and glucose limitation are prevalent mechanisms in tumors
which have been demonstrated to induce glycolytic and bioenergetic deficiencies in T
cells??®. In bone marrow-derived dendritic cells (BMDCs) and cDCs glucose deprivation has
been shown to decrease DC trafficking to the lymph nodes'®. In addition, low
concentrations of glucose and glutamine in the tumor may trigger a decrease in protein
glycosylation in the endoplasmatic reticulum (ER), causing aggregation of unfolded proteins

and resulting in an ER stress response!st.

As previously mentioned, DCs detect invading pathogens or endogenous threat
signals by TLRs, triggering innate and adaptive immune responses through promotion of
antigen-specific T cell activation!®?. Inactive DCs generate energy primarily through
OXPHOS and fatty acid oxidation (FAQO), while TLR activation causes a shift to glycolysis*33,
This shift, analogous to the so-called Warburg effect in tumor cells, was shown to be
important for the survival and maturation of BMDCs®. It has also been reported that, in
cDCs, there is a late commitment to glycolysis after PRR stimulation, in a process
dependent on the upregulation of hypoxia-inducible factor 1-alpha (HIF-1a) and autocrine
type | IFN signalling®**!*®, a process favoured by the activation of HIF-1a and
phosphoinositide 3-kinase (PI3K)/Protein kinase B (Akt) pathways that leads to an increase
in glucose uptake through glucose transporter 1 (GLUT-1), increased activity of glycolytic

enzymes, increased lactate output, and decreased mitochondria oxidative metabolism and

16



FAO¢. The mammalian target of rapamycin (mTOR) regulation mechanism also stimulates
glycolysis via HIF-1a and induction of oncogenic transcription factor Myc, and, with

increased production of GLUT-1, promotes an increase in glucose uptake®®’.

On the other hand, mTORC is antagonized by AMP-activated protein kinase (AMPK)
and induces the expression of peroxisome proliferator-activated receptor gamma
coactivator (PGC)-1a, a key energy metabolism regulator that promotes mitochondrial
oxidative metabolism®¥”1%  Studies have suggested that AMPK downregulates NF-kB
signals through multiple mechanisms33. In mouse BMDCs, lipopolysaccharide (LPS)
activation caused phosphorylation decrease in AMPK, while AMPK knockdown promoted
LPS activation, as observed by interleukin-12 p40 subunit (IL-12p40) and CD86
expression’®3, The administration of 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), an activator of AMPK, reduced IL-12p40 expression and promoted a shift to
aerobic glycolysis, whereas IL-10 decreased the impact of LPS on AMPK

phosphorylation®3,

As previously mentioned, non-activated DCs use OXPHOS and TCA cycle to
produce ATP and fulfil the bioenergetic demands!®. Upon stimulation, TCA cycle
intermediates, such as citrate, succinate and fumarate, regulate inflammatory responses

and cytokine production and the de novo fatty acid synthesis of DCs!3%140,

Citrate plays a key role in inflammatory pathways, serving as an important substrate
for protein acetylation, NADPH production and fatty acid synthesis (FAS) in activated
DCs'?6139 Citrate is preferentially used in LPS-activated BMDCs for de novo fatty acid
synthesis, increasing the glycolytic activity, which is mediated by kinases TANK binding
kinase 1 (TBK1) and Akt, involved in the association of hexokinase 2 with the
mitochondria®*®. Blocking the function of acetyl-CoA carboxylase or inhibiting fatty acid
synthesis, results in the inhibition of LPS-activated DCs*. In this sense, DCs with a higher
lipid content are more immunogenic whereas those with lower lipid concentrations acquire
a tolerogenic phenotypel®. So, citrate is critical for DCs activation by LPS, triggering T cell
activation. Succinate, another TCA cycle intermediate, has also been found to be involved
in DC activation. Mouse BMDCs detect extracellular succinate via G protein-coupled
receptor 91 (GPR91), increasing the expression of TNF-a by poly(l:C) or Imiquimod

activation*,

The metabolic information available for pDCs is much scarcer than for cDCs and
BMDCs. Still, a few studies have revealed useful information. Influenza A virus stimulation

of human pDCs with 2-DG was found to reduce costimulatory molecules (CD80 AND
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CD86), as well as human leukocyte antigen DR isotype (HLA-DR) and type | IFN
expression#2, In addition, as recently described in macrophages, 2-DG can impair TCA
cycle, OXPHOS, and ATP levels'*:. Another study showed the involvement of TLR7
activation in glycolysis by the use of chloroquine, shown to disrupt endosomal acidification,
which is a required component of TLR7 signalling'#2144, These data support that glycolysis
plays a role in the production of type | IFN, pro-inflammatory cytokines and co-stimulatory
molecules by TLR7-stimulated pDCs.

Recently, it was also demonstrated that TLR stimulation in pDCs results in
mitochondrial metabolic adaptations. Upon stimulation with pRNA, a TLR7/8 agonist, pDCs
showed increased glutaminolysis and OXPHOS, while mitophagy and glycolysis were
promoted in cDC'?’. Additionally, it was demonstrated that TLR-stimulated pDCs increased
mitochondrial content and intracellular glutamine in an autophagy-dependent manner?’,
When glutaminolysis was inhibited by DON and BPTES pDC activation was prevented!?’.
Contrarily, mitochondrial fragmentation inhibition with mdivi-1 and promotion of
mitochondrial fusion with S3 impaired glycolysis and activation of TLR-stimulated CD1c*
cDCs!!8. Deficiency of the kinase Mst1/2 can also inhibit antitumor immunity in cDCs, since

it leads to a deregulation in mitochondrial dynamics?’.

Notably, based on the external stimuli, pDCs show distinctive mitochondrial energy
metabolism patterns. While human pDCs, in the presence of an infection, decrease their
OCR after 24h'%?, they increase OXPHOS 6h after stimulation with pRNA, a process
mediated by autophagy and glutaminolysis*?’, which is required for the production and
expression of IFN-a, CD80, and PD-L1'?". On the other hand, a recent study has shown
that pDC activation in response to CpGA (a TLR9 agonist) led to production of type | IFNs,
which increased FAO and OXPHOS through an autocrine type | IFN receptor-dependent

pathway4°.

Overall, early induction of glycolysis appears to be necessary for the maturation of
most DC subsets, namely the upregulation of co-stimulatory surface molecules and the
production of cytokines. However, no general conclusion on the function of mitochondrial
energy metabolism in activated DCs can be reached, as it appears to be highly context-

dependent and the DC subset considered.
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1.4.2. Pentose phosphate pathway

The pentose phosphate pathway (PPP) is an alternative way of glucose-6-
phosphate oxidation, running parallel to glycolysis to fulfil two main functions: the formation
of ribose-5-phosphate (R5P) for the synthesis of nucleotides, supporting cell growth and
proliferation, and the formation of NADPH, which carries reducing power, essential to the
cellular anti-oxidant defence system and to many anabolic pathways, such as cholesterol

and lipid synthesis!?2,

In DCs, the Akt pathway activates hexokinase 2, the enzyme responsible for the
production of glucose-6-phosphate, increasing the glycolytic metabolism and the TCA cycle
and resulting in an increased PPP activity as well as the formation of citrate for FAS'®2, Of
note, citrate and NADPH used for lipid synthesis in BMDCs have been shown to be linked
to the expansion of the ER and Golgi apparatus'?®, leading to an increase in the trafficking

and secretion of effector cytokines upon DC activation4.

It has also been observed a rapid decrease in NADPH and R5P intracellular
concentrations in LPS-stimulated BMDCs!?%, When the expression of glucose-6-phosphate
dehydrogenase, the first enzyme in the pentose phosphate pathway, was inhibited, it was
observed a decrease in the pro-inflammatory cytokines IL-6 and IL-12, along with lipid
accumulation. These results suggest that the flux of glucose into the pentose phosphate
pathway plays a key role in DC activation, by promoting the generation of NADPH and,

thus, fatty acid synthesis*?®.

1.4.3. Amino acid metabolism

All tissues have some capability to synthesize non-essential amino acids and to
convert them to other derivatives that contain nitrogen. The nitrogen of amino acids is
eliminated via transamination, deamination, and urea formation, while the carbon skeletons
are conserved as carbohydrates, via gluconeogenesis, or as fatty acids by fatty acid
synthesis pathways. Glucogenic amino acids give rise to pyruvate or TCA cycle
intermediates, such as a-ketoglutarate and oxaloacetate, acting as glucose precursors via
gluconeogenesis. Ketogenic amino acids give rise to acetyl-CoA. Besides, amino acids

have a possible fate for energy production through anaplerotic fuelling of the TCA cycle!?,

The catabolism of some amino acids has been associated with the tolerogenic

phenotype of DCs such as the upregulation of surface molecules, receptors and cytokines
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that lead to the induction of regulatory T cell responses!?*14’, Tryptophan (Trp) is an amino
acid involved in immune tolerance and antitumor immune responses. Trp depletion is
induced by the enzyme IDO1, which has an immunoregulatory effect, and the generation of
kynurenine (Kyn), which has as role in controlling acute inflammation. IDO is also
associated with the induction of a tolerogenic microenvironment in tumors!#. In this sense,
IDO could be an attractive target for cancer immunotherapy*®, since its catabolic effect on
Trp can lead to the generation of Tw'®. A recent study in a model of melanoma
demonstrated that B-catenin induction of FAO led to the production of IDO, generating Treg
responses!®®. Products from Trp catabolism, such as Kyn, may serve as signalling
molecules that suppress antitumor immune responses®®. In a model of murine mammary
carcinoma, Kyn is required to preserve IDO in CD11c* TADCs, leading to an increase in
Treg™®™. In addition, the interaction between CTLA-4 and CD80 induce NF-kB signaling and
controls IDO expression in cDC1s!%2, Besides, TGF-B stimulates Trp catabolism leading to

an increase in kynurenines and promoting tolerance®®2.

Arginine is another immunomodulatory amino acid required for T-cell activation. In
immune cells, arginine is metabolized to L-citruline and nitric oxide (NO) by inducible nitric
oxide synthase (iNOS) under inflammatory conditions®®3, and by arginases 1 and 2 to
ornithine, which is involved in tumor cell proliferation!®®1%4, Arginase 1 has been reported to
control the production of IDO in CD11c* DCs under TGF-B stimulation!®®, inhibiting T cell
antitumor responses by depletion of arginine. Besides, the production of polyamine
spermidine leads to the activation of IDO1, promoting a tolerogenic phenotype®>1%, In
addition, the release of polyamines by myeloid-derived suppressor cells can also inhibit
IDO1 expression by DCs, leading to immunosuppression?>®. Moreover, cDC2s have been
shown to control T cell function by modulating arginine levels in the TME in a murine model

of mammary carcinoma, decreasing CD8" T cell proliferation and IFN-y production®®’.

In pDCs, when in a TGF-B-dominated environment, IDO interacts with the tyrosine
phosphatases Src homology region 2 domain-containing phosphatase (SHP)-1 and SHP-
2, activating the NF-kB pathway and the transcription of Idol and Tgfbl genes, thus
promoting an immunoregulatory response®. Notably, IDO expression by a type of tumor-
associated pDCs leads to antigen-specific T cell responses that contribute to tumor
progression®1%8, Besides, cytokines such as IFN-y and TGF-B**%1%2 immunosuppressive
drugs such as dexamethasone (DEX)!°, and CTLA-4-expressing Treqs'%%1% can also induce

IDO expression in pDCs.
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1.4.4. Lipid metabolism

Fatty acids are main constituents of many lipids, which play several key roles in
cells, such as membrane composition, energy storage and intracellular communication.
Their metabolism comprises the reverse processes of fatty acid synthesis (FAS) and
oxidation (FAQO). In the former, fatty acids are generated in the cytosol from acetyl-CoA and
NADPH, through the action of fatty acid synthases. In the latter, activated fatty acids (FA-
CoA) are broken down in the mitochondria into acetyl-CoA, which can be processed by the

TCA cycle and oxidative phosphorylation for energy production®?2,

Lipid metabolism also appears to be intimately related to DC phenotype and
function. While FAS supports DC maturation, FAO inhibits their pro-inflammatory functions.
During DC development and maturation, there is an increase in cytosolic lipid droplets
(LD)*83, This lipid accumulation in DCs is due to the expression of high levels of receptors,
such as macrophage receptor with collagenous structure (MARCO)/macrophage scavenger
receptor (MSR) 163, There is strong evidence suggesting that lipid accumulation in human
and mouse tumor-infiltrating myeloid cells reduces antitumor immunity in several cancer
types like melanoma, lymphoma, mammary and colon adenocarcinomas and ovarian
cancer®4+169 |n cDCs isolated from various types of tumors, lipids from the extracellular
milieu can be imported in higher levels by the receptor MSR1, leading to a decrease in the
antigen-presenting capacity’’®. This increase can be prevented through inactivation of
genes involved in the regulation of lipid assembly, or the use of diacylglycerol
acyltransferase inhibitors’t. Additionally, administration of the FAO inhibitor TOFA also
decrease FAS and lipid content, leading to a decrease of cDC to initiate an immune
response and expression of TNF-a and IL-6172, Moreover, inhibition of FAO with etomoxir
did not affect cDC development but increased IRF4 levels in cDC2 cells, while decreased
IRF8 in cDC1 cells!”®. Moreover, since FAO produces citrate to fuel TCA cycle for de novo
FAS and LD formation, the inhibition of FAS or lipid catabolism could be a promising

approach to increase immune responsest’.

In the TME, due to the high levels of ROS, DCs accumulate oxidized lipids and
activate ER stress responses, reducing their ability to induce immune responses!’?. Indeed,
ER stress can promote IL-23 production in zymosan-stimulated human moDCs trough
IRE1la and X-box binding protein 1 (XBP1)>. It was also demonstrated that the activation
of XBP1 protein by unfolded protein responses (UPR) results in a production of LDs and,
as a consequence, in DC dysfunction?®*. So, the inhibition of XBP1 restores DC function

and thus T cell activation*’. Besides, it was shown in a model of metastatic ovarian cancer
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that inhibition of LDs can be reached by disabling IRE1a-XBP1 signaling, leading to an
effective immune responsel®4,

The protein B-catenin also plays a role in fatty acids metabolism. Recent studies
have shown that Wnt5 protein induce B-catenin signaling in a melanoma model of mouse
TADCs, triggering peroxisome proliferator-activated receptor (PPAR) and promoting
FAO!, This activation of B-catenin can result in induction of IDO, thus promoting Treg
responses!*®. Nevertheless, in a murine model of melanoma, CD11c" cells with decreased
levels of B-catenin were associated with increased antitumor immunity'*°. Moreover, B-
catenin was shown to induce vitamin A metabolism and production of retinoic acid, involved

in Treg generationt?s,

Additional studies have demonstrated a correlation between lipids and
immunosuppressive phenotypes in various DC subsets. PGE2, a bioactive eicosanoid lipid,
plays a role in tumor progression and metastasis in melanoma, colon, breast, head and
neck and lung cancers!’”1’® In cDCs, PGE2 deregulates the production IL-12, activating
CD8", Thl and NK cells responses’. Furthermore, in a melanoma model of cDCs
incapable of producing PGE2, since they lack cyclooxygenase (COX) enzymes, it was
observed and increase in antitumor immunity by increased expression of co-stimulatory
molecules and IL-12€°,

As for pDCs, it has been demonstrated that FAO is favoured over FAS. This
increase in FAO is due to the IFN-I signaling through IFN receptor (IFNAR) induced by
TLR9, which increases pyruvate uptake!#®. In this mouse model of Flt3L-sorted pDCs, a
late increase in ECAR after CpG (TLR9 agonist) or IFN-a stimulation was associated with
increased FAS, fueling FAO in order to maintain an increased OXPHOS. The
administration of TOFA, etomoxir and C75 inhibit FAO metabolism and influenced the
activation of these cells, by preventing IFN-a, TNF-a and IL-6 production*®. The PPAR
network also plays a role in pDCs metabolism since activation of FAO and OXPHOS by

CpGA is somehow dependent on PPARa®.

As described in the previous sections (and summarised in Table 1), some patterns
are starting to emerge regarding metabolic adaptations of different DC subsets upon their
development and stimulation. Still, further efforts are necessary to better understand the
regulation processes involved in the immunogenic and tolerogenic DC metabolism. In
particular, the influence of tumor microenvironmental factors on the regulation of signalling
pathways and metabolic adaptions of DCs should be further explored in the future.

Untargeted metabolic profiling approaches (metabolomics) may be especially useful in this
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respect, namely to identify unanticipated changes in the levels of metabolites involved in
central metabolic pathways.
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Table 1 — Summary of studies addressing the relationship between metabolic pathways and innate immune function of cDC and pDC. The main metabolic and functional
alterations resulting from cell activation with specific stimuli and/or treatment of activated cells with pharmacological agents are presented. The experimental approach used
is also described. Legend: 2-DG (2-Deoxyglucose) — glycolysis inhibitor; 3-MA — autophagy inhibitor; AMPK — AMP-activated protein kinase; Arg — Arginase; BPTES —
glutaminase inhibitor; C75 — fatty acid oxidation inhibitor; cDC — Conventional Dendritic Cell; DON — glutamine antagonist; ECAR — extracellular acidification rate; ELISA —
enzyme linked immunosorbent assay; Etomoxir — fatty acid oxidation inhibitor; FACS — Fluorescence activated cell sorting; FAO — fatty acid oxidation; FAS — fatty acid
synthesis; FIt3L — FMS-like tyrosine kinase 3 ligand; HLA-DR — Human leukocyte antigen DR isotype; IDO — Indoleamine 2,3-oxygenase; IFN — Interferon; IL — Interleukine;
IRF — Interferon regulatory factor LPS — Lipopolysaccharide; Mdivi-1 — mitochondrial fission inhibitor; mROS — Mitochondrial reactive oxygen species; mTORC1 — Mammalian
target of rapamycin complex 1; OCR — oxygen consumption rate; Olomoucine — BNIP3 inhibitor; pDC — Plasmacytoid Dendritic Cell; PD-L1 — Programmed death-ligand 1;
PPP — Pentose Phosphate Pathway; pRNA — Protamine-RNA complexes; gRT-PCR — quantitative real time polymerase chain reaction; Rapamycin — mTOR inhibitor; S3 —
mitochondrial fusion promoter; SRC — spare respiratory capacity; TCA — Tricarboxylic acid; TLR — Toll-like receptor; TGF — Transforming growth factor; TNF — Tumor necrosis
factor; TOFA — fatty acid oxidation inhibitor.

el Cell type Stimulus Pharmacological Experimental approach Metabolic alteration . Alfected |nn§1te Reference
pathway agent immune functions
Olomoucine, 3- Extracellular flux analysis
Dlc* cD RNA (TLR7 ' ' AMPK1 TNF-a, CD80, PD-L1 127
CDlc” ebC P ( 8) MA flow cytometry, gPCR ! a a, CD8O,
CD1c* cDC PRNA (TLR7/8) S3, Mdivi-1 Extracellular flux analysis, | AR olicose uptake  TNF-a, CD8O, PD-L1 127
flow cytometry, gPCR
Glycolysis, . . .
. o Mito Tracker Green FM, 1 OCR, mitochondrial 127
TCA cycle CD1c* cDC PRNA (TLR7/8) S3, Mdivi-1 flow cytometry, GPCR mass TNF-a, CD80, PD-L1
and
OXPHOS
Guardiquimod XF-24 Analyzer (ECAR, Type | IFN, expression
Human blood-sorted pDC 4 2-Deoxyglucose OCR), ELISA, flow | 2-glucose-6-phosphate  of HLA-DR, CD80 and 142

(TLR7)

cytometry CD86

pDCs sorted from Fit3L bone CpGA (TLR9) + Basal OCR and SRC IFN-a, IL-6, TNF-a and 145

marrow cultures XF-96 Extracellular Flux CD86
Analyzer, gRT-PCR, flow L IFN-a
Imiquimod cytometry 145
pDCs (TLR?) 1 Basal OCR
1 IL-6, TNF-a
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Table 1 (Cont.)

Metabolic
pathway

Glycolysis,
TCA cycle
and
OXPHOS

PPP

Amino acid
metabolism

Lipid
metabolism

Cell type

Human blood-
sorted or mouse
spleen-sorted pDC

pDC

pDC

cDC

cDCllc* DCs

pDC

cDC

cD11c* cDCs and
pDCs

Stimulus

CpGA
(TLRY)

PRNA
(TLR7/8)

TLR7

(R848)

LPS

TGF-, IL-4

PRNA
(TLR7/8)

Pharmacological agent

Rapamycin

BPTES, 3-MA

Suppression of the expression of
glucose-6-phosphate
dehydrogenase

DON, 3-MA

TOFA

Etomoxir

Experimental approach

Extracellular flux analysis, flow
cytometry, qPCR

mROS measurement by
fluorescence, qRT-PCR, flow
cytometry

MicroBeta Liquid Scintillation
Counter, qRT-PCR, flow
cytometry

gRT-PCR, Western Blott

Extracellular flux analysis, flow
cytometry, qPCR

BODIPY staining, HCS
LipidTOX Red neutral lipid
staining, FACS, flow cytometry

Flow cytometry,

immunofluorescence microscopy

Metabolic
alteration

| mTORC1

| OCR,
mitochondrial mass

t mROS

| Lipid accumulation

1 Arg1, IDO1

| Glutamine

| FAS and lipid
content

FAO

Affected innate
immune functions

Type | IFN, IL-6 and
TNF-a

IFN-a, CD80, and PD-
L1

Induction of cross-
presentation and
generation of CD8" T
cell responses in vivo

Pro-inflammatory
cytokines (IL-6, IL-12
and TNF)

Tolerogenic
phenotype

IFN-a, CD80, and PD-
L1

TNF-a, IL-6 and TLRs,
functional impairments
for activating antigen-
restricted CD4* T or
NK cells

DC development not
affected

Reference

61

127

181

126

127

172

173
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Table 1 (Cont.)

Metabolic
pathway

Lipid
metabolism

Cell type

cDhC2

cDC1

pDC

Mouse pDC
(sorted from
FIt3L ligand-
stimulated
bone marrow
cultures)

Stimulus

CpGA

(TLR9)

CpGA (TLR9)

Pharmacological agent

Etomoxir

Etomoxir

Etomoxir

TOFA, C75

Experimental approach

XF-96 Extracellular Flux
Analyzer, qRT-PCR, flow
cytometry

XF-96 Extracellular Flux
Analyzer, gRT-PCR, flow
cytometry

Metabolic
alteration

1 FAO

| FAO

| Basal OCR, SRC
and FAO

| FAS

| Basal OCR

Affected innate
immune functions

1 IRF4

1 CD71

1 IRF8

| IFN-a, IL-6, TNF-a
and CD86

Type | IFN, IL-6, TNF-
a and CD86

Reference

173

173

145

145
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1.5. Metabolomics of DCs

1.5.1. The metabolomics approach

The term metabolomics corresponds to the quantitative measurement of variations
in the concentrations of low-molecular weight metabolites (<1-2 kDa)'®? in biological
samples (e.g. tissues, cells, biofluids), resulting from pathophysiologic/external stimuli
and/or changes in the pattern of gene/protein expression in an organism?83, Cell metabolism
is a complex network of highly ordered and interconnected reactions, so that even small
changes in regulating proteins can cause noticeable changes in the concentration of tens
to hundreds of metabolites. By employing a holistic measurement of metabolic variations,
metabolomics has the potential to disclose hidden biological events, being a suitable
technique for studying physiological and pathological processes and for testing the effects
of drugs or other exogenous compounds!®. Indeed, metabolomics studies have been
performed in several fields of biological and biomedical research, for instance to identify
biomarkers of pathologies, help understanding the occurrence and nature of pathologies,
discover new therapeutic targets, elucidate the mechanisms of drug action, assess the
efficacy and safety of drug candidates in preclinical studies, select and stratify patients
during clinical trials, and monitor treatment responses. Cancer research is a particular area
highly impacted by metabolomics, as numerous studies of tissues, cells and body fluids

have been performed over more than one decade8418,

Nowadays, Nuclear Magnetic Resonance (NMR) spectroscopy and Mass
Spectrometry (MS) are the most commonly used analytical methods to characterize the
metabolome, mainly due to their ability to assess variations in tens to hundreds of
metabolites in a single measurement*®®, Ideally, the choice of the most adequate analytical
platform(s) to be used in a particular metabolomics should be based on the biological

questions under study, as well on the nature and number of samples to be analysed®’.

NMR spectroscopy offers several advantages that are important in the field of
metabolomics'®188, |t is non-destructive, highly reproductive and quantitative, requires
minimum sample manipulation, and potentially enables the identification of unknown
metabolites, which is important considering that many metabolites in complex biological
mixtures are not known a priori. Moreover, the metabolic profiles obtained are virtually
independent of the operator and the instrument, providing a high degree of reliability*®. On
the other hand, NMR has some important limitations, namely in terms of resolution (difficulty

to distinguish overlapped signals in very complex samples) and sensitivity (inability to detect
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metabolites present at concentrations lower than the uM-mM range)*®. In reality, no single
analytical platform can be applied to detect all metabolites in a biological sample due to the
complexity of the metabolome. In this sense, the combined use of NMR and MS can provide

a more sensitive coverage of detected metabolites®®,

To deal with the complex metabolic profiles derived from NMR and/or MS data,
multivariate analysis (MVA) is typically employed, enabling the multiparametric comparison
of sample groups, i.e., the assessment of differences/similarities between spectra of several
samples®®™. The two most common MVA methods used in metabolomics are principal
component analysis (PCA) and partial least squares discriminant analysis (PLS-DA). The
first is a non-supervised method, that shows clusters of samples based on their similarity.
PCA does not discard any variables, but reduces the number of dimensions, offering a
general idea of separation patterns arising from the various sources of variability within the
dataset. On the other hand, PLS-DA maximizes the separation between pre-defined sample

groups and highlights the variables (metabolites) responsible for class discrimination®191,

1.5.2. Application of metabolomics to DC profiling

Metabolomics of dendritic cells offers many opportunities to reveal their metabolic
adaptations in different pathophysiological conditions. However, there are also many
challenges, mainly related to low numbers of immune cells available and rapid turnover
rates of the cellular metabolites®®1°2, As such, there are still few studies on the application

of NMR- or MS-based metabolomics to DC profiling.

Using untargeted liquid chromatography-mass spectrometry (LC-MS) profiling in
moDCs in a model of yellow fever, Li et al. (2013) observed a shift in the metabolism of
nucleotides, glutathione and amino acids!®®. Later, Ravindran et al. (2014) used LC-MS to
analyze the intracellular concentration of amino acids in human moDCs in a model of yellow
fever!®*, Furthermore, flux studies have been important for the interpretation of differences
in the metabolite profiles. This technique has been applied in many studies concerning
immunometabolism, such as one that defined metabolic fluxes in DCs (tracing 3C-
glucose)'?. It was found that TLR-activation of DCs led to rapid metabolic changes, by
increasing glycolysis and TCA cycle, determined by untargeted MS metabolic profiling*?®.
Finally, using stable-isotope tracing LC-MS metabolomics, Vanherwegen et al. (2019) have
shown the importance of vitamin D in imprinting human moDCs with tolerogenic properties

by reprogramming their glucose metabolism*®°,
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However, comprehensive profiling of metabolic responses of dendritic cells using
NMR metabolomics has not been reported before. In this thesis, this platform is employed
for the first time to asses dendritic cell metabolic alteration upon stimulation in order to
advance in understanding their mode of action.

1.6. Objectives of this work

The dual role of dendritic cell sub-populations in tumor progression and response to
therapy calls for a deeper understanding of the factors that trigger and/or regulate DC
stimulatory (antitumor) and regulatory (pro-tumoral) functions. These functions appear to
be associated with distinct metabolic programs. Hence, it is important to characterize the
metabolic adaptations associated with DC functional plasticity. For that purpose,

comprehensive, untargeted metabolomics may constitute a uniquely useful approach.

This project aims at characterizing the metabolic profile of pDCs and at assessing
the metabolic changes associated with: i) TLR7 stimulation (activated immunogenic profile)
and ii) immunosuppression induced by a tumor-mimicking microenvironment. A human
leukemic cell line (CAL-1) was used as in vitro model. Activation of pDCs was performed
through incubation with the TLR7 agonist CL307, while the soluble factors TNF-a+TGF-
were used to decrease secretion of type | interferons and, in this way, to induce a more
tolerogenic phenotype (typically observed in tumors). The assays performed involved
evaluation of the mMRNA expression levels of selected cytokines (IFN-B and TNF-a), in
parallel with metabolic profiling through *H-NMR analysis of cell extracts and culture
medium supernatants. Overall, we expect to gain new insights on the role of metabolism in

pDCs phenotypic modulation.
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CHAPTER 2

MATERIALS AND METHODS







2. Materials and Methods

2.1. Reagents

Stock solutions of CL307 (InvivoGen), TNF-a (PrepoTech) and TGF- (PrepoTech)
were prepared as follows. CL307 was prepared at 1 mg/mL in RNase-free water. TNF-a
was prepared at 0.1 mg/mL in 0.1% BSA with PBS. TGF-3 was reconstituted for a final
concentration of 0.1 mg/mL in 0.1% BSA with 10 mM citric acid. All stock solutions were
stored in aliquots at -20°C. TNF-a and TGF-8 concentrations were chosen according to the

range used in Sisirak et al.®8.

2.2. Cell culture maintenance

CAL-1 cells, a human blastic plasmacytoid dendritic cell neoplasm cell line, were a
gift of Dr. Takahiro Maeda from Nagasaki University Graduate school of Biomedical
Science, Japan. These cells were cultured in suspension at 37°C and 5% CO; atmosphere,
in RPMI 1640 (Roswell Park Memorial Institute Medium, Gibco) culture medium
supplemented with 1% NEAA (non-essential amino acids) (InvitroGen), 1% sodium
pyruvate (InvitroGen) and 1% HEPES (InvitroGen), and containing 10% FBS (fetal bovine
serum) (Sigma). The cells were maintained in suspension in T175 flasks (final volume of 30
mL and 2x10° cell/mL density). When cells were incubated for 2 days, the cell culture media
containing the cells was split into new T175 flasks, to which fresh culture media was added.

All experiments were performed with cells from passages 9-11.

2.3. Cell stimulation and collection

For the stimulation experiments, cells were harvested from T175 flasks and
centrifuged at 300 xg for 6 min. The medium supernatant was discarded and the cell pellet
resuspended in 10-20 mL of RPMI media containing 1% FBS, 1% NEAA, 1% HEPES and
1% sodium pyruvate. The cells were counted using a Neubauer Chamber and adjusted with
RPMI 1% FBS until the desired density was obtained. Using a 6-well plate, the cell
suspension was divided in order to obtain 5.5 x10° cells per well. To note that each sample

had two corresponding wells, leading to a final number of 11x10° cells per sample. Of these,
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1x106 cells were collected for quantitative real-time polymerase chain reaction (JQRT-PCR)
and 10x10° cells for NMR, as shown schematically in Figure 5.

The activation stimulus used in this work was CL307 (chemical structure in
Supplementary Figure S1), a potent TLR7 agonist. At an initial phase, cells were incubated
for 1h, 3h, 6h and 24h with either 1 uM or 2 puM of CL307 per well, in order to optimize the
concentration and incubation time with this stimulus. For the second part of this work, the
cells were stimulated with CL307 in the presence of TNF-a together with TGF-3 to mimic
the tumor microenvironment. CAL-1 cells were incubated for 16h, with or without TNF-a (1
ng/mL per well) and TGF-B (1 ng/mL per well), as in Sisirak et al.8, followed by CL307 at 1
UM for 1h or 3h (Figure 6). A well with RPMI medium with 1% FBS without cells was
included as a control.

After incubation, samples were collected (11 mL final volume per sample). Then, 1
mL of each sample was separated for future qRT-PCR analysis. Next, samples were
centrifuged at 300 xg for 6 min, 4°C, and the supernatant collected. Thereafter, cell pellets
were washed twice with cold PBS by centrifuging at 300 xg for 6 min at 4°C. Finally, cell
pellets and supernatant media were stored at -80°C for further gRT-PCR and NMR
metabolomics analysis. The medium from the wells without cells was also collected and
stored at -80°C.
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Cell culture maintenance

Incubation 48h, 37°C,
ATM, 5% CO,

@

T175 flask New T175 flask
Volume 30 mL Volume 30 mL
2X10° cell/mL 2X10° cel/mL

Cell stimulation and collection

A 4

RPMI 1640
1%FBS
1% NEAA, HEPES,

Medium
supernatant sodium pyruvate
L .
Collection Centrifugation
300 xg, 6 min
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PBS (2x)
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Figure 5 — Schematic representation of the experimental protocol used to obtain the cell pellet samples for
gRT-PCR analysis and the polar extracts and cell media samples for NMR metabolomics. CAL-1 were
maintained in RPMI 10% FBS for proliferation and growth. Then, cells were cultured in vitro in RPMI 1%
FBS and stimulated with CL307 and/or TNF-a+TGF-f. After incubation, the cells were collected for gRT-
PCR and prepared for NMR metabolomics.
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Figure 6 — Scheme of the experimental approach. (A) In the first part of the work, cells were incubated with
CL307 at 1 or 2 pM during 1, 3, 6 or 24h. (B) In the second part of the work, cells were incubated alone,
without any stimulus (1), incubated with TNF-a and TGF- stimuli (Ill), activated with CL307 1 uM for 1h or
3h upon 16h of prior incubation alone (Il) or with TNF-a and TGF-§ (V).
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2.4. Quantitative mRNA expression analysis

2.4.1. RNA extraction and quantification

Total RNA extraction was performed using the RNeasy Mini Kit (Qiagen) according
to manufacturer’s instructions. Briefly, cell pellets were thawed on ice before adding 350 uL
of buffer RLT with B-mercaptoethanol to each sample and vortexing for 1 min. Then, 350
uL of 70% ethanol was added to the samples. Next, the sample was transferred to a RNeasy
spin column placed in a 2 mL collection tube and centrifuged for 20 sec at 11,000 xg. In
order to remove any genomic DNA present in the samples, a treatment with DNAse was
performed. A volume of 350 pL of buffer RW1 was added to the column, which was then
centrifuged 20 sec at 11,000 xg. Then, 80 uL of a DNAse mix was added directly to the spin
column and incubated at room temperature for 15 min. After that, 350 pL of buffer RW1 was
added to the column, and then centrifuged at 11,000 xg for 20 sec. Thereafter, 500 pL of
RPE buffer were added to the column, followed by centrifugation 20 sec at 11,000 xg and
at full speed for 1 min. The RNeasy spin column was then placed in a 1.5 mL Eppendorf.
Total RNA was eluted with 20 pL of RNase-free water by centrifugation at 11,000 xg for 1
min. The RNA was stored at -80°C or kept on ice to proceed directly for quantification and
cDNA synthesis. RNA quantification was performed in a DeNoVix DS-11
spectrophotometer (Frilabo).

2.4.2. cDNA synthesis

For gene expression analysis, cDNA was synthetized using the enzyme SuperScript
Il Reverse Transcriptase (Invitrogen). In each tube, on ice, 500 ng of total RNA, RNase-free
water, 1 pL of dNTP mix (10 mM) and 2 pL of random hexamers (50 mM) were added to
complete a total volume of 12 uL. To note that, in this protocol a negative control was added,
containing the control sample which was treated the same way as the other samples. This
no reverse transcriptase control (-RT) is used to monitor genomic DNA contamination when
the target sample is cDNA. After that, all the components were gently mixed and incubated
at 65°C for 10 min in a C1000 Thermal Cycler (Bio-Rad), followed by a quick chill on ice for
2 min. Samples were mixed and added to a mix containing 4 uL 5x first-strand buffer, 2 L
of 0.1 M DTT and 40 U/uL RNase inhibitor per reaction, followed by incubation at 25°C for
2 min. Thereafter, 1 uL of Superscript Il Reverse Transcriptase was added to each sample,
completing a total volume of 20 pL. Finally, samples were incubated at 25°C for 10 min

followed by 42°C for 50 min. The reaction was inactivated by heating at 70°C for 15 min,
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followed by 4°C. This incubation was performed in the same C1000 Thermal Cycler (Bio-
Rad) mentioned previously. The samples were kept at -20°C or on ice to proceed directly
for gRT-PCR analysis.

2.4.3. Quantitative Real-Time PCR (gRT-PCR)

IFN-B and TNF-a transcripts were quantified by qRT-PCR. The assays were
performed using primers for IFN-B (10 pM, InvitroGen) and TNF-a (10 pM, InvitroGen) and
the endogenous control GAPDH (10 pM, InvitroGen) (details in Table 2). Firstly, cDNA
samples were diluted 10x in RNase-free water. Then, a mix for each primer was prepared,
containing 2x SyBR Green qPCR Master Mix (10 pL per reaction), Primer Forward (0.6 uL
per reaction), Primer Reverse (0.6 pL per reaction) and RNase-free water (6.8 pL per
reaction). The volumes used take into account the number of samples, in triplicates, and
the -RT and blank wells. A volume of 2 pL of the diluted samples were added to each well
of the 96-well qPCR plate (2 puL of RNase-free water to the blank wells), followed by 18 L
of the above primer mixture (total volume of 20 pL). Finally, the plate was sealed and
centrifuged at 1,000 xg, 2 min. The expression assays were performed in a 7500 real time
PCR system (Applied Biosystems). The gRT-PCR conditions were: 95°C, 5 min (holding
stage), 95°C, 15 sec and 60°C, 60 sec (cycling stage, 40 cycles), 95°C, 15 sec, followed by

60°C, 60 sec and 95°C, 15 sec (melt curve). The run took about 2 hours.

To normalize the absolute quantification according to a single reference gene, the
mean quantity of IFN-B and TNF-a expression levels were normalized against the mean
quantity of the endogenous control GAPDH expression levels for the corresponding sample.
For each target gene sample, the relative quantity (RQ) value obtained was divided by the
value derived from the control sequence in the corresponding target gene. Results were

further presented as fold variation in comparison to the experimental control.
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Table 2 — qRT-PCR primers features: target gene, sequence and amplicon size.

Target gene Sequence (5’ — 3’) Amplicon size (bp)
CAATGACCCCTTCATTGACC
GAPDH 106
GACAAGCTTCCCGTTCTCAG
CCCTCAGCAAGGACAGCAGA
TNF-a 139

AGCCGTGGGTCAGTATGTGAG

TGCTTGGATTCCTACAAAGA
IFN-B1 108
GGATGTCAAAGTTCATCCTG
2.5. NMR metabolomics assay

2.5.1. Cell culture supernatants

Medium aliquots were collected from each well, including medium without cells
incubated under the same conditions. To remove interfering proteins, thawed supernatants
were subjected to a protein precipitation protocol described by Kostidis and colleagues!®®.
Briefly, 600 uL of cold methanol 100% (v/v) (precooled at -80°C) were added to 300 pL of
supernatant. The aliquots were then kept at -20°C for 30 min, after which they were
centrifuged at 13,000 xg for 20 min. The supernatant was transferred to another vial,
vacuum dried (SpeedVac, Eppendorf) and stored at -80°C until NMR acquisition.

At the time of analysis, the samples were resuspended in 600 pL of deuterated
phosphate buffer (PBS 100 mM, pH 7, containing 0.1 mM 3-(trimethylsilyl) propanoic acid
(TSP-d4)), and 550 uL of each sample were transferred to 5 mm NMR tubes.

2.5.2. Cell extracts

The intracellular metabolites were extracted using a biphasic extraction protocol with
methanol:choloroform:water (1:1:0.7). A volume of 800 uL of cold methanol (80% v/v) was
added to each cell pellet. Then, the cells suspension was transferred to a vial with 150 mg

of glass beads (to aid in cell disruption) and vortexed for 2 min. Next, 320 uL of cold
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chloroform (-20°C) was added to the tube and vortexed for 2 min, followed by the addition
of 320 pL of choloroform and 280 pL of cold milli-Q water. The samples were vortexed,
rested on ice for 10 min and then centrifuged at 2,000 xg for 15 min, followed by at 10,000
xg for 1 min. The lower organic phase was transferred to an amber glass vial while the
aqueous phase was transferred to a microcentrifuge tube. Finally, the polar extracts were
vacuum dried, and lipophilic extracts were dried under a nitrogen flow, after which they were
stored at -80°C.

At the time of NMR analysis, the dried samples of the agueous phases were
resuspended in 600 uL of deuterated phosphate buffer (PBS 100 mM, pH 7, containing 0.1
mM TSP-d4), and 550 pL of each sample were transferred to 5 mm NMR tubes. Only the
agueous extracts were analyzed by NMR in the scope of this thesis

2.6. 'H-NMR Spectroscopy

Samples were analysed in a Bruker Avance Il HD 500 NMR spectrometer
(University of Aveiro, PT NMR Network) operating at 500.13 MHz for *H observation, at 298
K. Standard one-dimensional (1D) *H NMR spectra with water presaturation (pulse program
‘noesypri1d’, Bruker library) were recorded for all samples, with 32k points, 7002.8 Hz
spectra width, a 2 s relaxation delay and 512 scans. Spectral processing was carried out
using TopSpin version 4.0.7 (Bruker Biospin, Rheinstetten, Germany). Each FID was
multiplied by a cosine function (with a ssb value of 2), zero filled to 64k data points and
Fourier-transformed. The resulting spectra were then manually phased and the baseline

corrected, and calibrated to the TSP signal at O ppm.

2.7. Multivariate analysis of spectral data

After processing, the spectra were visualized in Amix-Viewer version 4.0.1 (Bruker
Biospin, Rheinstetten, Germany). Each spectrum was normalized by its total area,
excluding the water-suppression region and some residual contaminant signals
(chloroform, ethanol and methanol). The normalized areas were then organized into data
matrices containing the information on the signals areas at each chemical shift (columns)

in the different spectra (rows).
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The data were uploaded into SIMCA-P 11.5 (Umetrics, Umed, Sweden), where PCA
(Principal Component Analysis) and PLS-DA (Partial Least Squares Discriminant Analysis)
were applied. Different scaling types were tested, namely unit variance (UV), whereby each
variable is divided by the standard deviation of the corresponding column, and Pareto (Par)
scaling, where each variable is divided the square root of the standard deviation. These
methods allow for variations in less abundant metabolites to have the equal/similar weight
(UV/Par) as more intense signals in multivariate models. The results were visualized
through scores scatter plots and loadings plots, colored according to variable importance to

the projection (VIP).

2.8. Spectral integration and univariate analysis

Spectral integration was carried out in Amix-Viewer version 4.0.1 (Bruker Biospin,
Rheinstetten, Germany). Representative signals of each metabolite were integrated and
normalized by the total spectral area. For each metabolite, the percentage of variation in
treated samples was calculated relative to the respective controls, along with the effect size
(ES) and the statistical significance (p-value). The variations with large magnitude
(IES|>0.8) were expressed in heatmaps coloured as a function of the percentage of
variation, using the R-statistical software 3.6.0 (R Core Team (2017). R: A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna,

Austria. http://www.R-project.org/).

2.9. Statistical analysis

Graphs and statistical analysis were performed using GraphPad Prism version 6.0
(GraphPad Software, CA, USA). Differences between average values obtained for different
groups were assessed using One-Way Analysis of Variance (one-Way ANOVA), followed

by an unpaired parametric t test.
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CHAPTER 3

RESULTS







3. Results

3.1. Selection of conditions for pDC TLR7-stimulation

TLR7 is an endosomal receptor expressed predominantly in pDCs that induces
mainly the IRF pathway and the production of type | Interferon. In this work, we have used
the TLR7 agonist CL307 to stimulate type | IFN production in CAL-1 pDCs. As there was
little information in the literature regarding stimulation of these cells with CL307, different
times of incubation (1h, 3h, 6h, 24h) and concentrations (1 uM and 2 uM) of CL307 were
tested. Cellular responses were then assessed in terms of cytokine expression and
metabolic variations. In particular, mMRNA expression of IFN-B (a type | IFN) and TNF-a (a
pro-inflammatory cytokine) was evaluated, along with the *H-NMR profiles of polar cell

extracts.

3.1.1. CL307-induced changes in IFN-B and TNF-a expression

The activation state of pDC induced by 3h, 6h or 24h incubation with CL307 (1 or 2

UM) was carried out through assessment of cytokine mRNA levels. The results are shown

in Figure 7.
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Figure 7 — qRT-PCR results for the transcript levels of (A) IFN-B and (B) TNF-a in pDCs stimulated for 3h,
6h and 24h with 1 or 2 uyM CL307. Data represents the mean of 3 technical replicates from one experiment.
The results are presented as fold variation in comparison to the experimental control (unstimulated cells).

The highest expression levels of IFN-$ and TNF-a were found in samples stimulated
with 1 uM CL307 for 3h. Both IFN-B and TNF-a mRNA levels decreased with increasing

time of incubation, being almost undetectable for an incubation period of 24h. Moreover, a
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dose-dependent effect was observed in 3h samples, as the lowest CL307 concentration (1
p1M) stimulated more production of IFN-B and TNF-a relatively to unstimulated controls. This
effect was not observed for 6h and 24h of incubation, where IFN-B and TNF-a expression
levels were not dependent on the stimulus concentration. Based on these preliminary
results, the 24h incubation period was excluded from the metabolomics assay, while a
shorter incubation time (1h) was added, as metabolic alterations may precede transcription
regulation®®’,

3.1.2. CL307-induced changes in pDC metabolic profile

To investigate changes in metabolism, the metabolic profile of pDCs was assessed
by *H-NMR spectroscopy. Figure 8 shows a representative *H-NMR spectrum of a polar
extract from pDCs. Metabolite assignment was based on matching spectral information to
reference spectra available in Chenomx version 8.5, BBIOREFCODE-2-0-0 (Bruker
Biospin, Rheinstetten, Germany) and HMDB%1%°_|n total, nearly 30 metabolites were
identified (Table S1 in Supplementary Information). These include several amino acids,
organic acids, choline compounds, nucleotides, among others. Most of these metabolites
were present in all sample groups, although differing in quantitative levels.
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Figure 8 — 500 MHz 'H-NMR spectrum of an aqueous extract from pDCs with some metabolite assignments.
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To assess the metabolic differences between CL307-stimulated pDCs and
unstimulated controls, their metabolic profiles were compared using multivariate analysis.
The PCA scores scatter plot of all samples (Figure 9) showed a trend for separation
according to incubation time, especially between 1h samples (negative PC1, blue symbols)
and 6h samples (positive PC1, orange symbols). The 3h samples (green symbols) were
more scattered. Also of notice, 1h and 3h controls were close in space, suggesting their
metabolic profiles to be similar, while 6h controls were further away, reflecting the impact of
incubation time on the cells metabolic composition, even without stimulus. Regarding the
effect of CL307, for a specific incubation period, the separation from controls was especially
clear in some cases, for instance between CL307 1 uM 3h and Ct 3h, and less clear for
others, reflecting the dependence on time and concentration, as already indicated by PCR

results.
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Figure 9 — Principal Component Analysis of *H-NMR spectra from the polar extracts of pDCs comparing
unstimulated pDCs and pDCs stimulated with CL307 (1 or 2 uM), for 1h, 3h, or 6h of incubation.

Then, based on spectral integration, the magnitude and statistical significance of
individual metabolite alterations were assessed. Only variations with a large magnitude
(IES| > 0.8) were considered. These results are summarised in a heatmap (Figure 10)
color-coded according to the percentage of variation of each metabolite relatively to their

respective controls. Detailed data is provided in Supplementary Table S1.
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Figure 10 — Heatmap of the main metabolite variations in the polar extracts of pDCs incubated with CL307 for
1h, 3h and 6h at 1 uM and 2 pM. The color scale represents percentage of variation relative to the respective

controls (unstimulated cells incubated for 1h, 3h and 6h) (n=3). *p-value < 0.05; **p-value < 0.01.
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In a general analysis, for 1h and 6h incubations, most variations were common
between samples with either 1 or 2 uM CL307, although there were a few dose-dependent
changes. For the 3h incubation period, the 2 uM concentration had a much lower impact on
the cells metabolic composition. This agrees with the gRT-PCR results, which showed little
change in IFN-B expression for 2 yM 3h samples. Additionally, most changes were clearly
time-dependent, with the number of significant variations being attenuated from 1h/3h to
6h. Some metabolites even showed opposite directions of variation for different incubation
periods, for instance acetate, formate, aspartate and dimethylamine (increased in cells
treated with CL307 for 1h and 6h, but decreased at 3h), taurine and phosphocholine
(decreased at 1/6h, increased at 3h), or myo-inositol (increased at 1/3h, decreased at 6h).

Taking a closer look at specific metabolic variations, within organic acids, the levels
of acetate and formate in CL307-stimulated cells increased at 1h, decreased at 3h and
increased again at 6h (relative to respective controls). On the other hand, citrate, succinate
and lactate showed increased levels upon 1h/3h stimulation and decreased contents in cells
stimulated for 6h. Regarding amino acids, glutamine, asparagine, glycine, leucine,
isoleucine, valine, serine and tyrosine showed decreased levels in cells stimulated with
CL307 for 1h and/or 3h, while, for some of them, an increasing trend was noted at 6h of
stimulation. On the other hand, aspartate and glutamate were increased in 1h-stimulated
cells relatively to 1h unstimulated controls. Glutamate remained elevated upon 3h
stimulation, whereas aspartate strongly decreased in 3h-stimulated cells. Choline and
phosphocholine also showed time-dependent variations. The former was decreased in
1h/3h-stimulated cells but showed no difference in cells treated with CL307 for 6h
(compared to respective controls). On the other hand, changes in phosphocholine were
more prominent for longer incubation times, being markedly increased in 3h-stimulated cells
and decreased in 6h-stimulated cells. As for variations in nucleotides, the most marked
changes were in the levels of AMP (increased upon 1h and 3h CL307 stimulation) and ATP
(decreased upon 3h CL307 stimulation). Finally, dimethylamine, myo-inositol and taurine

also showed prominent and time-dependent variations.

Overall, the results showed that pDCs dynamically adapted their metabolism during
activation with CL307. The most prominent CL307-induced changes were captured at
earlier incubation periods (1h/3h), for which several opposing variations were found. Hence,
both these activation periods were selected for subsequent assays (CL307 stimulation in a
tumor-mimicking environment). Regarding CL307 concentrations, although there were

some dose-dependent changes, the lower concentration was found to be effective in
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producing changes both in cytokine mRNA expression and metabolic profiles. Therefore,
the experiments that followed were performed with 1 pM CL307.

3.2. Phenotypic and metabolic responses of pDC to TLR7 stimulation

under tumor-mimicking conditions

After selecting the conditions for CAL-1 activation (1 uM, 1h and 3h incubation), a
more complete study was performed, to assess the behaviour of pDCs in a tumor-mimicking
microenvironment (containing TNF-a and TGF-B soluble factors). As schematically
represented in Figure 6B, the samples compared were: 1) unstimulated control pDCs, II)
CL307-activated pDCs (1h or 3h stimulation), 1lI) pDCs incubated with TNF-a and TGF-j3,
IV) pDCs incubated with TNF-a and TGF-( for 16h and activated with CL307 (1h or 3h).
The phenotypic and metabolic changes in groups II-IV relatively to group | (controls) are
described in the following sections.

3.2.1. Expression of IFN-B and TNF-a in pDCs treated with CL307 and/or TNF-
a+TGF-$

In order to assess CAL-1 activation, mRNA levels of IFN-B and TNF-a were
measured upon stimulation with CL307, preceded or not by treatment with TNF-a +TGF-
for 16h (Figure 11). As observed previously, the cells incubated with CL307 during 3h
showed a large increase in IFN-B levels (Figure 11A, blue bar). On the other hand,
expression of IFN-B was similar to basal levels when CL307 was administered to cells pre-
incubated with TNF-a and TGF-B (Figure 11A, red bar), confirming the expected
immunosuppressive effect of TNF-a and TGF-B. Interestingly, these factors alone (without
CL307) also caused increased expression of IFN-B (Figure 11A, green bar). Similar
variation trends as those described for IFN-f3 were also found for TNF-a mRNA expression
(Figure 11B), although the magnitude of effects was much smaller. In the future, these

results should be confirmed through measurements in biological replicates.

50



~
o
3
v
%

=

N

(=]
1

*

-- * “- I |
rEIIiUii o = 0 Fﬁ ﬁﬁ

CL307 - =+ + - - + + CL307 - - o+ o+ - - o+ o+

TNF-a + TGF-B -+ -+ - + - o+ TNF-a + TGF-B

2
(=1=]
;

(fold change)
TNF-c. mRNA levels
(fold change)

IFN-p mRNA levels

[}

(=}

17h 19h 17h 19h

Figure 11 — mRNA levels of (A) IFN-B and (B) TNF-a in cells incubated with TNF-a and TGF- and/or CL307
during a total time of incubation of 17h and 19h (TNF-a and TGF-B incubated for 16h and CL307 for 1h or 3h)
along with the respective control groups (n=1 with 3 technical replicates). The results are presented as fold
variation in comparison to the experimental control (unstimulated cells). Significant variations over the bars
represented are comparisons to the respective control groups (unstimulated cells incubated 17h and 19h). *p-
value < 0.05; **p-value < 0.01.

3.2.2. Changes in pDC metabolic profile induced by CL307 and/or TNF-a +TGF-
B

3.2.2.1. Metabolic response of pDCs to CL307 stimulation

The effects of CL307 on the intracellular metabolome of CAL-1 were assessed
through 'H-NMR analysis of cell polar extracts, followed by multivariate analysis and
spectral integration. The PCA and PLS-DA results obtained for the comparison between
untreated pDCs and pDCs incubated with CL307 during 1h or 3h (following 16h incubation
in medium with 1% FBS and lacking TNF-a and TGF-8) are shown in Figure 12. The PCA
scores plot obtained for the 4 sample groups (Figure 12A) showed a clear separation
between control samples (Ct 17h) and cells incubated with CL307 for 1h (Ct 16h[CL307
1h]), while the separation between the two other groups (Ct 19h and Ct 16h[CL307 3h])
was not as good. In spite of the low number of samples per group (n=3), pairwise PLS-DA
was also performed to obtain an immediate picture of the main metabolic effects induced
by CL307 activation (Figure 12B and 12C). In the resulting PLS-DA scores plots, samples
incubated with CL307 were grouped in the negative side of the LV1 axis, so negative
loadings should correspond to metabolites increased in those samples, whereas positive

loadings are expected to correspond to metabolites elevated in control groups.
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52



Then, based on spectral integration, the magnitude and statistical significance in
individual metabolite alterations highlighted in the PLS-DA loadings were analyzed in more
detail. The results of this analysis are summarised in Figure 13A (detailed data in
Supplementary Figure S4 and Table S2). Only variations with a large magnitude (|[ES| >
0.8) were considered. Moreover, variations in the cells exometabolome were also assessed
by determining the metabolite variations in cell-conditioned media relative to acellular
medium (Figure 13B and 13C; detailed data in Supplementary Table S3).

Spectral integration corroborated that the shorter (1h) incubation time with CL307
produced a higher metabolic impact, as cells incubated with CL307 for 3h showed less
changes compared to their respective controls (Figure 13A). Focusing on the variations
induced by 1h CL307 incubation, the intracellular metabolites which increased relatively to
controls were formate, lactate, citrate, phosphocholine, ADP, AMP, UDP and taurine, while
decreases were found for choline, several amino acids and myo-inositol. At the extracellular
level (Figure 13B and 13C), 1h CL307-activated cells showed higher consumption of
glucose and aspartate. The 3h incubation with CL307 produced a significant increase in

pyruvate consu mption.

It should also be noticed that some of the changes mentioned above were distinct
from those found in the preliminary study (section 2.3). A main experimental difference
between the two sets of experiments (represented in Figure 6A and 6B) was the time at
which the culture medium was changed from 10% FBS to 1% FBS. In the first study (Figure
6A), the cells were incubated in medium with 1% FBS only when CL307 was added, while
in the second study (Figure 6B), pDCs were incubated in 1% FBS medium for 16h prior to
CL307 stimulation. This could have altered the cells basal metabolic profile, hence, their

response to the activating stimulus.
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Figure 13 — Intracellular and extracellular metabolite variations in pDCs stimulated with CL307 during 1h and
3h. (A) Heatmap showing the intracellular metabolite variations in pDCs stimulated with CL307, compared to
the respective controls. The variations represented in each column were obtained from the following
comparisons: (a) Ct 16h[CL307 1h] vs Ct 17h and (b) Ct 16h[CL307 3h] vs Ct 19h. (B) Metabolites consumed
(negative bars) and excreted (positive bars) by cells incubated for 17h, with or without 1h stimulation with CL307.
(C) The same as in (B) but for 19h incubation, with or without 3h CL307 stimulation. *p-value < 0.05; **p-value

<0.01.
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3.2.2.2. Metabolic response of unstimulated pDCs to TNF-a+TGF-

The effects of TNF-a and TGF- on the metabolome of pDCs were also assessed
through *H-NMR analysis of cell extracts and culture medium supernatants, followed by
multivariate analysis and/or spectral integration, using the same strategy described in the
previous section. The PCA and PLS-DA results obtained for the polar extracts are shown
in Supplementary Figure S2, while quantitative variations are presented in Figure 14A for
the endometabolome (detailed data in Supplementary Figure S4 and Table S2), and in
Figure 14B and 14C for the exometabolome (detailed data in Supplementary Table S3).
At the intracellular level (Figure 14A), the strongest variations induced by incubation with
TNF-a+TGF- for 17h were increases in acetate and formate and a decrease in choline.
Milder changes were also seen for other metabolites (e.g. lower lactate, higher AMP).
Interestingly, the changes induced by TNF-a+TGF-f upon 19h of incubation were not
coincident with the 17h signature, and, in some cases, were even opposite (e.g. decreased
acetate and increased choline in 19h TNF-a+TGF-B-treated cells compared to respective
controls). At the extracellular level, a high number of significant changes were detected in
17h culture media samples from cells incubated with TNF-a and TGF-(3, relatively to
medium of control cells (Figure 14B). When exposed to these factors, pDCs were found to
consume higher amounts of nutrients like glucose, pyruvate, succinate, acetate and some
amino acids, but to excrete lower amounts of several metabolites (e.g. formate, alanine,
lactate and 3-methyl-2-oxovalerate) when compared to the respective controls. Contrarily,
no significant variations were observed in the groups incubated for 19h, except for histidine
(Figure 14C).

Overall, the results showed that resting (non-activated) pDCs change their
metabolism in the presence of TNF-a+TGF-f (tumor-mimicking microenvironment), in a
time-dependent manner. The next section addresses the analysis of cells stimulated with
CL307 under TNF-a+TGF-f incubation, in order to study the influence of tumor-mimicking

conditions in the response of pDCs to TLR7-stimulation.

55



Intracellular Extracellular
B

3-methyl-2-oxovalerate
Lactate

[Jcrizh WM TNF+TGF 17h

Alanine

Formate

A Histidine

. % i
Metabolite 2-oxoisocaproate
var Glycine

150 Threonine
Glutamate

Acetate

100 Aspartate

Formate 50 Acetate

Succinate
Lactate 0 Tyrosine

Pyruvate

Organic acids

-50 Myo-inositol

Succinate

-100 Pyroglutamate
Methionine

-150 Glutamine
Arginine

Phenylalanine

Isoleucine

Glutamate valine

Alanine

Asparagine

Leucine

Isoleucine S Glucose

150 300 400 700
; *%* . .
Leucine %Variation (vs acellular medium)

Amino acids

Serine [ ctish Ml TNF+TGF 19h

3000

2-oxoisocaproate
Choline Histidine I
Threonine

Phosphocholine Glycine
Glutamate

ADP Acetate
Aspartate
Myo-inositol

L L) II‘ N

Choline
comp-
ounds

AMP

Succinate

Nucleotides

Tyrosine

UDP

Pyroglutamate

Methionine
Dimethylamine Arginine
Glutamine
Myo-inositol Phenylalanine
Isoleucine

Others

Leucine
Valine
Pyruvate
Glucose

) 3-methyl-2-oxovalerate E
TerSIﬂE Lactate =
Alanine
Valine & Formate

-150 0 150 300 400 700

%Variation (vs acellular medium)
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3.2.2.3. Influence of TNF-a+TGF-B and CL307 on pDC metabolic responses

The metabolic response of pDCs to CL307 (TLR7-activating stimulus) under the
influence of TNF-a and TGF-$ (tumor mimicking factors) was assessed through *H-NMR
analysis of cell polar extracts and medium supernatants. The samples compared were:
untreated pDCs in culture for 17h or 19h (controls), and pDCs stimulated by CL307 (1h or
3h) after 16h pre-incubation with TNF-a+TGF-B (groups | and IV in Figure 6B). Again,
multivariate analysis was carried out to have a first overview of differences between sample
groups. The results are shown in Supplementary Figure S3. Quantitative variations in cells
polar extracts and medium supernatants were then measured through spectral integration
of metabolite signals. The results are presented in Figure 15A and Supplementary Figure
S4 and Table S2 for the intracellular composition, and in Figure 15B and 15C and

Supplementary Table S3 for the extracellular variations.

The results for the endometabolome (Figure 15A) showed a higher number of
variations in cells stimulated with CL307 for 3h (after 16h incubation with TNF-a+TGF-(3)
than in cells stimulated with CL307 for 1h (also under the influence of TNF-a+TGF-(3)
relatively to respective controls. Also, some variations were common while others were in
opposite directions between cells stimulated with CL307 for 1h and for 3h. Formate and
citrate were increased in both sample groups. The decrease in choline was also common
to the two groups. On the other hand, amino acids, taurine and nucleotides showed different
variations. Cells stimulated with CL307 for 1h, under the influence of TNF-a+TGF-p,
showed decreased levels of some amino acids (alanine, isoleucine, leucine and tyrosine),
compared to untreated controls, while cells stimulated with CL307 for 3h showed increases
in several amino acids (asparagine, aspartate, glutamate, isoleucine, leucine, serine,
tyrosine, valine). Moreover, AMP and UDP increased upon 1lh stimulation with CL307,

whereas AMP and ADP decreased in 3h samples.

At the extracellular level, when inspecting medium samples results (Figure 15B and
15C), both 1h and 3h CL307-activated cells showed higher consumption of pyruvate.
Regarding other metabolites, there were no significant differences in the cells consumption

and excretion patterns.
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Figure 15 - Intracellular and extracellular metabolite variations in 1h and 3h CL307-stimulated pDCs incubated
with TNF-a and TGF- during 17 and 19h. (A) Heatmap showing the intracellular metabolite variations in pDCs
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4. Discussion

Plasmacytoid dendritic cells comprise a subset of DCs characterized by their ability
to produce large amounts of type | IFN, representing important actors in innate immunity.
However, when pDCs are recruited to a tumor site, they are maintained in an immature
(non-active) state, leading to impaired function with decreased production of type | IFN,
while promoting immunosuppression. However, the mechanisms through which pDCs
acquire its immunosuppressive phenotype is not well known. Although the field of cancer
immunometabolism is just emerging, there is growing evidence suggesting that changes in
metabolism following TLR stimulation are essential for pDC activation. However, this
metabolic rewiring occurring in response to TLR-stimulation is not known in detail, with no
information related to pDCs behavior in the TME. Furthermore, the information available for
TLR-stimulated pDCs is, somehow, contrasting, since the metabolic adaptations of pDCs
could depend on several factors such as the type of DC subset, its origin, the stimulus used
and the time considered upon stimulation. Thus, this project aimed at characterizing the
metabolic profile of pDCs by assessing the metabolic changes associated with activation of
the immunogenic profile (TLR7 stimulation) and immunosuppression induced by a tumor-

mimicking microenvironment.

Activation of pDCs was performed through incubation with the TLR7 agonist CL307,
while the soluble factors TNF-a and TGF-B were used to induce a more tolerogenic
phenotype, typically observed in tumors. In a first step, as there was little information in the
literature about these cells responses to CL307 stimulation, different times of incubation
and concentrations of CL307 were tested. After determining the conditions inducing the
most significant changes, the second part of this work focused on the study of the influence
of tumor-mimicking conditions in pDCs activation. Cellular responses were assessed in

terms of IFN-B and TNF-a mRNA expression and metabolic variations.

At a starting point of this work, the activation state of pDC induced by CL307
incubation was carried out through assessment of cytokine mRNA levels. Increases in IFN-
B and TNF-a mRNA levels were observed upon CL307 stimulation, showing that this
stimulus activated the cells, reaching the highest level of MRNA expression at 3h of CL307
stimulation. Under the influence of TNF-a and TGF-B (tumor-mimicking factors), mRNA
expression of IFN-B and TNF-a was suppressed, when compared to the results obtained
for 1h and 3h CL307-stimulated cells, which agrees with the expected immunosuppressive

effects of a tumor-like microenvironment. Indeed, according to Sisirak et al.®®, recombinant
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TNF-a and TGF-B synergistically block IFN production of TLR-activated pDC, while their

neutralization restores pDCs’ IFN production.

The metabolic profile was studied by *H-NMR analysis of cell extracts and culture
medium supernatants. Figure 16 shows the main results obtained for the intracellular
metabolic variations in pDCs incubated with TNF-a+TGF- and/or CL307 for a total time of
incubation of 17h or 19h.

The effects of CL307 on the intracellular metabolome of CAL-1 were assessed
through the comparison between untreated pDCs and pDCs incubated with CL307 during
1h or 3h (following 16h incubation in stimuli-free medium). As shown in Figure 16, shorter
(1h) incubation time with CL307 produced a higher metabolic impact. There were marked
increases in AMP and ADP, as well as in lactate and the TCA cycle intermediate, citrate.
Apart from these increases, there were also significant decreases in several amino acids,
namely alanine, asparagine, glutamate, glycine, isoleucine, leucine, serine, tyrosine and
valine. At the extracellular level, cells stimulated with CL307 for 1h showed higher
consumption of glucose and aspartate. These data suggest an upregulation of glucose
metabolism. This agrees with previous work showing that human pDCs switch to glycolysis
to perform antiviral functions#2. This switch is due to an increased HIF-1a expression that
induces early glycolysis (within minutes), as observed by increased rates of lactate
production!#2, Also, it was reported that the inhibition of glycolysis in TLR7-activated pDCs
by 2-DG decrease type | IFN production and upregulation of surface molecules!*?. The
same study showed the involvement of TLR7 pathway in glycolysis, by using chloroquine,
which is known to disrupt endosomal acidification required for TLR7 signaling®142, In
contrast, TLR9 activation of mouse pDCs has been reported to result in increased OXPHOS
and FAO,
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TLR stimulation of human cDCs and mouse BMDCs has also been shown to trigger
a shift to glycolysis, which is essential for the immune functions of DCs®¢, This induction in
glycolysis promotes de novo fatty acid synthesis through formation of citrate2°020,
Disrupting this pathway reduces DC maturation, cytokine secretion and thus T cell immune
responses?’. In this sense, the results obtained in this work showing increased intracellular
lactate and citrate, along with increased glucose consumption, suggest an increased
glycolysis coupled with intensified TCA cycle. Besides, in 1h CL307-stimulated pDCs, there
was also a significant decrease in all amino acids. Such variation is consistent with the
anaplerotic fueling of the TCA cycle, suggesting its upregulation. For example, alanine and
glycine can be converted into pyruvate, isoleucine into acetyl-CoA, glutamate into a-
ketoglutarate and asparagine and aspartate into oxaloacetate. Nevertheless, the decrease
in glutamate is also consistent with decreased glutaminolysis caused by TLR7 treatment,

being reported to derive from autophagy*?’.

In this work, pDCs stimulated for 1h with CL307 additionally showed increased levels
of AMP and ADP. These nucleotides may arise from hydrolysis of ATP to generate energy
for anabolic processes. This is consistent with the hypothesis presented above, whereby
activation involves upregulated glycolysis and TCA cycle to support biosynthesis (e.g. of
lipids). On the other hand, increases in the AMP:ATP or ADP:ATP ratios could activate
AMPK!" and shift metabolism to catabolic reactions (such as FAO) to restore ATP levels.
This could possibly relate to the attenuation of metabolic changes induced by longer (3h)
stimulation with CL307. Assessment of AMPK activation state could help to clarify this

question.

Under the influence of TNF-a and TGF-B (tumor-mimicking factors), the metabolic
responses to CL307 stimulation was attenuated, which correlated well with the lack of IFN-
B and TNF-a mRNA production. There was still an increase in AMP and citrate (related to
AMPK regulation and TCA cycle), as well as some decreases in amino acids, mainly
alanine, isoleucine, leucine and tyrosine, despite being less pronounced. But, unlike CL307-
stimulated pDCs, under the influence of tumor-mimicking conditions, there was no longer
an increase in intracellular levels of lactate and ADP, along with no significant variations in

the consumption/excretion pattern of glucose. Hence, these results suggest that
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upregulation of glycolysis and TCA, suggested to be induced by 1h incubation with CL307,

were attenuated in the presence of TNF-a and TGF-p.

Additionally, we could observe changes in myo-inositol and taurine, which may
relate to their role in osmoregulation?? and, in the case of taurine, antioxidant protection?®,
Finally, some alterations were common to all stimuli, such as strong increases in formate
and strong decreases in choline, suggesting that these metabolites are probably not related

to the activation/suppressive phenotype of pDCs.

Regarding the metabolic changes obtained for 3h CL307-stimulated pDCs (following
16h incubation in normal medium) (Figure 16), the results showed similar metabolic
responses to 1h CL307-stimulated pDCs, although less marked. We could observe an
increase in intracellular AMP and lactate, as accompanied by higher pyruvate consumption.
On the other hand, levels of some amino acids, such as glutamate, glycine and serine, were
decreased. Comparing to the observed for 1h of CL307 stimulation, where it was suggested
an increased glycolytic activity coupled to increased TCA cycle, in 3h CL307-stimulated
pDCs this metabolic activity is still present, although attenuated. Interestingly, while
metabolic alterations were more marked in pDCs incubated with CL307 for 1h than in 3h-
stimulated cells, the mRNA expression levels of IFN-B and TNF-a were higher for longer
CL307 incubation, suggesting that the metabolic processes involved in pDC activation may

indeed precede transcriptional alterations.

Notably, under the influence of TNF-a and TGF-3, most of the changes observed in
3h CL307-stimulated cells are not present. Some metabolites showed no change (e.qg.
lactate) or opposite variations (e.g. glutamate, serine, AMP, myo-inositol, taurine). In fact,
there is a strong influence of TNF-a+TGF-f in CL307-stimulated cell, since the results
obtained for these conditions are closer to the ones obtained for unstimulated cells
incubated under the influence of tumor-mimicking factors. For instance, several amino acids
show a marked increase both in cells incubated with TNF-a+TGF-f3 for 19h and in cells
stimulated with CL307 (3h) in the presence of these factors. This suggests that the
anaplerotic fueling of the TCA cycle was attenuated, leading to this increase, or the
consumption of amino acids from the extracellular media increased. Besides, AMP showed
decreased levels under tumor-mimicking conditions in stimulated cells, which could reflect
its regeneration into ATP and favoring of ATP-generating catabolic processes associated
with a more tolerogenic phenotype. Since these metabolic changes are closer to the ones

found in unstimulated cells under the influence of TNF-a and TGF-3, and the cytokine (TNF-
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a) and type | interferon (IFN-B) mRNA expression decreased compared to 3h CL307-
stimulated cells, we might conclude that, under the influence of tumor-mimicking conditions,
3h CL307-stimulated pDCs acquire a more evident tolerogenic phenotype characterized by

a possible prevalence of catabolic processes.

Overall, as expected, CAL-1 metabolism responds to TLR7 stimulation. These
changes include variations in some glycolytic metabolites such as lactate and glucose, as
well as in TCA cycle intermediates, mainly citrate, significant variations in several amino
acids and nucleotides. Furthermore, the suppression of CL307-induced activation, reflected

on mMRNA expression of type | IFN and TNF-q, is also reflected on the cells metabolic profile.
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4. Conclusions and future perspectives

In this thesis, 'H-NMR based metabolomics proved to be a very useful tool for
characterizing the metabolic profile of a human pDC cell line. Near 30 intracellular
metabolites were detected in the cells polar extracts (endometabolome), whereas analysis
of cells-conditioned culture medium (exometabolome) was useful to assess the
consumption/excretion of several substrates/products. Multivariate analysis and
guantitative assessments of metabolic profiles revealed consistent variations upon
exposure of pDCs to the activation stimulus CL307 and tumor microenvironment factors,
TNF-a and TGF-(.

This study provided novel insights into TLR-stimulated metabolic adaptations in
human pDCs. CL307 stimulation was associated with different metabolic profiles, with some
time-dependent variations. Overall, pDCs metabolism responded to TLR7 stimulation by
changes in the glycolytic activity and TCA cycle, possibly relating to intensified biosynthetic
activity and a more immunogenic phenotype. The suppression of CL307-induced activation
by the tumor-mimicking environment was confirmed through decreased mRNA expression

of type | IFN and TNF-a, and newly found to be reflected on the cells metabolic profile

In the future, in order to confirm and better understand the results obtained, it would
be important to evaluate changes in lipid metabolism and the state of some metabolic
sensors, namely AMPK and mTOR signaling pathways, important for the metabolic activity
of pDCs. Those future developments will contribute to our understanding of pDC biology in
the context of cancer and will expand the availability of strategies to improve cancer

immunotherapy.
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Figure S3 — Multivariate analysis of *H-NMR spectra from polar extracts of pDCs incubated with TNF-a
and TGF-$ and CL307 for 17h and 19h: (A) PCA and (B) and (C) PLS-DA scores scatter plots and LV1
loadings w (right) colored according to variable importance to projection (VIP).
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Figure S4 — Variations in intracellular metabolites in unstimulated pDCs (control groups) and pDCs
incubated with TNF-a and TGF- (16h) and/or stimulated with CL307 (1h and 3h). *p-value < 0.05; **p-value
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Table S1 — Main metabolite variations in aqueous extracts of cells exposed to 1 and 2 yM of CL307 for 1, 3 and
6h, in relation to control cells, expressed as percentage of variation (%Var) and respective error (z), effect size
(ES) and p-value. The variations with |ES| < 0.8 were not considered relevant.

Time 1lh 3h 6h
conc. (M) CL307 CL307 CL307 CL307 CL307 CL307
) 1uM 2 UM 1uM 2 UM 1uM 2 uM
%Var 45.19 37.87 -41.62 -16.20 39.59 44.09
Acetate + 5.99 4.99 3.08 13.68 13.69 13.99
ES 4.02 4.17 -11.13 0 1.58 1.69
p-value 0.0175 0.0130 0.0012 0.3191 0.0922 0.0816
%Var 15.69 0 0 0 -16.69 -7.96
ADP + 6.22 7.60 4.21 6.64 7.71 6.73
ES 1.53 0 0 0 -1.54 -0.80
p-value 0.0801 0.7516 0.3683 07852 0.1251 0.3261
%Var 0 0 -5.36 0 0 0
Alanine + 4.65 2.90 1.50 2.70 13.57 10.96
ES 0 0 -2.40 0 0 0
p-value 0.9927 0.3520 0.0216 0.8757 0.9309 0.9176
%\Var 33.21 0 33.09 21.58 0 0
AMP + 6.68 12.23 6.30 8.94 20.50 16.13
ES 2.79 0 2.95 1.42 0 0
p-value 0.0448 0.4223 0.0142 0.0992 0.8801 0.7696
%\Var -9.56 -14.75 0 0 0 0
Asparagine + 4.40 9.10 3.55 3.68 8.29 7.62
ES -1.49 -1.14 0 0 0 0
p-value 0.1425 0.1739 0.4118 0.5783 0.9706 0.6977
%\Var 26.07 12.06 -49.13 -27.27 25.13 31.94
Aspartate + 7.66 8.07 2.61 13.98 10.65 11.34
ES 1.97 0.92 -16.27 -1.47 1.37 1.59
p-value 0.0461 0.2394 0 0.1492 0.1579 0.1252
%Var 0 7.46 -35.14 -19.38 -13.23 0
ATP + 12.04 6.10 8.06 14.43 13.06 17.53
ES 0 0 -3.46 -0.97 0 0
p-value 0.7021 0.3561 0.0083 0.2396 0.3878 0.6315
%Var -64.99 -45.75 -30.47 0 0 0
Choline + 13.52 16.00 14.38 14.29 27.27 29.50
ES -4.65 -2.42 -1.63 0 0 0
p-value 0.0079 0.0503 0.0926 0.8819 0.8822 0.9393
%Var 55.21 21.79 0 0 -16.61 -10.25
Citrate + 21.64 6.96 3.26 3.94 6.48 3.17
ES 1.31 1.84 0 0 -1.83 -2.22
p-value 0.1811 0.0800 0.9596 0.7650 0.0678 0.0474
%\Var 46.27 41.83 -42.62 -20.34 42.55 53.45
Dimethylamine + 6.02 11.73 9.37 11.00 16.60 1551
ES 4.08 1.93 -3.78 -1.34 1.38 1.78
p-value 0.0034 0.0720 0.0061 0.1360 0.1255 0.0716
%\Var 72.03 62.94 -45.77 -18.54 24.05 31.65
Formate + 12.35 7.47 3.42 13.74 16.91 15.91
ES 2.80 4.19 -11.35 -0.96 0.83 1.12
p-value 0.0218 0.0045 0.0001 0.2748 0.3199 0.2135
%Var 32.75 16.48 12.53 0 0 0
Glutamate + 8.02 7.74 2.58 4.20 5.15 8.31
ES 2.29 1.28 2.98 0 0 0
p-value 0.0469 0.1484 0.0272 0.3192 0.3343 0.4967
%Var -42.17 -42.17 -15.95 18.54 0 35.51
Glycine + 2.69 3.73 6.25 9.38 20.56 13.95
ES -12.97 -9.36 -1.81 1.18 0 141
p-value 0.0004 0.0021 0.0663 0.1947 0.8579 0.1107
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Table S1 (Cont.)

Time 1h 3h 6h
conc. (uM) CL307 CL307 CL307 CL307 CL307 CL307
) 1uM 2 UM 1uM 2 UM 1uM 2 uM
%Var -28.78 -28.78 -18.94 0 0 0
Isoleucine + 4.76 6.28 2.36 7.39 9.36 9.38
ES -4.61 -3.49 -5.79 0 0 0
p-value | 0.0024 0.0076 0.0012 0.4722 0.8328 0.3814
%Var 0 23.81 30.38 0 0 0
Lactate + 18.34 18.23 17.35 22.66 32.97 13.34
ES 0 0 0.99 0 0 0
p-value | 0.5902 0.3507 0.2641 0.9274 0.7412 0.5431
%Var -24.74 -25.63 -22.81 0 0 20.24
Leucine + 3.25 3.84 2.62 8.54 9.58 8.85
ES -5.67 -5.00 -6.41 0 0 1.36
p-value | 0.0013 0.0033 0.0006 0.4552 0.3941 0.1382
%\Var 59.71 61.16 13.82 0 -30.37 -27.34
Myo-inositol + 5.55 7.35 2.95 3.30 6.43 7.36
ES 5.41 4.16 2.86 1.20 -3.64 -2.81
p-value | 0.0066 0.0031 0.0148 0.1527 0.0088 0.0128
%\Var -8.26 -17.92 58.95 21.70 -27.30 -27.34
Phosphocholine + 8.20 7.75 1.57 14.40 8.75 8.30
ES 0 -1.66 18.94 0.89 -2.36 -2.49
p-value | 0.3537 0.0642 0.0000 0.3046 0.0226 0.0189
%Var 0 -12.20 0 7.48 17.13 13.55
Serine + 2.96 3.57 2.15 4.76 5.14 5.68
ES 0 -2.38 0 0.99 2.01 1.46
p-value | 0.4063 0.0274 0.4254 0.2657 0.0561 0.0978
%Var 20.34 21.78 89.34 0 0 -9.74
Succinate + 5.64 4.22 3.25 20.73 13.64 7.44
ES 2.14 3.04 12.40 0 0 -0.90
p-value | 0.0389 0.0096 0.0002 0.4207 0.9574 0.2466
%\Var -15.75 -30.32 49.77 21.30 -22.86 -25.47
Taurine + 5.54 4.53 2.52 15.04 7.78 3.03
ES -2.02 -5.15 10.34 0.84 -2.17 -6.30
p-value | 0.0371 0.0046 0.0006 0.3275 0.0574 0.0030
%\Var 0 -26.67 -21.70 -13.21 0 21.33
Tyrosine + 20.90 20.70 7.25 10.30 14.71 14.66
ES 0 -0.97 -2.19 -0.90 0 0.86
p-value | 0.4174 0.2121 0.0330 0.2525 0.6871 0.2731
%Var 9.01 12.42 9.89 0 -11.15 0
UDP + 4.44 5.42 3.81 6.27 6.11 8.04
ES 1.27 1.41 1.62 0 -1.26 0
p-value | 0.1468 0.0973 0.0911 0.4484 0.1328 0.9409
%\Var 0 10.32 0 0 -6.92 0
UTP + 8.06 5.57 4.00 7.39 4.53 4.83
ES 0 1.15 0 0 -1.03 0
p-value | 0.6204 0.1830 1.0000 0.7841 0.2250 0.8708
%Var -17.06 -25.59 -28.61 0 12.74 20.46
Valine + 5.93 7.10 2.74 8.70 9.21 10.07
ES -2.05 -2.70 -7.97 -0.80 0.85 1.20
p-value | 0.0448 0.0148 0.0032 0.3450 0.3168 0.1575
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Table S2 — Main metabolite variations in aqueous extracts of cells exposed to TNF-a+TGF-f and/or CL307 for
1 and 3h, in relation to control groups (17h and 19h), expressed as percentage of variation (%Var) and
respective error (x), effect size (ES) and p-value. The variations with |ES| < 0.8 were not considered relevant.

Total time 17h 19h
ct TNF+TGF TNF+TGF
TNF+TGF  16h[CL307 TNF+TGF 16h
71(;25%';3& 17hvsCt  1h]vs Ct 3?1132[31335 19hvsCt  [CL307
17h 17h 16h[CL307 19h 3h] vs Ct
1h] 19h
%Var 0 59.72 0 0 -27.21 0
+ 21.82 20.61 14.79 23.81 19.99 19.39
Acetate ES 0 1.46 0 0 -1.03 0
v;I;Je 0.5146 0.1550 0.5278 0.7527 0.2543 0.4713
%Var 10.48 0 5.03 0 10.20 -8.70
+ 2.68 2.13 2.67 7.41 6.92 6.83
ADP ES 2.42 0.00 1.20 0 0.92 -0.87
veﬁ[;e 0.0252 0.9625 0.1469 0.8905 0.2550 0.3089
%Var -12.35 -7.96 -10.08 0 5.02 0
+ 2.36 2.89 5.98 1.16 1.14 2.13
Alanine ES -3.64 -1.88 -1.16 0 2.80 0
veﬁ[;e 0.0069 0.0638 0.2058 0.7033 0.0128 0.8158
%Var 27.84 15.81 23.39 27.87 0 -16.21
+ 9.56 11.94 10.01 11.62 10.39 8.29
AMP ES 1.67 0.80 1.37 1.38 0 -1.39
vaﬁl:e 0.0661 0.2993 0.1098 0.1549 1.0000 0.1273
%Var -18.73 0.00 0.00 0 6.52 10.60
+ 4.54 8.69 4.54 2.96 3.52 3.65
Asparagine ES -2.97 0.00 0.00 0 1.17 1.80
vzla%e 0.0196 0.8882 0.9556 1.0000 0.1597 0.0642
%Var 0 0 0 0 0 20.73
+ 2.98 5.80 5.09 9.05 10.36 9.37
Aspartate ES 0 0 0 0 0 1.31
vzla%e 0.5019 0.8818 0.5555 1.0000 0.4913 0.1338
%Var -27.24 -30.92 -32.76 0 35.78 -53.51
+ 9.64 11.53 9.46 7.66 14.81 10.35
Choline ES -2.14 -2.07 -2.70 0 1.34 -4.61
V;Le 0.0674 0.0755 0.0405 0.8062 0.1422 0.0076
%Var 18.39 0 15.62 0 0 15.68
+ 5.46 9.20 3.32 2.44 3.99 2.67
Citrate ES 2.01 0 2.85 0 0 3.56
vrfI;Je 0.0430 0.3581 0.0332 0.5929 0.6772 0.0082
%Var 0 8.47 0 0 -14.55 21.82
+ 6.51 4.60 8.67 11.40 11.09 14.10
Dimethylamine ES 0 1.15 0 0 -0.92 0.91
vrfI;Je 0.4676 0.1908 0.5015 0.4959 0.2858 0.2373
%Var 37.78 75.56 53.33 0 0 34.92
+ 16.93 15.13 15.49 16.77 18.73 14.86
Formate ES 1.23 2.37 1.78 0 0 1.31
P- 0.1505 0.0335 0.0655 0.8042 0.4839 0.1585
value
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Table S2 (Cont.)

Total time 17h 19h
TNF+TGF
ct TNF+TGF  16h[CL307 ct TNF+TGE ~ NFHTGF
16h[CL307 1o ! 16h[CL307 0 16h
1h] vs Ct vsCt  InlvsCt | “gpicey  19NVSCL 1o 557 3n)
17h 16h[CL307 19h
17h 0] 19h vs Ct 19h
%Var -16.84 7.70 0 -17.94 0 10.90
+ 3.25 4.09 9.62 1.87 2.71 1.82
Glutamate ES -3.70 1.18 0 -6.87 0 3.72
vrfllje 0.0195 0.1453 0.8256 0.0012 0.6694 0.0108
%Var -6.94 0 0 -13.48 0 0
+ 2.55 2.21 5.61 2.48 1.01 1.54
Glycine ES -1.84 0 0 -3.81 2.15 1.27
va%e 0.0486 0.5448 0.7348 0.0183 0.0306 0.1493
%Var -10.25 -5.34 0 9.52 14.14 9.23
+ 1.33 4.15 7.31 2.12 1.41 2.17
Isoleucine ES -5.32 -0.86 0 2.80 6.11 2.66
vaﬁ;Je 0.0050 0.3004 0.3775 0.0145 0.0031 0.0176
%Var 23.80 -9.22 0 23.90 0 0
+ 6.72 6.37 12.29 14.75 16.80 14.84
Lactate ES 2.07 -0.99 0 0.95 0 0
va%e 0.0366 0.2561 0.6951 0.2307 0.7279 0.4303
%Var -13.59 0 -8.15 5.06 14.51 9.03
+ 2.21 5.61 6.80 2.19 1.93 2.32
Leucine ES -4.31 0 -0.82 1.47 457 2.44
vaﬁ[;e 0.0027 0.5042 0.3274 0.0997 0.0080 0.0223
%\Var -8.84 -8.84 0 -12.32 0 9.28
+ 2.30 6.60 4.30 2.80 1.47 4.65
Myo-inositol ES -2.63 -0.91 0 -3.07 -0.86 1.25
vaFI)ue 0.0487 0.2951 0.4690 0.0196 0.2623 0.1828
%Var 10.23 7.71 7.20 0 0 5.90
+ 2.15 2.76 4.43 3.14 3.51 2.26
Phosphocholine ES 2.96 1.76 1.02 0.89 0 1.66
va%e 0.0107 0.0611 0.2288 0.2526 0.5853 0.0713
%Var -13.38 6.34 0 -15.86 0 32.41
+ 3.99 2.26 8.03 4.03 4.12 5.17
. ES -2.35 1.77 0 -2.79 0 3.52
Serine )
vzflue 0.0333 0.0576 0.9376 0.0448 0.6477 0.0069
%Var 0 -5.63 0 0 0 0
+ 3.24 3.56 4.26 8.80 11.69 8.57
Succinate ES -0.84 -1.06 0 0 0 0
P- 0.2944 0.1907 0.6596 0.5347 0.3476 0.5198
value




Table S2 (Cont.)

Total time 17h 19h
TNF+TGF
Ct ct TNF+TGF
16h[CL307 ~ 'NF¥TGF 16N[CL307 |y qpc) 597 TNFHTGF g 1ci307
1h] vs Ct 17h vs Ct 1lh] vs Ct 3h] vs Ct 19h vs Ct 3h] vs Ct
o 17h 16h[CL307 o 19h Lo
1h]
%Var 19.69 5.26 8.41 6.32 0 -6.46
+ 2.46 3.92 0.88 1.39 1.49 1.79
Taurine ES 4.76 0.85 5.96 2.88 0 -2.44
Va’:;l-.le 0.0137 0.3160 0.0008 0.0116 0.3863 0.0240
%Var -20.34 -10.17 -13.56 0.00 7.89 12.28
* 5.34 6.86 5.53 3.79 5.27 3.88
Tyrosine ES -2.77 -1.02 -1.72 0.00 0.94 1.95
Vaﬁl—,le 0.0132 0.2078 0.0592 0.6805 0.2693 0.0693
%Var 6.85 0 10.28 -5.87 6.70 0
+ 2.52 3.56 2.05 4.85 4.60 3.94
UDP ES 1.72 0 3.11 -0.81 0.92 0
Vélljll-,le 0.0613 0.3179 0.0092 0.2888 0.2389 0.4508
%Var -11.74 0 0 0.00 9.84 17.32
+ 1.89 4.04 8.06 1.74 1.76 1.02
Valine ES -4.32 0 0 0.88 3.48 10.16
b- 0.0175 0.7316 0.4441 0.3009 0.0274 0.0013
value
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Table S3 - Main metabolite variations in the medium of cell samples exposed to TNF-a+TGF-f3 and/or 1uM of CL307 for 1 and 3h, in relation to the acellular culture
medium, expressed as percentage of variation (%Var) and respective error (z), effect size (ES) and p-value. The variations with |ES| < 0.8 were not considered relevant.

Medium samples

TNF+TGF TNF+TGF
Sample Ct17h TN';;IGF ct 16%(:"307 16h[CL307 Ct 19h TNF+TGF | Ct16hICL307 | 4 gprey 307
] ] 19h 3h] 3]
%Var 131.03 95.40 106.90 106.90 87.36 104.60 88.51 108.05
2- + 2.41 3.89 6.09 5.19 253 8.40 5.75 6.76
oxoisocaproate ES 21.50 10.84 7.48 8.77 15.70 5.34 6.97 6.78
p-value 0 0.0001 0.0026 0.0011 0.0001 0.0127 0.0057 0.0071
%Var 2554.55 1990.91 2309.09 2272.73 1850.00 2083.33 1950.00 2041.67
3-methyl-2- + 1.87 5.87 12.34 12.95 7.32 13.64 13.22 14.13
oxovalerate ES 64.89 20.23 9.74 9.27 16.11 8.74 8.96 8.42
p-value 0 0.0008 0.0043 0.0048 0.0016 0.0055 0.0053 0.0060
%Var 0 -12.81 0 0 -13.48 0 -10.28 0
Acetate + 4.92 5.70 6.46 6.51 4.29 6.31 6.48 7.40
ES 0 -1.57 0 0 -2.20 0 -1.09 0
p-value 0.8463 0.1057 0.4555 0.5529 0.0588 0.3815 0.1735 0.4315
%Var 372.33 240.06 335.45 310.37 286.05 353.71 336.20 272.11
Alanine + 2.38 5.91 8.84 10.83 4.03 12.69 12.26 13.95
ES 35.66 12.07 9.26 7.33 19.09 6.58 6.68 5.40
p-value 0 0.0003 0.0027 0.0053 0.0001 0.0088 0.0084 0.0130
%\Var -32.27 -36.94 -33.33 -35.67 -40.00 -35.67 -37.94 -35.46
Arginine + 11.99 12.17 12.06 12.05 9.87 10.00 9.78 9.71
ES -2.10 -2.43 -2.17 -2.35 -3.31 -2.84 -3.13 -2.90
p-value 0.0774 0.0633 0.0728 0.0680 0.0359 0.0365 0.0390 0.0425
%Var 0 -15.35 -1220 -11.02 -18.82 -14.12 -17.65 -11.76
Aspartate + 3.57 4.29 4.21 4.60 1.98 3.65 3.72 4.08
ES 0 -2.53 -2.01 -1.66 -6.84 -2.72 -3.39 -2.00
p-value 0.5042 0.0250 0.0468 0.0667 0.0005 0.0302 0.0173 0.0675
%Var 260.0 190.00 300.00 250.00 210.00 320.00 270.00 250.00
Formate + 4.35 7.25 8.94 16.63 6.90 18.04 19.03 16.63
ES 16.98 8.78 8.76 4.36 9.70 4.46 3.94 4.36
p-value 0.0015 0.0002 0.0010 0.0148 0.0001 0.0163 0.0207 0.0148
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Table S3 (Cont.)

Medium samples

TNF+TGF TNF+TGF
Sample Ct17h TNFYTGR | CULIONICLIOT | y6hicLao7 Ct 19h TNF+TGE | CLI6hICL307 | gy 307
1 o 19h 3n] o
%Var 62.84 66.36 71.98 64.94 78.61 77.38 82.96 65.89
Slucose x 6.50 6.66 7.73 7.30 451 5.13 5.06 6.29
ES 9.21 9.74 -9.50 -8.60 18.75 116.08 -18.31 -10.20
p-value 0.0038 0.0035 0.0007 0.0010 0.0010 0.0001 0.0002 0.0001
%Var 6.88 9.92 0 0 8.28 0 0 7.34
Slutamate x 2.48 2.96 3.87 4.47 3.02 4.38 4.96 4.85
ES 1.75 -2.30 0 0 -1.87 0 0 1.03
p-value 0.1129 0.0425 0.8481 0.9342 0.0867 0.8637 0.8017 0.1974
Y%Var -30.47 32.67 -35.55 -30.06 -42.86 -39.32 -43.76 -27.88
Slutamine x 8.46 8.60 8.97 8.74 7.65 7.97 8.17 8.38
ES 2.78 2.97 315 -2.64 -4.66 401 448 253
p-value 0.0468 0.0401 0.0295 0.0409 0.0172 0.0129 0.0100 0.0227
%Var 24.32 0 16.99 18.15 0.00 14.60 0 0
Slycine x 7.47 9.00 8.89 9.40 5.37 8.63 8.34 9.98
ES 1.90 0 1.15 1.16 0.00 1.03 0 0
p-value 0.0959 0.8021 0.1690 0.1581 0.8441 0.1999 0.4835 0.3612
%Var 1031 119.23 134.62 150.00 67.86 96.43 92.86 92.86
stidine £ 8.08 6.38 12.38 16.45 3.77 5.39 11.44 11.44
ES 7.92 7.65 4.25 3.40 8.78 7.89 3.62 3.62
p-value 0.0010 0.0003 0.0110 0.0256 0.0002 0.0013 0.0253 0.0253
%Var 37.76 -49.48 -42.06 41,67 50.74 4511 -48.46 -48.19
oleucine " 7.02 7.71 8.19 8.04 4.50 5.50 5.58 5.98
ES 433 557 425 427 -9.88 6.92 7.49 6.94
p-value 0.0219 0.0107 0.0069 0.0077 0.0041 0.0006 0.0005 0.0005
%Var 996.17 777.78 1063.41 902.11 870.00 991.27 996.73 749.09
ctate x 0.99 5.00 5.91 7.11 3.23 9.85 9.24 8.55
ES 110.26 20.43 18.61 15.03 32.88 11.04 11.77 12.06
p-value 0 0.0010 0.0012 0.0018 0.0002 0.0034 0.0030 0.0028
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Table S3 (Cont.)

Medium samples

TNF+TGF TNF+TGF
Sample Ct17h TNFYTGR | CULIONICLIOT | y6hicLao7 Ct 19h TNF+TGE | CLI6hICL307 | gy 307

1 o 19h 3n] o

%Var 4751 48.97 ~49.09 “44.41 53.28 47.43 51.98 -44.35
Leucine x 6.09 6.52 6.50 6.29 4.87 5.27 5.53 6.09
ES 6.68 6.50 6.54 5.93 9.74 77 8.30 6.12

p-value 0.0087 0.0043 0.0044 0.0057 0.0012 0.0005 0.0004 0.0007

%Var -24.29 -35.00 -30.36 -30.36 38.71 -34.05 38.71 -32.26
ethionine x 1.82 0.97 2.76 2.76 2.18 3.61 2.88 3.31
ES 9.93 -28.63 8.47 -8.47 -14.40 7.42 -10.89 7,59

p-value 0.0007 0 0.0028 0.0028 0.0005 0.0007 0.0001 0.0005

%Var 21.63 26.74 -23.49 24.19 31.85 2428 27.62 24.94
Myo-inositol x 5.85 6.14 6.56 6.81 4.48 5.35 5.53 5.48
ES 271 328 2,65 -2.64 552 337 3.78 3.40

p-value 0.0479 0.0280 0.0267 0.0231 0.0057 0.0069 0.0045 0.0066

Y%Var -35.15 -39.59 -39.93 -33.45 -45.64 -40.42 -47.39 -32.06
Phenylalanine x 6.60 6.81 7.34 7.04 6.88 7.38 7.94 7.85
ES 422 474 4.44 373 5,62 -4.48 511 318

p-value 0.0201 0.0152 0.0084 0.0135 0.0122 0.0068 0.0036 0.0100

%Var 23.14 -31.40 -29.48 26.72 35.78 -30.24 -33.43 -27.05
yroglutamate x 3.40 3.74 4.98 477 2.26 3.70 3.44 4.30
ES 5.02 6.50 453 422 112.60 -6.29 7.62 4.75

p-value 0.0148 0.0046 0.0023 0.0030 0.0001 0.0038 0.0018 0.0101

%Var -21.60 57.49 -29.27 55.92 62.37 60.22 67.38 67.92
oyruvate £ 3.22 2.38 14.80 5.81 7.88 10.64 8.34 8.29
ES 4.92 2212 151 872 751 529 7.96 8.10

p-value 0.0115 0.0001 0.1455 0.0043 0.0068 0.0013 0.0045 0.0050

%Var 16.24 -29.60 -23.85 -23.85 3217 2213 2751 -24.02
Succinate x 437 4.93 6.76 6.47 2.47 5.41 5.25 6.53
ES 2.64 461 2,62 273 110.16 -3.00 3.97 273

p-value 0.0503 0.0103 0.0165 0.0139 0.0016 0.0411 0.0235 0.0504
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Table S3 (Cont.)

Medium samples

TNF+TGF TNF+TGF
Sample Ct17h TNFYTGR | CULIONICLIOT | y6hicLao7 Ct 19h TNF+TGE | CLI6hICL307 | gy 307
1 o 19h 3n] o
%Var 17.43 0 13.76 11.01 10.38 15.00 10.38 14.15
hreonine x 5.60 4.99 7.68 6.68 6.83 7.85 7.82 7.10
ES 1.87 0 1.10 1.02 0.94 117 0.82 1.22
p-value 0.0549 0.4639 0.1724 0.1934 0.2535 0.1518 0.2809 0.1545
oo, %Var 11.90 0 0 0 0 0 0 0
i x 5.95 6.90 7.75 8.09 6.55 8.90 6.92 8.55
faid ES 1.23 0 0 0 0 0 0 0
p-value 0.1494 0.8726 0.3608 0.5153 0.7385 0.5648 0.8740 0.7110
%Var 17.01 -28.96 -23.58 -19.10 -33.33 -24.46 -31.50 22.94
Tyrosine x 7.03 7.80 8.16 8.12 5.22 6.48 6.42 7.71
ES 1.73 2.83 214 -1.70 5.01 281 3.80 2.20
p-value 0.1144 0.0359 0.0463 0.0758 0.0114 0.0129 0.0049 0.0308
%Var 46.17 50,27 -50.00 44,81 54.15 51.58 55.59 -46.99
Valine x 7.10 7.57 7.62 717 4.60 452 4.79 4.97
ES 552 5.80 571 5,26 -10.55 -10.05 -10.49 8.07
p-value 0.0135 0.0078 0.0072 0.0120 0.0030 0.0033 0.0017 0.0009
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