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1. Transplantation

1.1. Historical overview

The history of transplantation starts in the IIIrd century BC, when two Christian martyrs
twins, Saint Cosmas and Saint Damian, miracoulosuly transplanted a black leg from an
Ethiopian onto a white patient. Following this event, at 600AC, skin transplantation was
introduced and used until the end of XV century. Further, at the XVIII century, John
Hunter performed a transplant of human teeth and autotransplantation of cock’s spurs
into their combs. Naturally, the lack of understanding of the allogeneicity concept led to
graft rejection in patients and deception to physicians. The first successful
transplantation was achieved in 1902 by Emerich Ullmann by performing a kidney
autotransplant in dog. The particularity of this success was that the kidney remained
functional during the following 5 days after surgery. After this event, Jaboulay
performed two renal xenotransplantation from pig to human in 1906 and Ernst Unger
from monkey to human in 1909. Similarly to their predecessors, these transplantations
failed several days after. Always at the beginning of XX century, Alexis Carrel
improved technical procedures of transplantation and performed different types of
transplantations including kidney, thyroid, ovary, heart, lung and small bowel.
However, the failing in grafts acceptance still remained (1). Finally, the first successful
renal transplantation was achieved at the Peter Bent Brigham Hospital in Boston by the
team of Joseph Murray’s in 1956. This procedure demonstrated the surgical feasibility
of solid organ transplantation between twins (2). Parallel to this achievement, other
group demonstrated that 6-mercaptopurine (6-MP), already prescribed for lymphocytic
leukemia patients, it was indeed an immunosuppressive drug (3). These two concepts of
surgical feasibility of solid organ transplantation and immunosuppressive drugs led to a
novel approach to transplant unrelated organs. Due to the high toxicity of 6-MP, over
the following years, the research on immunosuppressive drugs led to his replacement
for a less toxic drug, the cyclosporine. Additionally, the cyclosporine led to an
improvement in one-year graft survival (4). Nowadays, other more specific drugs are
currently used in post-transplantation therapy such as the mophetil mycophenolate, a B
and T-cell proliferation inhibitor, tacrolimus, a B and T-cell activation inhibitor (5), as

well than monoclonal antibodies such as basiliximab, an IL2Ra (CD25) blocking
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antibody (6). These new therapies have improved the post-transplantation therapy

becoming safer and efficient in terms of allograft survival.

1.2. Mechanisms of rejection

Nowadays, organ transplantation is the only alternative for patients suffering for end-
stage organs failure. However, the vascularized inclusion of a foreign organ can lead to
the activation of the recipient immune response in order to eliminate the allograft. This
immune reaction against the allograft is named rejection. There are three types of
rejection, the hyperacute, acute and chronic rejection. The hyperacute rejection is the
quickest response and is driven by pre-existing anti-donor antibodies. These antibodies
induce to complement activation and endothelial cell stimulation leading to an
intravascular thrombosis. This type of rejection is rare having considered previously the
ABO compatibility and excluding the presence of donor anti-HLA antibodies in the
recipient. The acute rejection appears usually between the first week and several months
after the transplantation, and is lead by T-cells (cellular response) and B-cells (Humoral
response). This type of rejection is usually avoided by the use of immunosuppressive
drugs. Finally, the chronic rejection is difficult to predict. In this rejection different
elements from the cellular and humoral response as well as other non-immune cell types
are involved such as memory, plasma cells and endothelial cells among others.
Additionally the presence of tertiary lymphoid organs in the allograft is characteristic of

this type of rejection (7).

Due to the invasiveness of the surgical procedure, innate immune cells are able to sense
this trauma through different receptors such as the pattern recognition receptors (PRR),
complement receptors and scavenger receptors among other molecules. In fact, innate
cells from both receptor and donor can sense the cellular stress derived from
transplantation. Among the different types of PRR, immune cells can sense damage-
associated molecular patterns (DAMPs) derived from plasma membrane of stressed
cells, dying cells and apoptotic bodies. Following DAMP sensing, innate cells such as
macrophages and dendritic cells (DC) respond through pro-inflammatory activation by
secreting cytokines such as IL-1f and IL-18. Moreover, DAMPs and alloantigens intake
also lead to DC maturation resulting in an increased capacity to migrate to lymphoid

organs and present alloantigens to T-cells in order to stimulate adaptive response (7,8).
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The adaptive response is mainly initiated by the interaction of DC and T-cells. In the
case of CD8", the activation can be initiated by any cell that displays HLA class I
molecule, meanwhile CD4" are stimulated by HLA class II (9). There are three different
types of allorecognition depending on the interaction between T-cells and antigen
presenting cells (APC); direct, indirect and semidirect pathways (Figure 1). In direct
pathway T-cells react against foreign MHC molecules. This type of rejection is usually
related to acute rejection. In the indirect pathway, autologous DC uptake, process and
present allopeptides to T-cells. This type of rejection is related to chronic rejection.
Finally, in the semi-direct pathway, T-cell alloresponse is initiated by the interaction
with autologous DC that previously have assimilated an intact foreign HLA class II
molecules through cell-to-cell contact (10). About B-cells response in transplantation, it
has been shown during the last decades that these cells are able to sustain alloimmune
response through different mechanisms such as by the secretion of anti-donor antibodies
and sustaining long-term humoral response, acquiring the role of APC, forming tertiary

lymphoid organs and by the secretion of pro-inflammatory molecules (11).

In order to abrogate immune response against allograft, IS therapy is used after
transplantation. Nowadays, this therapy is mostly focused on T-cell response in order to
inhibit acute rejection. However, despite that IS drugs increase allograft survival, the
immunosuppressive state have an associated risk of the development of cancer and
infections. Moreover, the IS drug primarily prevents acute rejection meanwhile chronic
rejection is hard to predict (12). For this reason, it urges to find other alternatives to
avoid or at least minimize the use of IS drugs. In this purpose, cell based therapy alone
or in combination with minimal immunosuppression appears as novel and promising

strategy in order control chronic rejection.
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Direct pathway Indirect pathway Semidirect pathway

APC

HLA/peptide
complex—¢

TCR

Donor Recipient

Figure 1. Types of allorecognitions (From DeWolf and Sykes. 2017). Alloresponse
can be induced by three different pathways. In the direct pathway, recipient T-cells
interact with allogeneic HLA molecules of donor APCs. In the indirect pathway,
recipient APCs process and present donor peptides to recipient T-cells. In the semidirect
pathway recipient, APCs adopt fully unprocessed HLA molecules from donor cells and

interact with T-cells.

2. Cell based therapy
2.1. Cell based therapy and purposes

Cell based therapy was born as an approach to treat different types of diseases using
natural cell mechanisms. In this purpose, different types of cells with different
mechanisms have been considered appropriated depending on the therapeutic approach.
For example, lymphoid cells, among other potential uses, they have been considered for
cancer therapy in order to improve the anti-tumour response. Moreover, for T-cells in
anti-tumour therapy context, there are many approaches that have been considered such
as, the adoptive transfer of expanded circulating T-cells from tumour patients as well as
the expansion of tumour-infiltrating T-cells (TIL). Additionally, T-cells can be modified
by genetic engineering by generating chimeric antigen receptors T-cells (CAR-T cells).
In this approach Ig variable domain is fused to constant TCR domain leading to T-cells
able to detect and react against target antigens in a HLA-independent context (13). On

the other hand, regulatory T-cell (Treg) expansion and regulatory CAR-T cells
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approaches has also been considered to be used as immunoregulatory therapies in other
contexts such as transplantation, autoimmune diseases and even allergic diseases
(14,15). Also, NK cells have been considered to use in cancer therapy. These cells
differently from T-cells do not react to specific antigens. In fact NK cells are specialized
on the elimination of cells that downregulate antigen presenting molecules such as

tumour cells and virally infected cells (16,17).

Another approach for cell based therapy consists on the re-education of immune system.
In this approach APC are used to presents antigens to T-cells and polarize immune
response in vivo. This therapy have been tested by two approaches: by injecting
unmodified DC or in contrast by injecting DC previously loaded with concrete peptides
or a mix of different proteins (Serum, synovial fluid, etc...). The advantage of this
therapy is that DC can be polarized ex vivo to induce an immunogenic or a tolerogenic
response. This functional plasticity is a powerful therapeutic tool for both immunogenic
requiring therapies such as in cancer as well for tolerogenic requiring therapy such as in

transplantation or autoimmune diseases (18,19).

Finally, the last approach for cell based therapy is focused on the use of cells with
potent properties in the context of tissue regeneration or immunoregulation. For
example, mesenchymal stem cells (MSC) have been demonstrated to improve tissue
regeneration and to display a tolerogenic potential by inhibiting immune response (20).
Additionally using similar mechanisms and displaying the capacity to present antigens,

regulatory macrophages (Mreg) have been also considered in cell based therapy (21).

There are different approaches to treat different diseases, however in our group, we are

focused on the approaches related to immunosuppression in transplantation.

2.2. Cell-based therapy in solid organ transplantation

During the last decade, several clinical trials using cell-based therapy in solid organ
transplantation have been performed. For these clinical trials, different types of cells
have been tested such as MSC, Mreg and regulatory T-cells. MSC have been used in
liver and kidney transplantation (22). In this work, the authors aimed to compare the
benefits of MSC to anti-IL2Ro alone therapy. The author showed that MSC therapy,

comparing to anti-IL-2Ra, led to a lower incidence of acute rejection and better
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estimated renal function at 1 year (23). About Mreg, they have been tested in a clinical
trial in living donor renal transplantation. For this study, two patients received Mreg
previously to transplantation and further treated with low dose of tacrolimus. The output
of this study showed a stable graft function after tacrolimus weaning (24). Further, the
same authors evaluated Mreg therapy in a phasel/Il clinical trial in living-donor kidney
transplantation. In this trial patients were treated with Mreg 7 days before
transplantation. After injection, authors showed an increase of CD4*CD25*CD127™
Treg frequency in peripheral blood in five patients (25). Finaly, regulatory T-cells have
been tested in a clinical trial in living donor liver transplantation. This study proved that
Treg were safe and efficient leading to the arrest of immunosuppressive therapy for 6 of

10 patients (26).

Apart from these clinical trials, there are many others ongoing. In the context of the
ONE study consortium, there are several types of cells that are being tested in living
donor kidney transplantation clinical trial such as Treg, Mreg, Type 1 regulatory T-cells
(Trl), and Tolerogenic monocyte-derived DC (Tol-MoDC) in order to evaluate their

safety and feasibility (www.onestudy.org) (27). In our group we are focused on Tol-

MoDC therapeutic use.

3. Tolerogenic dendritic cells

3.1. Dendritic cells overview

DC were discovered and characterized from peripheral lymphoid organs by Steinman
and Cohn back in the year 1973 (28,29). This discovery brought a new perspective of
immunology clarifying the link between the innate and adaptive response. Despite that
macrophages and B-cells are also able to present antigens, DC are known as the major
APC. DC are capable to intake different types of extracellular structures such as
microbial pathogens, apoptotic cells and immune complexes through different
mechanisms such as phagocytosis, endocytosis and pinocytosis. After internalization,
proteins are degraded to peptides and usually presented by HLA class II molecules to
CD4"T-cell. Apart to link the adaptive response, DC are also able to polarize the
immune response to immunogenic or tolerogenic state (30). Over the following years,

different dendritic cell subsets have been identified and classified depending on
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phenotype, function and ontogeny as conventional DC (cDC), plasmacytoid DC (pDC),
Langerhans cells and monocyte derived-DC (MoDC), also known as inflammatory DC
(31). cDC are commonly located in lymphoid and non lymphoid organs and present
antigens through MHC II. Interestingly, cDC can also cross-present antigens through
MHC 1. This characteristic is essential for the induction of tolerance (32). pDC, are
usually located in peripheral organs and related to the anti-viral response due to the high
secretion of type I Interferons upon viral infection. MoDC are derived from monocytes
and infiltrate lymphoid and non lymphoid tissues upon inflammatory signals. Finally,
Langerhans cells are skin-resident DC able to migrate upon stimulation to skin-draining
lymph nodes. Curiously, even if Langerhans cells share different characteristics with
pDC, c¢DC and MoDC that derived from a common precursor, their origin is prenatal

(33).

DC are then responsible to detect harmful and foreign organisms and toxins, to initiate
immune response against them and at the same time responsible to maintain tolerance to
self. These tolerance mechanisms involve lymphocyte maturation and can be
distinguished in terms of central and peripheral tolerance. In central tolerance, occurring
in the thymus, the interaction between thymocytes and APC lead to a clonal deletion to
self-reactive thymocytes and natural regulatory T-cell (nTreg) generation. On the other
side, peripheral tolerance driven by DC is related to anergy and apoptosis induction to
self-reactive T-cells but also to the generation of induced regulatory T-cells (iTreg)
(34). The correct function of these cells is essential for the regulation of immune
response during inflammation and homeostasis. In fact, it has been shown that the
ablation of c¢DC, pDC and Langerhans cells in mice leads to spontaneous fatal

autoimmunity (35).

There are many studies that describe different DC populations related to the tolerance
maintaining such as in immune-privileged and mucosal tissues. For example, mucosal
DC from the intestine are continuously exposed to food antigens and its correct
regulation is necessary to avoid inflammation against foreign molecules (36). Also, in
other immune privileged tissue such as the brain, it has been shown that DC presents a
protective role by inhibiting T-cell proliferation (37). Apart from DC role in steady
state, other studies have demonstrated that cDC can be manipulated in vivo to adopt a
tolerogenic profile. In a study performed in Non obese diabetic (NOD) mice treated

with granulocyte-macrophage colony-stimulating factor (GM-CSF), the authors
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observed an increase in splenic CD8oCD11c” DC. After purification, the authors

demonstrated that this population impaired antigen-specific CD8" proliferation (38).

Altogether, DC have an essential role by linking innate and adaptive response and by
polarizing the immune response. For this reason, the ex vivo manipulation appears as a
potent strategy to treat different types of diseases or conditions. In fact, ex vivo
immunogenic DC can be used to direct immune response against tumours, virus or in
immunization meanwhile ex vivo tolerogenic-DC (Tol-DC) can be used to induce

tolerance in transplantation, autoimmune disease and allergy.

3.2. Tol-DC differentiation

DC can be differentiated starting from monocytes or bone marrow. However, there are
many differences between immunogenic DC and Tol-DC (Figure 2). Inmunogenic DC
have a high expression of costimulatory molecules such as CD80, CD86 and CD40,
high expression of presentation molecule HLA/MHC class 1I, they produce pro-
inflammatory cytokines such as IL-1p3, IL-6, IL-12, tumor necrosis factor-o. (TNFa) and
they stimulate T-cell proliferation. On the other hand, Tol-DC display a low expression
of costimulatory molecules, they are resistant to maturation, they secrete
immunomodulatory cytokines such as IL-10 and transforming growth factor-f (TGFp)
and they are hypostimulatory cells toward T-cells. Nevertheless, there are common
markers between immunogenic and Tol-DC such as the expression of CDI11c, CD11b

and the coexpression of MHC class I and MCH class II (39).

The generation of Tol-DC depends on the protocol. However, the vast majority of
differentiation protocols contain GM-CSF and IL-4. GM-CSF is a growth factor well
known to be a bone marrow precursor mobilization but also to induce DC
differentiation (40). Interestingly, GM-CSF has a dual role between immunogenicity
and tolerance. It has been shown that GM-CSF administration improves myasthenia
gravis and type 1 diabetes in rodent models. On the other hand, the depletion of GM-
CSF is beneficial in experimental autoimmune encephalomyelitis (EAE), arthritis,
nephritis and psoriasis in rodent models (41). Despite the concrete role of GM-CSF in

different diseases, this cytokine is required for DC generation in vitro. Interestingly, the
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differentiation potential of GM-CSF is strongly related to its concentration. In fact, high
concentrations of GM-CSF are associated to immunogenic DC meanwhile low doses to
Tol-DC (42,43). 1L-4 is a cytokine related to T helper cell 2 (Th2) T-cells
differentiation. Primarily, IL-4 is secreted by mast cells, Th2 T-cells, basophils and
eosinophils (44,45). However, this cytokine can also be released by macrophages
polarized to a M2 phenotype and by DC (46). About the effects of IL-4, it has been
shown that IL-4 has a protective role in EAE but a known inflammatory role in allergic
inflammation (44,47). Independently from the effect, IL-4 is required in the most part of

DC differentiation protocols.

There is not a unique standardized protocol to generate Tol-DC apart from the use of
GM-CSF and IL-4. In fact different groups have reported the use of several others
molecules to induce these cells such as cytokines, organic molecules, drugs and even
genetic tools (Table 1) (48). The cytokines usually used to generate Tol-DC are IL-10
and TGFpB. These immunomodulatory cytokines are required in order to maintain the
immature phenotype of DC (49,50). Concretely, IL-10 has been shown to induce human
Tol-MoDC which spontaneously secrete high amounts of IL-10, display the capacity to
impair T-cell proliferation and induce regulatory Trl cells (51). On the same way, the
use of IL-10 and TGFp during Tol-MoDC differentiation from type 1 diabetes (T1D)
monocytes patients, have been shown to induce tolerance to insulin antigens.
Phenotypically, these cells express CD83, CDla, MHC II but not CD14 (52). Apart
from cytokines, the use of small organic molecules have been shown to induce Tol-DC
such as 1a,25dihydroxyvitamin D3 (VitD3) and prostaglandin E2 (PGE2) (48). VitD3
blocks maturation of immature DC upon lipopolysaccharide (LPS) stimulation. Tol-
MoDC differentiated with VitD3 are unable to stimulate allogeneic T-cell proliferation.
Phenotypically, these cells do not express CDla nor CD14 (53). On the other hand,
another study focused on Tol-MoDC differentiated with VitD3 showed that this
differentiation lead to DC expressing DC-SIGN (CD209), CD14 but no CDla (54).
About the role of PGE, in Tol-DC differentiation, it has been shown that this molecule
induce the expression of indoleamine 2,3 dioxygenase (IDO) in immature DC. This
enzyme catalyze the conversion of tryptophan into kynurenine, a molecule related to
regulatory T-cell induction and T-cell allogeneic response inhibition (55). Tol-DC can
also be generated with drugs such as dexamethasone (Dex) and rapamycin (Rapa). A

study focused on comparing Dex-DC and Rapa-DC demonstrated that both cells were
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able to impair T-cell proliferation. However, they demonstrated that despite that both
cells have immunomodulatory functions, Rapa-DC displayed a mature DC phenotype
and were not able to produce IL-10 under LPS stimulation contrary to Dex-DC (56).
Additionally, these inductor molecules can be used in a combination as it has been
described in a clinical trial using Tol-MoDC in refractory Crohn’s disease patients. In
this clinical trial Dex-DC were treated with IL-6, TNFa, IL-1B and PGE, prior to
injection. The outputs of this study showed that patients treated with Tol-MoDC
displayed an increase of regulatory T-cells and a decrease in IFNy in blood (57).
Finally, Tol-DC can also be generated with genetic tools such as the use of antisense
oligonucleotides (AS-ODN). A study demonstrated that the injection of Tol-DC
modified with AS-ODN anti CD40, CD80 and CD86 in NOD-mice led to a delay in
diabetes onset (58). Moreover, this method has been translated to human, by the same
authors, in a clinical trial in TID. Human Tol-DC generated with AS-ODN display

similar characteristics than in rodents in terms of immunosuppressive function (59).

Apart from the protocols cited below, Tol-DC can also be generated with low dose of
GM-CSF in absence of IL-4. In fact this protocol adopted by our group was firstly
described by Lutz in 2000 in mice. Tol-BMDC derived with this protocol lead to the
differentiation of Tol-DC expressing low levels of MHC II, CD40, CD80 and CD86.
Moreover these cells are resistant to maturation under LPS stimuli and impaired T-cell
proliferation in MLR. In the context of cell based therapy, it have been shown that
tolerogenic bone marrow-derived dendritic cells (Tol-BMDC) generated with low dose
of GM-CSF, increased fully allogeneic vascularized heterotopic cardiac allograft
survival and minor antigen skin survival (42). This protocol has been also adapted to
human from blood monocytes and highlighted a similar profile than the observed in
Tol-BMDC(60). Nowadays, these Tol-MoDC generated with low dose of GM-CSF are
being used in a first phase I/II clinical trial in kidney transplantation supervised by our

team (61).

Altogether, even if there is not a single standardized method to generate Tol-DC we

observe functional and phenotypical similarities between all these cells.
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Pro-inflammatory DC Tolerogenic DC

Expression of costimulatory molecules Low expression of costimulatory molecules

CD80, CD86, CD40
Production of immunomodulatory molecules
IL-10, TGF-8, IDO, HO-1

Production of pro-inflammatory cytokines

IL-18 , IL-12, TNFa Maturation resistance

Regulatory cell induction

. 3 = Suppressive activity toward T cells
Induction of T-cell proliferation

Figure 2. Differential characteristics of pro-inflammatory and Tol-DC. Pro-
inflammatory DC express costimulatory molecules such as CD80, CD86 and CD40,
produce pro-inflammatory cytokines such as IL13, IL-12 and TNFa and induce T-cell
proliferation. On the other hand, Tol-DC display a low expression of costimulatory
molecules, produce immunoregulatory cytokines such as IL-10, TGFp, IDO and HO-1,
they are resistant to maturation stimuli, induce regulatory T-cells and impair T-cell

proliferation (19).

Cell type Differentiation protocol Characteristics Refference
DC10 GM-CSF, 114 and IL-10 e Secrete high amounts of IL-10 Gregory et al. 2010
. Impair T-cell proliferation
e Induce Tr-1
Tol-MoDC GM-CSF, IL-4, TGFB and e Induce tolerance to insulin antigens Torres-Aguilar et al. 2010
from TID 1IL-10 . Express CD83, CD1a but no CD14
patients
MoDC GM-CSF, IL-4 and VitD3 . Impairs T-cell proliferation Penna and Adorini et al.
e Maturation resistance 2000
. CDla downregulated
Tol-MoDC VitD3 . Semi mature phenotype Unger et al. 2009
e No expression of IL-12p70
e  Express IL-10 and TNFo
. Induce Treg
. Impair T-cell response
Tol-MoDC Dexamethasone . Semi mature phenotype Unger et al. 2009
e No expression of IL-12p70
. Express IL-10 and TNFo
. Induce non specific Treg
e Impair T-cell response
Tol-MoDC Dexamethasone e Immature phenotype Naranjo-Gomez et al.
e Impair T-cell alloproliferation 2011
Tol-MoDC VitD3 e Produce IL-10 Naranjo-Gomez et al.
e Immature phenotype 2011
e Impair T-cell response
Tol-MoDC Rapamycin . Impair T-cell alloproliferation Naranjo-Gomez et al.
e Mature DC phenotype 2011
e No IL-10 production
. Promote Treg
Tol-MoDC GM-CSF, IL-4, IL-6, TNFa, . Expand Treg Jauregui-Amezaga et al.
IL1B, PGE, e  Reduce IFNy in blood 2015
Tol-BMDC and | GM-CSF, 1IL-4, AS-ODN . Maturation resistance Manchen et al. 2004
Tol-MoDC (CD40, CD80, CD86) . Low production ol IL-12p70, TNFo, | Giannoukakis et al. 2011
and nitrites.
. Delay diabetes onset
Tol-BMDC Low dose of GM-CSF Low expression of costimulatory | Lutz et al. 2000
molecules (CD40, CD80 and CD86)
e Maturation resistant
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. Impair T-cell response
. Induce Treg

Tol-MoDC Low dose of GM-CSF e Low expression of costimulatory | Chitta et al. 2008 and
molecules (CD40, CD80 and CD86) Moreau et al. 2012

. Maturation resistant

. Impair T-cell response
Induce Treg

Table 1. Types of Tol-DC differentiation and characteristics.

3.3. Source for Tol-DC

In order to move Tol-DC to clinic in the context of transplantation, there is a dilemma
about from which source Tol-DC must be generated. Donor or recipient? Differently to
autoimmune diseases, transplantation involves antigens from the donor. This implies an
exposure of allopeptides and foreign MHC molecules that can potentially start an
allogeneic response leading to organ rejection (62). Therefore, in order to avoid

rejection, two strategies have been considered: to infuse donor or recipient cells.

Infusion of donor antigens is a practice currently used in clinic in kidney
transplantation. This infusion, named donor specific transfusion (DST), consists in the
transfusion of donor blood to the recipient in order to stimulate tolerance to
alloantigens. This strategy has been proved to increase allograft survival. In fact, a study
performed in living donor kidney transplantation aimed to compare DST therapy
combined with immunosuppressive drugs, demonstrated that in DST group there was a
decrease in patients with acute rejection and an increase in patients with optimal renal
function at 1 and 10 years after transplantation (63). However, the dissemination of
allogeneic proteins after transplantation is unavoidable, and the sensitization against

HLA molecules can become a risk factor for allograft rejection (64).

In the same context than DST, the use of Tol-BMDC initially was studied using the
donor source. Lutz et al. demonstrated that, 7 days pretreatment with donor Tol-BMDC
from B10 mice differentiated with low dose of GM-CSF, increased B10 allograft
survival in CBA recipient mice. The 70% of treated mice achieved allograft survival for
100 days meanwhile those receiving Tol-BMDC from B10 and cardiac allograft from
NZW mice or receiving BMDC generated with GM-CSF and IL-4 increased graft
survival only in a 20%. Moreover in this study the authors demonstrated that T-cells
were unresponsive to allogeneic Tol-BMDC in vitro after restimulation with APC from

the same source but not to polyclonal restimulation, suggesting an antigen-specific
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unresponsiveness (42). Similarly, another study demonstrated that donor Tol-BMDC
generated with low dose of GM-CSF in combination with antilymphocyte serum (ALS),
were able to increase rat cardiac allograft until 200 days on the 50% of treated
individuals. The authors also confirmed in rats what it was shown in mice, T-cells
purified from rats treated with donor Tol-BMDC and ALS, were unresponsive to donor
antigens. Both models coincide on the induction of a antigen specific tolerance (65).
Nevertheless, a later study demonstrated that the antigen specific tolerance was
mediated by the presentation of donor Tol-BMDC allogeneic peptides, from apoptotic
bodies or donor cells, by recipient APC. In this study, using apoptotic bodies from Tol-
BMDC and Tol-BMDC from donors, the authors showed the same characteristics
observed in previous works, a CD4"T-cell hyporesponsiveness and an increase in
regulatory T-cells (66). Moreover, another study demonstrated that, in vitro,
immunosuppressive properties of allogeneic Tol-BMDC differs from in vivo. In this
work, the authors demonstrated that allogeneic Tol-BMDC, failed to induce tolerance
and even accelerate rejection in mice model of skin and heart transplantation. On the
other hand, these donor Tol-BMDC were able to induce regulatory T-cells and
impairing of T-cell proliferation in vitro. In vivo, this increase of allograft rejection was
mediated by recipient APC that present alloantigens from donor-BMDC alloantigens
(67). In order to avoid the risk of sensitization, and due to their efficacy demonstrated in

vivo, the use of autologous Tol-DC appears to be a better strategy in terms of safety.

In order to determine the efficacy of autologous Tol-DC several studies have been
performed. The first one in 2005, a study performed by our team demonstrated that the
adherent fraction of recipient BMDC generated with GM-CSF and IL-4 was able to
prolong cardiac allograft survival. Moreover, the authors demonstrated that this
adherent fraction displayed an immature phenotype and was resistant to maturation.
Comparing to donor adherent BMDC, autologous BMDC were more efficient delaying
allograft rejection. Additionally in this work, the authors demonstrated that cell
injection, 1 day before the procedure was enough to induce tolerance, comparing to the
7 days observed in previous works (68). After this study, our group demonstrated also
that the treatment with autologous-Tol-BMDC in combination with suboptimal doses of
nuclear factor-kappa-ligh-chain-enhancer of activated B-cells (NF-kB) inhibitor LF15-
0195, achieved definitive allograft acceptance. Moreover, as it was shown in donor Tol-

BMDC studies, the tolerance was donor-specific (69). As it will be described in the
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following section, we confirm the efficacy of Tol-BMDC in mice using combined
therapy. These results altogether demonstrate the superiority of autologous Tol-DC

comparing to donor Tol-DC in terms of safety and efficacy in animal models.

3.4. Tol-DC in combined therapy

As it was previously described, Tol-DC therapy can be improved by combining with
immunosuppressive drugs such as ALS or LF15-0195 but also anti-CD3 and rapamycin
(Table 2). The NF-kB blocking agent LF15-0195 administered alone, increases cardiac
allograft survival in rats (70). In combination with autologous BMDC, low dose of
LF15-0195 led to an increase in cardiac allograft survival in 92% of treated rats
compared to the groups treated with Tol-BMDC alone or rapamycin alone or in
combination with Tol-BMDC (69). Another specific target for combined therapy is
CD3. Indeed, the use of monoclonal antibody anti-CD3 alone in transplantation models
in mice lead to an increased survival of pancreatic islet, skin and cardiac allograft
(71,72). In our group, we previously demonstrated that combined therapy using anti-
CD3 and autologous-BMDC led to an increase in pancreatic islet allograft survival.
Additionally, we demonstrated that the increase of allograft survival was related to a
decrease in CD4"/CD8" T-cell frequency and an increase in regulatory T-cells. In this
model, regulatory CD4*CD25"FoxP3" T-cells are essential for the Immunosuppressive
function and their depletion with anti-CD25 antibody lead to a reduced allograft
survival (73). Additionally, we confirmed that anti-CD3 and autologous Tol-BMDC
combined therapy increased allograft survival in minor antigen mismatch skin
transplantation. Interestingly, in this study, our group found an increase in
CD8'CD11c¢"T-cells, a population with regulatory functions (74). Another molecule
with synergistic potential with Tol-BMDC is the rapamycin. In combination, Tol-
BMDC generated with rapamycin and pulsed with donor antigens and the post-
operative use of low dose of rapamycin increased heart allograft survival in mice. In this
model, an increase of CD4*CD25*FoxP3" T-cells was observed. Moreover the adoptive
transfer of this regulatory T-cells to naive mice receiving heart allograft led to an
increase in allograft survival, demonstrating that the tolerance induced by Tol-BMDC
generated with rapamycin was donor specific (75). Altogether these results

demonstrated that combined therapy increase efficacy of Tol-DC.
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Combined drug Model Output Refference
o Increase of allograft
Cardiac survival comparing to
LF15-0195 transplantation rats treated only with | Bériou et al. 2002
in rat Tol-BMDC
e Increase allograft
Pancreatic islet, survival
Anti-CD3 skin and cardiac e Decrease CD4" and | Baas et al. 2014,
allograft in mice CD8*T-cell frequency Segovia et al.2014
e Increase Treg
e Increase heart
Rapamycin Heart allograft in allograft survival Turnquist et al. 2007
mice e Increase of Treg

Table 2. Drugs used in combination with Tol-DC generated with low dose of GM-

CSF and characteristics.

3.5. Tol-DC administration route and NHP assays

Autolgous Tol-DC have been shown to be efficient and safe in rodent models. However,
before to move to clinic, there are two practical questions. Are they safe in non-human
primate model (NHP)? Which administration route is the most convenient? To ensure
the safety of these cells, several works have been performed in NHP. A first study
performed in rhesus macaques in kidney transplantation model demonstrated that donor
Tol-BMDC generated with VitD3 and IL-10, injected 7 days before the transplantation
and cotreated with cytotoxic T-lymphocyte associated protein 4 (CTLA4)-Ig increased
the median graft survival compared to control group. In this study, Tol-BMDC were
injected intravenously (IV) (76). Several years later, the same authors demonstrated in
NHP model that autologous Tol-MoDC pulsed with allogeneic cell membranes from
donor monocytes increased kidney allograft survival comparing to unpulsed group. The
authors demonstrated also that this increase of allograft survival was associated to
antigen specific T-cell hyporesponsiveness resulting in a decrease in systemic 1L-17
(77). Similarly, other studies confirmed the safety and efficacy of Tol-BMDC in NHP.
In fact, in our group we have been demonstrated that autolgous Tol-BMDC can be
beneficial in gene therapy. Concretely, we demonstrated that Tol-BMDC reduce
immune response against transgene product in NHP. In this study Tol-BMDC were
injected IV or intradermally (ID). The results demonstrated that IV administration route
favors immune tolerance against transgene product (78). Additionally, the already

performed clinical trials using Tol-MoDC demonstrated the safety of other
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administration routes such as ID (59,79), intraperitoneal (IP) (57), IV and intra-articular

(IA) (80).

3.6. Tol-DC migratory skills

In order to understand the multiple mechanisms described in Tol-DC, it is first essential
to conceive the migratory skills of these cells. It is already well established that DC are
cell with highly migratory capacities. In fact, at the immature state DC express
chemokine receptors such as CCR2, CCRS, CCR6, CXCR4 and CXCR3 that allow
them to migrate to inflammatory sites expressing chemokines such as, CCL2, CCLS5 and
CCL20. Once in the inflammatory site, DC uptake antigen and maturate leading to the
expression of CCR7. This chemokine receptor allows DC to migrate to the lymph nodes
through CCL19 and CCL21 chemoattraction. However, not all DC migrate to lymph
nodes, several migrate to other lymphoid organs such as thymus, bone marrow and
spleen (81). Interestingly, Tol-DC display similar migratory skills than classical DC.
Recently, a study performed in experimental autoimmune encephalomyelitis (EAE)
model demonstrated that after IV injection, myelin oligodendrocyte glycoprotein
(MOG) pulsed-Tol-BMDC generated with GM-CSF and VitD3 migrated preferentially
to liver and spleen. Moreover, Tol-BMDC remained stable in liver and spleen during
the next 7 days. In a minor quantity, Tol-BMDC were found also in bone marrow,
lymph nodes and thymus (82). Another study, using lentiviral vectors coding for IL-10
and CCR7 demonstrated that only donor BMDC transduced with both vectors were able
to migrate to lymph nodes and spleen and prolong cardiac allograft. DC transduced only
with CCR7 or IL-10 were unable to increase allograft survival (83). Altogether, these
studies demonstrated that Tol-DC have similar migratory skills such as inflammatory

DC.

3.7. Tol-DC mechanisms

As it was previously described, Tol-DC have the ability to impair T-cell proliferation
and to induce regulatory T-cells in order to regulate the immune response and prolong
allograft survival. However, due to the different protocols to generate these cells, and
depending on the origin, bone marrow or monocytes, there is not a general consensus

for molecular mechanisms that lead to tolerance. Usually, Tol-DC impair T-cell
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response by inducing apoptosis, anergy or hyporesponsiveness. However, there are
many proposed mechanism that can drive T-cells to these states. These mechanisms
could be separate in contact-dependent and contact-independent mechanism. Contact-
dependent mechanisms include several molecules such as programmed death-ligand 1
(PD-L1), Fas-L. and inducible T-cell costimulator-ligand (ICOS-L) among others.
Contact-independent mechanism include cytokines such as IL-10 and TGFp, small
molecules such as PGE, but also other mechanism related to nutrient deprivation such
as inducible nitric oxide synthase (iNOS), arginase-1 (Arg-1) and IDO (84). However, it
is essential to note that the following mechanisms required usually other stimuli or
surface markers to drive the tolerogenic effect (85). In this part different mechanisms
observed in different Tol-DC both from humans and rodent generated with different

protocols will be described (Figure 3).

Adenosine

Hemoprotein

L-Trp

Kynurenine
3-hydroxykynurenine

IL-27 3-hydroxyanthranilic acid
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Figure 3. Tol-DC immunosuppressive mechanisms. Tol-DC can drive their
immunosuppressive potential through different types of mechanisms. Tol-DC can
impair T-cell proliferation through contact dependent mechanisms such as Fas-L, ICOS-
L, PD-L1. On the other hand they can act through contact-independent mechanisms
such as by the expression of immunomodulatory cytokines or proteins (IL-10, TGFp,

IL-35, IL-27 and TSP-1), small molecules (Adenosine, PGE,, CO and Kynurenines and
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their derivates) or by the nutrient deprivation mechanisms (Arginine or tryptophan

deprivation) (19).

3.7.1. Contact-dependent mechanisms

Contact-dependent mechanisms are those who require cell-to-cell contact. This type of
mechanism includes molecules such as ICOS-L, PD-L1, Fas-L, Ig-like transcript-2
(ILT2), ILT3, ILT-4 and HLA-G. ICOS-L is a protein expressed by immature DC. This
ligand can interact with his receptor ICOS, expressed by T-cells, leading to an
hyporesponsiveness not recovered after restimulation (86). Another molecule related to
allograft tolerance and Tol-DC is PD-LI1. In fact, the blockade of PD-L1 has been
associated to an accelerated skin allograft rejection and cardiac allograft rejection
(87,88). About the role of PD-L1 in Tol-BMDC, a recent study demonstrated that DC
transfected with PD-L1 were able to induce an increase of kidney allograft survival.
Interestingly, the authors showed that this improvement was related to a decrease in
CD8'T-cell proliferation and a decrease in pro-inflammatory cytokines production (89).
Fas-L, is a contact-dependent mechanism usually related to apoptosis induction. A study
performed using BMDC transfected with pBK-CMV coding for Fas-L demonstrated an
increase of cardiac allograft survival in mice. Moreover, in this work the authors
showed in vitro, that BMDC transfected with Fas-L impaired T-cell proliferation
through apoptosis induction (90). Finally, ILT-4 in association with HLA-G are related
to regulatory T-cells induction. Moreover, it has been demonstrated that ILT2/ILT4 and
HLA-G in Tol-DC impaired T-cell proliferation as well (91).

3.7.2. Immunomodulatory cytokines

Several studies have described cytokines associated to the immunomodulatory effects of
Tol-DC such as IL-10, TGFp, IL35 and IL27. These cytokines have been related not
only to T-cell impairment and regulatory T-cell induction, but also to DC maturation

inhibition.
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IL-10 is a regulatory cytokines essential for the induction of several regulatory
populations in vitro and in vivo. This cytokines has been detected in different Tol-DC
populations. For example, MoDC generated with IL-10 has been shown to secrete
spontaneously IL-10 (92). However, other Tol-DC do not secrete spontaneously IL-10
but need to be stimulated with a pro-inflammatory stimuli such as Dex- and VitD3-Tol-
MoDC (54). About the effect, it has been shown that IL-10 impairs T-cell proliferation
by leading to a state of anergy and by inducing Tr1 cells (93).

TGFp, is another well known immunoregulatory cytokine. This cytokine has been
related to CD4" and CD8" T-cell inhibition and also as an essential factor for regulatory
T-cell induction. The relevance of TGFp in immunology is present in different studies.
For example, one of them demonstrated that the lack of TGFf signaling led to the
development of autoimmune inflammatory disease driven by an uncontrolled CD4" T-
cell proliferation (94). TGFp has been also observed in Tol-DC, resulting essential for
the role of tolerance induction (95). Moreover, another study, performed by our group
in rat model, demonstrated that the induction of tolerance by LF15-0195 is associated to
an increase in tgfb expression in allograft from tolerant rats. The adoptive transfer of
splenocytes from tolerant rats to syngeneic rats receiving cardiac allograft, treated with
rapamycin and blocking TGF demonstrated that this cytokine is partially responsible

for this tolerance induction (96).

Apart from IL-10 and TGFJ, there are other cytokines that have been related to Tol-DC
mechanisms such as IL-27 and IL-35. These two cytokines share the same subunity, the
Epstein-Barr virus-induced gene 3 (EBI3). IL-35 is a heterodimeric protein formed by
EBI3 and IL12p35. This cytokine is mainly produced by Treg but several studies have
been demonstrated that can also being secreted by several APCs. In fact, a study
demonstrated that IL-35 but not the others IL-12 members is produced by Dex-MoDC.
Moreover, in this study the authors demonstrated that the silencing of il/2a (IL-12p35)
partially abrogated the effect of Tol-BMDC toward CD4 T-cells (97). On the other
hand, IL-27 is an heterodimer formed by EBI3 and IL27p28. It has been shown that IL-
27 display multiple immunoregulatory functions such as impairing effector T-cell
response, controlling neutrophil migration and impairing oxidative burst (98). However,
IL-27 have been also associated to enhanced antitumour activity toward CD8 T-cells,

suggesting a dual role in immunogenicity and immunoregulation (99). In
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transplantation, the role of IL-27 in association with TGFf has been shown to increase
cardiac allograft survival (96). Additionally to the studies about IL-35 and IL-27, it has
been shown by our group that Tol-BMDC express EBI3, and this expression is related
to an increased cardiac allograft survival. In this work we showed that rat treated with
Tol-BMDC and low dose of IS displayed an increased population of splenic
TCRaf"CD3 CD4 NKRP1'DN T-cells expressing IFNy. Moreover, the blockade of
EBI3 or IFNy abrogated the suppressive effect of Tol-BMDC suggesting an
immunoregulatory network between Tol-BMDC and DN T-cells, essential for tolerance

induction in this model (100).

3.7.3. Nutrient deprivation and other mechanisms

Apart from contact-dependent mechanisms and cytokines, there are many other
molecules and mechanisms involved in immunoregulation such as the synthesis of small
molecules and nutrient deprivation. These mechanisms have been also observed in

different types of Tol-DC.

About nutrient deprivation mechanisms, there are several type of deprivation related to
immunosupression and Tol-DC such as Arg-1, iNOS and IDO. iNOS and Arg-1 are two
enzymes commonly associated to macrophage polarization. Concretely, iNOS is related
to M1 polarization meanwhile Arg-1 is associated to M2 macrophages. The function of
iNOS is to generate nitric oxide (NO) and citruline from L-Arginine. Usually, iNOS is
associated to pro-inflammatory response, due to reactive nitrogen species (RNS) such as
NO are able to peroxidize membrane lipids in order to eliminate inflammatory agent.
Arg-1 on his part, metabolize L-arginine to ornithine and urea. This enzyme is usually
associated to anti-inflammatory response and is also related to healing phase after
inflammation. In fact, the products of Arg-1 lead to the synthesis of L-Proline, an
aminoacid necessary for collagen synthesis in tissue healing (101,102). In
transplantation models, Tol-BMDC iNOS expression has been shown to impair T-cell
proliferation in mice. In a study performed by our group, we showed that splenic T-cells
purified from grafted and Tol-BMDC treated mice displayed a low proliferation in vitro.
To demonstrate the role of iNOS, an inhibitor of iNOS (L-NMMA) was injected in
grafted mice receiving Tol-BMDC. The use of L-NMMA allowed the recovery of T-cell
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proliferation in treated mice (68). On the same way, another study demonstrated the
implication of iNOS in tolerance and T-cell proliferation. In this study, Tol-BMDC
from control and inos”” mice were differentiated with retinoic acid (RA) and pulsed with
OVA peptide in order to induce a lymphoproliferative response in OT-II T-cells. The
authors showed that inos” Tol-BMDC were unable to impair T-cell proliferation
comparing to control Tol-BMDC. This work demonstrated the immunosuppressive role

of Tol-BMDC expressing Arg-1 and iNOS (103).

Another enzyme related to nutrient deprivation is IDO. This enzyme metabolizes
tryptophan to kynuernine. IDO has been related to T, B and NK proliferation and
regulatory T-cell induction. On the other hand, IDO expression has been also associated
to DC differentiation, suggesting a dual role in immunogenicity and immunoregulation
(104). However, the suppressive mechanism mediated by IDO has been associated to
the products of tryptophan metabolism. In fact, a study performed in DC transfected
with adenovirus coding for IDO demonstrated that T-cell hypoproliferation was
associated to the IDO products 3-hydroxykynurenine, 3-hydroxyanthranilic acid but no
anthranilic acid nor quinolinic acid (105). In transplantation model, a recent study
demonstrated that IDO'BMDC improved cardiac allograft survival in rodents by
impairing CD4"T-cell proliferation through the induction of apoptosis (106).

Similarly to IDO the synthesis product of Heme oxygenase-1 (HO-1) has been also
associated to immunoregulation and Tol-BMDC. HO-1 catalyzes the reaction Fe-
Protoporphyrin-IX (Heme group) to biliverdin, ferrous iron and carbon monoxide (CO)
(107). CO has been related to a protective and anti-apoptotic role in several types of
cells. However, in lymphocytes it has been associated to proliferation and activation
inhibition (108,109). This immunomodulatory effect was already demonstrated in
several studies by the use of HO-1 inductor, the cobalt protoporphyrin (CoPP). In fact, a
study performed in pancreatic islet transplantation in mice demonstrated that the
pretreatment of allograft or mice recipient with CoPP or with CO improved allograft
survival. Interestingly, the treatment of both, allograft and recipient, results in an
increased rejection delay (110). In DC, HO-1 has been detected in immature DC. Our
group, we demonstrated that immature DC stimulated with HO-1 inductor CoPP,
preserved the immature DC state and leads to DC with low production of IL-12p70,
increased production of IL-10 and the ability to impair T-cell proliferation in human and

rats (111). In transplantation model, our group demonstrated that HO-1 was involved in
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tolerance induced by Tol-BMDC. In this study we demonstrated that heart allograft
survival increased by the use of Tol-BMDC was abrogated by the use of HO-1 inhibitor
tin protoporphyrin IX (SnPP) (112).

Alternatively, other molecules have been associated to Tol-DC and immunoregulation
such as thrombospondin-1 (TSP-1), PGE, and adenosine. In fact, a study aimed to
compare Tol-MoDC differentiated with different cytokines such as IL-10, IL-10/TGFf
and IL-10/IL-6 demonstrated the role of these molecules in vitro. The outputs of this
study demonstrated that IL-10/TGF3 generated Tol-MoDC lost its suppressive potential
in presence of ARL67156 (CD39 inhibitor, enzyme owing to the extracellular pathway
of adenosine synthesis) or indomethacin (PG inhibitor synthesis). On the other hand, the
suppressive potential of IL-10 and IL-10/IL-6 differentiated Tol-MoDC was abrogated
by IL-10 and TSP-1 inhibition (113).

Altogether, Tol-DC can act through different mechanism including those that are
dependent or independent from contact. Moreover, tolerance induced by Tol-DC can

also be associated to combined mechanisms and even other still unknown.

3.8. Tol-DC immunosuppressive cellular mechanisms

As it was already described in different transplantation models, Tol-DC are able to
prolong allograft survival. On one hand, the delay of graft rejection is driven bythe
inhibition of allograft-specific T-cell proliferation. On the other hand, the long term
survival of the graft is controlled by allograft-specific regulatory T-cells.
Transplantation models using Tol-DC have been demonstrated that they are able to
induce different types of regulatory T-cells such as classical CD4'CD25"FoxP3" as
well Tr1 cells, CD8 Treg, DN Treg (114) and Breg (59) (Figure 4)
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Figure 4. Regulatory cells induced by Tol-DC. Tol-DC can induce regulatory cells
such as CD4'CD25'FoxP3" T-cells, Tr-1, CD8'Treg and Breg. The
immunosuppressive potential of these induced-cells contribute to the regulation of

inflammation. The induction of iTr35 through Tol-DC remains unclear(19).

3.8.1. CD4" regulatory T-cell induction

The potential of allograft-specific CD4*CD25"FoxP3" T-cells in transplantation has
been already demonstrated. In fact, it has been demonstrated that the transplantation of
skin allograft from tolerant mice onto new recipient receiving donor skin allograft lead
to transfer of tolerance. This effect was not observed when third party skin allograft was
used. This experiment suggest, a donor specific tolerance transferred through regulatory
T-cells (115). Classical regulatory CD4"CD25FoxP3" T-cells usually display several
immunosuppressive mechanisms. For example, they express immunosuppressive-
related molecules such as CTLA-4 and Lag3. These molecules have been related to the

impairment of dendritic cell antigen presentation to T-cells. Treg also secrete
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immunomodulatory cytokines such as IL-10, TGFB and IL-35. Moreover, the high
expression of CD25 also leads Treg to compete with effector T-cells for IL-2. IL-2
deprivation in effector T-cells impairs proliferation and induce apoptosis (116,117).
Finally, several studies have shown that Treg synthesize adenosine, an
immunomodulatory molecule, through the ectoenzymes CD39 and CD73 (118). In
transplantation models, the induction of CD4"CD25"FoxP3" T-cells has been described
by several groups using Tol-DC therapy. For example, it has been shown in heart
allograft model in mice that, the treatment with Tol-BMDC generated with rapamycin
and pulsed with donor antigens increased were able to increase CD4*CD25*FoxP3™
population. Additionally, the adoptive transfer from tolerant mice to syngeneic mice
transplantated with heart allograft from the same source improved heart allograft
survival, suggesting that this induced CD4*CD25*FoxP3™ population was donor-
specific (75). In addition, a recent study performed by our group demonstrated that, the
treatment with Tol-BMDC and anti-CD3 in pancreatic islet allograft model lead to an
increase in CD4*CD25*FoxP3™ population in lymph nodes, spleen and graft (73).

Another regulatory CD4"T-cell population observed in Tol-DC models were Trl and
Trl-like cells (114). Tr1 cells are known to express CD49b and Lag3 but no FoxP3 and
secrete high amounts of IL-10 (119). About its generation, it has been shown that Tol-
MoDC generated with IL-10 induce Trl cells. Moreover, this induction is driven by
HLA-G/ILT4 pathway (51). In vivo, Trl have been related to an important role by
sustaining graft CD4*CD25*FoxP3" from the spleen in pancreatic islet allograft model
(120). Tol-MoDC generated with VitD3 has been shown to induce Tr1-like cells leading
to the inhibition of allogeneic T-cell proliferation (121). Interestingly, the induction of
this Trl-like is driven by PD1/PD-L1 pathway (54). On the other hand, another study
demonstrated that Trl-like cells (IL-10"FoxP3 CTLA4"CD25"Egr2*) can be induced
from anergic IL-10FoxP3'CTLA4"CD25'Egr2” T-cells following immature DC
interaction. These Trl-like cells are able to inhibit T-cell proliferation in vivo and in

vitro in a antigen-specific manner (122).

Finally, another regulatory CD4 T-cell population potentially associated to Tol-DC
therapy is 1TR35. iTR35 are a regulatory population that lead his immunoregulatory
potential through IL-35 but not IL-10 or TGFp production. Similarly to Trl, these cells
do not express FoxP3. About iTR35 induction, they can be generated in vitro by

addition of IL-10 and IL-35. In vivo these cells has been observed in intestine infection
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and cancer (123). About IL-35 expression, this cytokine is also highly expressed by Tol-
MoDC generated with dexamethasone and stimulated with IFNy, CD40-L or LPS (97).

However, today the induction of iTR35 by Tol-DC in vivo remains a conjecture.

3.8.2. Non CD4" regulatory T-cell induction

Tol-DC have been also related to the induction of other non CD4" T-cell population
such as regulatory CD8" T-cells and regulatory B-cells. Regulatory CD8"T-cell have
been less characterized than CD4" T-cells, however their contribution in
immunosuppression is not trivial. In mice and humans, the splenic population
CD8'CDI122"PD-1%, a regulatory population, has been related to an increase in allograft
survival (124). Moreover this population has been also associated to an anti-
inflammatory function in other models ( Dai et al., 2010). CD8Treg have been
observed in several transplantation models using Tol-BMDC therapy. For example, a
recent study performed in NHP treated with CTLA4-Ig and donor-Tol-BMDC prior to
kidney transplantation showed that treated NHP presented an increased proportion of
EomesoderminCTLA4"CD8*T-cells. This CD8" Treg population was associated to an
improvement in allograft survival (126). Moreover, in our group we demonstrated in
allograft skin transplantation model that, autologous Tol-BMDC and low dose of anti-
CD3 an increase in CD8'CD11c*T-cells in treated mice. Interestingly, the adoptive
transfer of this CD8 Treg population was able to increase allograft survival in new
transplanted mice. These results suggest that CD8"CD11c¢ T-cells induced by Tol-
BMDC can display an important role in donor-specific tolerance (74). Finally, in
humans it has been demonstrated in a clinical trial aiming to use immature pulsed DC to
immunize against influenza matrix peptide resulted in an induction of CD8+T-cells with

antigen-specific suppressive activity (127).

Regulatory B-cell for its part have been also observed in Tol-DC in transplantation
models. Different types of Breg have been decribed from immature state to plasma
cells. Similarly to T-cells, their suppressive role has also been associated to contact-
dependent mechanisms, IL-10, TGFB and IL-35 expression and cytotoxic activity
through Granzyme B (GrzB). Also, contrary to Treg, Breg immunosuppressive potential
have been also related to immunoglobulin secretion (128). In transplantation, the

tolerogenic effect of B-cells have been already demonstrated in several studies in
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rodents (129,130). In fact, a study demonstrated that the adoptive transfer of splenic B-
cells from tolerant animals were able to delay rejection in both heart allograft in rats and
skin allograft in mice (131,132). In humans, it has been reported an increase in
peripheral B-cells in transplatanted patients with stable kidney graft and without
immunosuppression(133,134). Interestingly, B-cells stimulated with CpG and CD40 are
able to inhibits CD4°CD25 polyclonal proliferation through contact-dependent
mechanisms involving GrzB production(135). In the same context than tolerant patients,
an increase in B220"CDI11c¢” B-cells in blood patients during the first 6 weeks of
treatmentin was found in a clinical trial performed in T1D patients treated with Tol-
MoDC(59). Later, the same group already demonstrated in NOD mice models after Tol-
BMDC treatment an expansion of pre-existing IL-10"B-cells. The authors suggested
that this expansion of IL-10"B-cells could be related to the retinoic acid production by
Tol-BMDC (136). However, the role of Tol-DC induced Breg in allograft tolerance

remains unclear.

Altogether, these results demonstrated that Tol-DC therapy is able to induce a large
spectrum of regulatory cells in order to control the long term tolerance of transplanted

organ in animal and humans.

3.9. Tol-DC in clinical trials

Apart from all the works cited above, the use of DC for therapy has a background of
more than 20 years. In fact, the first trial with DC dates back at 1995. In this trial, three
immunocompentent patients with advanced melanoma were treated with autologous DC
pulsed with MAGE-1 nonapeptide. The rational of this work was based on the fact that
DC could present MAGE-1 peptides to T-cells and enhance the anti-tumour response.
However, the outputs of this work do not reveal any therapeutic response. Nevertheless,
the intradermal injection of autologous DC seemed reasonably safe (137). Further, in
1999, it was observed for the first time a biological effect lead by DC therapy. In this
work, nine healthy individuals were injected subcutaneously with DC pulsed with
keyhole limpet hemocyanin (KLH), HLA-A*0201-positive restricted influenza matrix
peptide (MP) and tetanus toxoid (TT). The results showed a sensitization against these
antigens observed by antigen-specific proliferation of CD4" T-cells against KLH, TT
and CD8" T-cell specific response against MP in most individuals (138). After this
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work, the same team demonstrated that the injection of immature DC pulsed with MP
and KLH lead to a CD8" antigen specific hyporesponsiveness. Moreover, they observed
an increase in IL-10 producing cells among MP specific stimulation. These results
suggested for the first time the immunoregulatory potential of DC for therapy (139).
During the following decade, DC therapies were mainly focused on cancer and anti-
viral immunotherapy rather than in autoimmune diseases and transplantation (Table 3).
It was not until 2011 that the first clinical trial using Tol-MoDC in T1D patients was
performed. In this double-blind study, 10 healthy insulin-requiring type I diabetic
patients were treated with Tol-MoDC and then monitored during one year. In this study,
Tol-MoDC were generated by genetic modification using ODN anti-CD40, anti-CD80
and anti-CD86, injected intradermally and at biweekly frequency for a total of 4
administrations. Groups were separate between those who received ODN modified Tol-
MoDC and those who receive control Tol-MoDC. Any adverse effect was observed
during the trial. On the other hand, the only parameter suggesting biological effect was
an increase of B220°CD11c B-cells during the first 6 weeks (59). After this work,
another clinical trial was performed, this time in rheumatoid arthritis (RA) patients. In
this study, 18 HLA-postive RA patients with minimal disease activity were treated with
Tol-MoDC. In this trial, patients were treated with a single dose containing 1 or 5
millions Tol-MoDC. Tol-MoDC were generated with Bayl1-7082, an NF-xB inhibitor,
and pulsed with 4 citrulinated peptides antigens named ‘“rheumavax”. The outputs of
this study showed, on one side the safety of therapy and on the other side, a biological
effect. The authors observed an increase in circulating regulatory T-cells, a decrease of
IL-15, IL-29, CX3CL1 and CXCL11 in serum and a decrease of IL-6 production by T-
cell response to vimentingsy4ss-Cit450 (79). A third clinical trial was performed in
refractory Crohn’s disease patients. In this study patients received Tol-MoDC generated
with dexamethasone and stimulated with cytokine cocktail containing IL-1p, IL-6,
TNFa and PGE,. The administration route was intraperitoneal and cohorts were split by
patients receiving 2, 5 or 10 millions cells in a single dose or biweekly. This clinical
trial was monitored for one year. The outputs of this study showed an increase in
circulating regulatory T-cells and a decrease in IFNy. However, the authors do not
demonstrated any correlation with the clinical response (57). Finally, the most recent
study was performed in rheumatoid and inflammatory arthritis patients. In this clinical

trial, 13 patients were divided in 4 cohorts, 3 receiving 1, 3 and 10 million Tol-MoDC
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and a control cohort receiving saline solution. Tol-MoDC used in this study were
generated with dexamethasone and VitD3 and loaded with synovial fluid. The outputs
of this work showed the feasibility and safety of the therapy. About biological effect,
the scores of hypertrophy, vascularity and synovitis were stable in all patients.
Nevertheless, two individuals receiving 10 million Tol-MoDC displayed a decrease in
synovitis score (80). Finally, two ongoing clinical trials using Tol-DC has published
preliminary results, one in the context of liver transplantation and the other in the
context of multiple sclerosis (MS) and neuromyelitis optica (NMO). In liver
transplantation clinical trial, one patient HLA-B12" was treated 7 days before the
transplantation with donor HLA-A3" regulatory DC (DCreg). These DCreg were
generated using GM-CSF, IL-4, VitD3 and IL-10. The injection was intravenous at a
concentration of 5 million cells/Kg. No adverses effects were observed after infusion.
Interestingly, at the time of transplantation cross dressed DC has been observed
displaying HLA molecules from both donor and recipient. Moreover, these cross
dressed DC exhibit low levels of IRF4, and high levels of PD-L1 and FoxP3. The
authors suggest that these cross dressed DC could lead to immunoregulation in vivo
(140). The second ongoing clinical trial, in the context of of MS and NMO
demonstrated no adverses effects of Tol-DC infusion. This trial was performed using
Tol-DC differentiated with dexamethasone and loaded with diseases relevant peptides.
Tol-DC were administered every 2 weeks for a total of three injections. Interestingly,
ELISPOT assay showed an increase in IL-10 and a decrease in IFNy production (141).
Apart from these studies there are many other ongoing in different pathologies and
conditions such as in asthma (NCTO01711593), multiple sclerosis (NCT02618902,
NCTO02283671, NCT02903537), type 1 diabetes (NCT02354911), Crohn’s disease
(NCT02622763), Rehumatoid arthritis (NCT03337165) and liver transplantation
(NCT03164265). Among the ongoing studies, we supervised a phase I/II clinical trial in
kidney transplantation (NCT02252055) as a part of the ONE study consortium (27). In
this trial, autologous-Tol-MoDC generated with low dose of GM-CSF are being
injected in patients the day before transplantation by intravenous route at a dose of one

million/Kg.

Altogether, these results constitute the basis of the feasibility and safety of Tol-MoDC
therapy. For the moment, no toxicity have been related to the therapy. However, due to

the short list of clinical trials performed until today is hard to evaluate the efficiency. It
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is necessary to evaluate the adequate cell doses and combinatory drugs to improve this

therapy in further phases of clinical trials.

Clinical trial Number of Conditions Injection Cells Protocol Properties Safety profile
patient injected
Type 1-Diabetes 10 healthy 3 patients Biweekly 10 millions Recipient TolDC Increase in B220" No adverse
insulin- injected with modified with ODN CD11c B-cells during effects observed
requiring TolDC non anti-CD40/80/86 the firsts 6 weeks of
type | manipulated treatment
diabetic 7 patients
patients injected with
TolDC
manipulated
Rheumatoid 18 HLA 9 patients treated Single dose Low dose: 1 TolDC modified with Increase in circulating No adverse
arthritis positive RA with a high dose million NF-xB inhibitor and regulatory T cells effects observed
with minimal and 9 with a low TolDC; pulsed with 4
disease dose of ToIDC High dose: 5 citrulinated peptides Decrease in serum
activity millions cytokines IL-15, IL-29,
patients TolDC CX3CL1 and CXCL11
Decrease in T-cell IL-6
response against the
vimentingg;.455-Cit450
Refractory Crohn’s 12 refractory 3 cohorts Single dose 2,50r10 TolDC stimulated with Increase in circulating Three patients
disease Crohn’s receiving 2, 5 or or biweekly millions dexamethasone and regulatory T-cell withdrew
disease 10 million TolDC cytokine cocktail (IL-6, because of a
patients in a single dose TNF-a, IL-1B, Decrease in IFNy in disease
and 3 cohorts Prostaglandin E,) blood worsening. No
biweekly. Two adverse effects
patients in each observed in the
cohort other six patients
Rheumatoid 12 patients 3 cohorts Single dose 1,3,10 Tol-MoDC No biological effect in No adverse
arthritis and receiving 1, 3 or million cells differentiated with Dex blood effects
inflammatory 10 million Tol-DC and loaded with
arthritis and 1 receiving autologous synovial Decrease in synovitis
saline solution fluid score in 2 patients
receiving 10 million
cells
Liver Ongoing Patient receive Single dose 5 million/kg Donor Tol-MoDC Presence of cross No infusion
transplantation donor DCreg atday 7 differentiated with dressed DC in blood reaction or
(NCT03164265) before VitD3 and IL-10 with HLA from cytokine release
transplantati recipient and donor. post injection
on
Multiple sclerosis 6MSand 3 Single group Every two Not listed Tol-DC generated with Increase of IL-10 and No adverses
(MS) and NMO receiving Tol-DC weeks for a dexamethasone and decrease of IFNy in effects were
neuromyelitis patients total of loaded with diseases ELISPOT assay observed
optica (NMO) (Ongoing) three relevant peptides
(Ongoing) administrati
(NCT02283671) ons
Asthma Estimated 2 cohorts (Allergic In vitro In vitro Immune tolerant DC (it- No results yet Completed, not
(NCT01711593) enrolment of asthmatics and DC) published yet.
20 allergic healthy controls
asthmatic
patients and
10 healthy
controls
Multiple sclerosis Estimated Not listed Not listed 5,100r 15 Myelin-derived peptide Study not yet open Study not yet
(NCT02618902) enrolment of million cells pulsed-TolDC generated opened
9 Patients with VitD3
with MS
Kidney 10 enroled Single group Once before 1 million Low dose GM-CSF- No results yet Ongoing
transplantation and 8 treated receiving Tol-DC the cells/Kg TolDC
(NCT02252055) intervention body weight
Multiple sclerosis 16 estimated Three cohorts 4 injections 5,100r15 Autologous Tol-DC No results yet Ongoing
(TOLERVIT-MS) patients receiving 5, 10 or at two million cells tolerized with VitD3 and
(NCT02903537) enrolled 15 million cells. weeks of pulsed with myelin
interval and peptides
2 final
injections at
the interval
of 4 weeks
Cronh’s disease 20 estimated Not listed Not listed 10-100 MoDC generated with No results yet Ongoing
(TolDecCDintra) patients million cells dexamethasone
(NCT02622763) enrolled
Rehumatoid 15 estimated Five cohorts Single intra 1,3,5,80r Tol-DC generatied with No results yet Ongoing
arthritis patients receiving one articular 10 million IFNo. and
(NCT03337165) enrolled doseof 1,3,5,8 injection cells dexamethasone
or 10 million cells
Type 1 diabetes 24 estimated 12 patients 4 injections 10 million Recipient TolDC No results yet Ongoing
(NCT02354911) patients receiving TolDC at two cells modified with ODN
enrolled and 12 receiving weeks of anti-CD40/80/86
shams injection interval 2
as control. weeks

Table 3. Clinical trials using Tol-DC.
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4. Metabolism and immunometabolism

Since the last decades, there is an accumulation of evidences implying that cell
metabolic alterations and metabolic networks have an impact on immune cells
functions. Initially, the interest on metabolic implications on immune cells was a topic
mainly related to tumour microenvironment and metabolic alterations such as obesity
and diabetes. Nowadays, the recent growing interest in immunometabolism has allowed
to understand deeply the immune response and to discover new targets and approaches
for new therapies. However, the research on immunometabolism is still embryonic due
to the complexity of metabolic fluxes, and the differences between the regulations of

metabolism in immune cells.

4.1. General metabolism

The Embden-Meyerhoff-Parnas pathway (Glycolytic pathway), Krebs cycle
(Tricarboxylic acid cycle) and the electron transport chain (ETC) are the main pathways
that allow to generate energy in animal cells. This energy is stored as ATP, NADH and
NADPH. In order to regenerate these molecules and survive, cells adapt their own
metabolism depending of their function, activation state and nutrients and oxygen
availability. These adaptations can consist on the use of different substrates such as
glucose, lipids and amino-acids as well as to favor a metabolic pathway instead to
another such as, for example, the oxidative to glycolytic metabolic shift during T-cell
activation (142). Furthermore, intracellular and extracellular events can modify cell
metabolism. For example, it is well known that insulin induce a rapid glucose intake in
skeletal muscle cells by stimulating the translocation of glucose transporter type 4
(GLUT4) (143). On the other hand, at intracellular level, differences in AMP/ATP ratio
can be sensed by AMP-activated protein kinase (AMPK), a metabolic regulator that
senses the excess of AMP, leading to an increase in ATP generation and inactivation of
pathways that consume ATP (144). In fact, the metabolism is tightly regulated by
different signaling pathways, enzymatic substrates and cofactors availability, allosteric
modifications and transcription (142). In order to simplify these events we will develop

metabolism in terms of nutrients and metabolic regulators.
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4.1.1. Nutrients and bioenergetics

In general, animal cells can use a large spectrum of nutrients such as monosaccharides,
lipids and amino-acids (Figure 5). Monosaccharides such as glucose can be uptaked by
cells, usually by two transporter types, SGLT and GLUT. SGLT are sodium-glucose
linked contransporters. These transporters are commonly associated to the glucose
intake in the intestine and glucose reabsorption in the kidney. GLUT are facilitated
diffusion glucose transporters and there are three classes: Class [ (GLUT1 to 4), Class II
(GLUTS, 7, 9 and 11) (also related to fructose transport) and Class III (GLUT®6, 8, 10,
19). The expression of these transporters is variable between tissues (145). Once in the
cell, glucose can be phosphorylated by Hexokinase (HK) in most part of cells or by
Glucokinase (GCK), mainly in hepatocytes (146). Once at the state of glucose-6-
phosphate (G6P), the metabolite can be derived to the glycolytic pathway or on the
other hand, to the pentose phosphate pathway (PPP). The PPP have several functions in
cells related to carbon homeostasis, amino-acids (Histidine, Tyrosine, Phenylalanine,
Tryptophan) and nucleotide precursors synthesis, regeneration of NADPH, and
oxidative stress reduction (147). Through the glycolytic pathway, G6P is metabolized
into two molecules of pyruvate. Through this catabolic pathway, several metabolic
intermediates can be used to synthesize amino-acids such as glycine, serine, cysteine,
valine, alanine and lysine. Glycerol can also be generated from dihydroxyacetone
phosphate (148). At this point, pyruvate can be transformed in lactate in the cytoplasm
or in acetyl-CoA in mitochondria. Once in mitochondria acetyl-CoA is oxidized in
Krebs cycle. In the same way that all previous steps, different metabolites from cell
cycle can be used as substrate for amino-acid synthesis. Moreover, through the citrate
shuttle, citrate can leave the mitochondria and be used as fatty acid and cholesterol
precursor. It is important to note that depending on the pyruvate fate the energetic
balance will be different. From 1 molecule of glucose through the glycolytic pathway, 2
molecules of pyruvate, 2 molecules of ATP and 2 molecules of NADH are synthesized.
In the mitochondria, from the two molecules of pyruvate, in the oxidative
decarboxilation 2 molecules of NADH are synthesized, and during the Krebs cycle, 2
molecules of GTP, 6 molecules of NADH and 2 of FADH,. The oxidation of NADH
through the electron transporter chain leads to the production of 28 molecules of ATP.

In total, from one molecule of glucose, 32 molecules of ATP and 2 cytosolic molecules
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of NADH are produced. Whereas oxidative glycolysis just produce 2 molecules of ATP
and no NADH. However, even if oxidative glycolysis appears as a waste of energy, the
kinetic of this pathway is faster than oxidize glucose through mitochondria. This
metabolism it is essential in cells that need large amounts of ATP very quickly such as

skeletal muscle during exercise or during T-cell activation (149).

On the other hand, cells can use other substrates in order to generate energy. Fatty acids
(FA) are highly energetic molecules. For example, the mitochondrial oxidation of one
molecule of the palmitic acid (Short fatty acid), lead to the production of 129 molecules
of ATP. Furthermore, the transition from acyl-CoA to acetyl-CoA liberates FADH, and
NADH in addition to those derivate from Krebs cycle. Transport of lipids across the cell
membrane can be directed by different mechanisms such as passive diffusion, active
transport, translocation or endocytosis (150,151). Once in cell, lipids can reach and
merge different structures such as ER, they can also accumulate as lipid droplets, be
oxidized through beta-oxidation or even act as ligands for transcription factors such as
peroxisome proliferator activated receptor (PPAR) family (152). Amino-acids are less
energetic substrates whom catabolic derivates can join glycolysis or Krebs cycle at
different reaction point (Depending on the amino-acid). Amino acids catabolism is
essential for several cell types in particular conditions, such as glutamine during T-cell
activation (153). Finally, other metabolites such as ketonic bodies and lactate can also
be oxidized by cells. From ketonic bodies (-hydroxybutirate and acetoacetate), the
yield of acetyl-CoA synthesized is 2 molecules (154). On the other hand, lactate

oxidation leads only to one molecule of acetyl-CoA.

Interestingly, different cells in different conditions, can use different combined catabolic
routes. Moreover, through metabolic sensors, cells are able to inhibit some routes in

order to favor others. The priority is to staying alive.
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Figure 5. Main metabolic pathways. Cells can use a large spectrum of metabolites in
order to obtain energy. Glucose can be uptaked by SGLT and GLUT transporters and
then be metabolized to lactate or oxidized through the tricarboxylic acid cycle (TCA) at
the mitochondria or on the other hand be metabolized at the PPP. Lipids can be uptaked
by endocytosis, active transport or simple diffusion. Once in the cell, lipids can
accumulate in lipid droplets or can be oxidized at the TCA. Other metabolites such as
ketonic bodies, lactate or amino-acids are also oxidized at the mitochondria. On the
other hand, the intermediates of all these metabolic pathways can be use to synthesize
amino-acids, nucleotides, lipids, glucose and other molecules. Glucose (Glc), Glycerol
(Gly), Amino acids (AA), Lactate (Lac), Ac-CoA (Acetyl-CoA), Ketonic bodies (KB),
Lipid droplets (LD), Glutamate (Glu), Glutamine (GIn), B-oxidation (3-OX).

4.1.2. Metabolism regulation

As it was previously mentioned, functional metabolic networks are fixed by cell lineage
and microenvironment. Additionally, metabolic adaptations can be modulated at short
and long term. These adaptations can be led by de novo synthesis of transcription
factors, specific enzymes isoforms and regulatory factors, post-translational enzyme

modifications or even through the allosteric effect of metabolites in specific reactions.
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However, at long term, there are several regulatory proteins that have been suggested as
master regulators of metabolism such as AMPK and mammalian target of rapamycin 1
(mTORT1) (Figure 6) (142). AMPK is a trimeric heteroprotein formed by one catalytic
o subunit and two regulatory 3 and y subunits. AMPK is a highly conserved master
regulator of metabolism able to senses the increase in AMP/ATP ratio. The increase in
AMP/ATP is usually the consequence of a decrease in energy production or an excess
in ATP use, which in terms of homeostasis means lack of energy for his current
purpose. AMPK is regulated in different ways apart from the sensing of AMP/ATP
ratio. In fact, AMPK can be activated by phosphorylation by other proteins such as
calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK?2) in response to
calcium increase and also by liver kinase B1 (LKB1) in response to oxidative stress or
genetic damage. Once activated, AMPK function is essentially focused on the inhibition
of ATP consuming processes and the enhancement of ATP producing processes. In
order to increase ATP, AMPK phosphorylate proteins related to fatty acids oxidation,
glycolysis, glucose uptake, autophagy, mitophagy and mitochondrial fusion. On the
other hand, AMPK also drive the inhibition of lipogenesis, gluconeogenesis and protein
synthesis (155). Additionally, AMPK also activates other metabolism regulators related
to oxidative metabolism such as sirtuin type 1 (SIRT1), responsible of the expression of
PPARy-coactivator 1-a (PGCla) and carnitine palmytoiltransferase 1 (CPT1), related
to mitochondrial biogenesis and fatty acid oxidation. Also FoxO is a transcription factor
related to AMPK activation. FoxO, is related to the increase of anti-oxidative response
and the increase of oxidative metabolism (156). On the other hand, AMPK is
responsible of the inactivation of mTORI1, another metabolic sensor related to oxidative

glycolysis and cell growth (157).

AMPK can regulate metabolism by sensing energy levels in cells, however, other
proteins can also modulate metabolism by cell signaling in response to inner and outer
stimuli such as PPAR family, mTOR1 and mTOR?2, hypoxia-inducible factor 1-o
(HIF1a) and Myc among others. PPAR family is related to lipid metabolism in response
to different types of lipids (fatty acids, eicosanoids, prostaglandins, etc...). In a
simplistic view, PPARa induce lipid intake and oxidation, PPARPB/S are related to fatty
acid and glucose oxidation and PPARYy is related to lipogenesis (158). mTOR is a
protein kinase related to cell proliferation and growth. mTORI1 is formed by mTOR,
Raptor, mLST8 and the inhibitory subunits DEPTOR, PRAS40 and FKBP12-rapa
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meanwhile mTOR2 own Rictor instead of Raptor and is associated to inhibitory
molecule DEPTOR and regulatory molecules Proto1/2 and mSinl. About the activation,
mTOR2 is usually activated by phosphatidylinositiol (3,4,5)-triphosphate (PIP3),
synthesized by phosphoinositide 3-kinase (PI3K), an enzyme downstream the signaling
of growing factor receptors. On the other hand, mTORI1 can be activated by a large
spectrum of stimuli such as by downstream signaling of growing factor receptors or
through protein kinase B (Akt) signaling. Interestingly, mTORI is very sensitive to the
metabolic state and can be inhibited by the lack of glucose or amino-acids. Due to the
implications in cell growth and cell division, mTOR1 activation lead to an increase of
anabolic routes such as nucleotides and lipid biosynthesis, increase of glucose
metabolism through HIF1a synthesis, protein turnover and mRNA translation. mTOR2
for his part, is related to apoptosis inhibition, cell migration, cytoskeleton rearrangement
and ion transport (159). Other metabolic regulators such as Myc and HIF1a are related

with oxidative glycolysis and will be discussed further.
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Figure 6. Metabolic regulation by AMPK and mTORI1. Different master regulators
such as AMPK and mTORI control cell metabolism. AMPK can be activated by
phosphorilation through LKB1 or CAMKK?2 or through the sensing of AMP excess.
After activation, AMPK phosphorilates different regulators such as FoxO or SIRTI,
among others. AMPK activation lead to a decrease in energy spending by favoring the
energy generation. mTORI1 can be activated by different pathways such as through
mTOR2 or AKT among others. The activation of mTORI1 lead to an increase of
catabolism by favoring glycolysis and also the increase of anabolic routes in order to

prepare cell for protein synthesis, growth and cell division.

Apart from these metabolic sensors other enzymes can be affected by the accumulation
of metabolites or energetic molecules (Figure 7). In mitochondria, the activity of

pyruvate dehydrogenase (PDH) is controlled by inhibitory phosphorylation by the
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pyruvate dehydrogenase kinases (PDKs) and the pryruvate dehydrogenase phospatases
(PDPs). The inhibitory phosphorilation by the different isoforms of PDK lead to a
decrease in pyruvate to acetyl-CoA conversion, resulting in a decrease in pyruvate flux
to the mitochondria. PDK isoenzymes are activated by the sensing of ATP, Acetyl-CoA
and NADH, and negatively regulated by pyruvate. This mechanism impairs the
accumulation of Krebs cycle intermediates from different sources. In fact, this
regulation inhibits glucose oxidative when lipid oxidation is the main oxidative
substrate (160,161). Additionally, enzymes from the glycolytic pathway can also be
regulated by metabolites. The inhibition or reduced kinetic lead by these metabolites at
precise points of certain pathways can reduce drastically the -catabolic flux.
Phosphofructokinase 1 (PFK-1) is an enzyme that regulate the first irreversible reaction
of glycolysis and it is a critical enzyme for the determination of glycolytic flux. It has
been shown that excess of ATP and citrate generated through the lipolytic pathway can
inhibits PFK-1 activity. On the other hand, AMP and fructose 2,6-bis phosphate are
allosteric activators. This type of regulation suggests that during lipid oxidation,
glycolytic pathway can be reduced at PFK-1 level (162). PDK and PFK-1 regulation are

just few examples among others from the extremely complex metabolic regulation.
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oxidation. Oxidative use of pyruvate can be impaired by metabolic intermediates. In
mitochondria, the excess of acetyl-CoA lead to the inhibition of PDH and in
consequence the inhibition of pyruvate to acetyl-CoA reaction. This inhibition occurs
through the acetyl-CoA, ATP and NADH sensing by the PDK, the negative regulator of
PDH. On the other hand, the TCA intermediate citrate can leave the mitochondria
through the Citrate/Malate shuttle and inhibits PFK-1. PFK-1 catalyzes the first
irreversible reaction of glycolysis and it is essential to control the gycolytic flux. Both

mechanisms reduce glucose oxidation.

In conclusion, metabolism can be regulated depending of cell type and
microenvironment by different mechanisms. Additionally to the mentioned
mechanisms, there are many others such as the enzyme modification or inhibition or

activation by metabolites accumulation.
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4.2. Immunometabolism

The most part of immune cells require a highly plastic metabolism in order to maintain
their functions. Indeed, immune cells need to adapt rapidly their metabolism to the
modifications induced by chemoattraction, activation and differentiation among others.
Interestingly, among the different types of immune cells, it happens that the same
stimuli can induce two different responses in ontologically closed cells displaying
different metabolisms. For example, effector T-cells and regulatory T-cells can induce
immunogenicity or tolerance, concretely, to the same antigens, and both cells display a
different metabolism. Effector T-cells are usually glycolytic cells meanwhile regulatory
T-cells are highly oxidative (163). On the other hand, immune cells are subjected to the
same regulators than other cells. In this part, only macrophage, DC and CD4 T-cell

metabolisms will be discussed.

4.2.1. Macrophage metabolism

Macrophages are a perfect example of metabolic and functional shift model in myeloid
cells. On one hand, macrophages can polarize to a pro-inflammatory (M1) phenotype
characterized by the production of pro-inflammatory cytokines such as IL-1f, TNFa,
IL-6 and other molecules such as NO. This differentiation can be induced in presence of
danger signals such as PAMPs and DAMPs among other stimuli. Funtionally, M1
macrophages are specialized on the elimination of harmfull agents. On the other hand,
macrophages can also differentiate to an anti-inflammatory phenotype (M2)
characterized by the production of vascular endothelial groth factor (VEGF), IL-10,
TGFB and poly amines. This phenotype can be induced in the presence of IL-4 or
apoptotic bodies among other stimuli. Functionally, M2 macrophages are specialized in
wound healing and tissue repairing (164). Interestingly, M1 and M2 macrophages
display opposit metabolisms. M1 macrophages display a highly glycolytic metabolism
meanwhile M2 macrophages display an oxidative metabolism. Both types of
metabolisms are essentials to maintain M1 and M2 functions. For example, after pro-
inflammatory stimulation, M1 macrophages increase the glycolytic flux resulting in an
increase in pyruvate formation. This pyruvate is metabolized to lactate via the lactate
dehydrogenase (LDH) but also is metabolized to acetyl-CoA at mitochondria. It is

important to note that M1 macrophages repress PDK1 and in consequence acetyl-CoA
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synthesis from pyruvate can not be inhibited. Moreover, M1 macrophages TCA is
truncated at several reaction points. TCA truncation leads to the accumulation of several
metabolic intermediates and a decrease in oxidative capacity. Once in mitochondria,
acetyl-CoA is metabolized to citrate which it will acumulate due to the lack of isocitrate
dehydrogenase (IDH). Citrate can be then metabolized to itaconate (anti-baterial
metabolite and inhibitor of succinate dehydrogenase (SDH)) or can be used as carbon
source for “de novo” lipogenesis. On the other hand, M1 macrophages consume high
amounts of glutamine. In M1 macropahes glutamine is used to fill TCA metabolites
pool. However, SDH is also reduced such as IDH. The accumulation of succinate has
been shown to stabilize HIF1a leading to the expression of pro-inflammatory cytokines.
Finally, M1 macrophages display also a highly active PPP in order to support lipid
biogenesis and NO production through iNOS. On the other hand, M2 macrophages
display an oxidative metabolism mainly based in lipids and amino acids oxidation and a
low glycolysis. Differently from M1, M2 macrophages do not have a truncated TCA.
Functionally, M2 macrophages metabolize arginine through Argl in order to generate

polyamines and L-Proline, essentials for colagen synthesis and wound healing (165).

Interestingly, metabolic landscape of macrophages share several characteristics with

DC.

4.2.2. Dendpritic cells metabolism

Monocytes, resting DC, pro-inflammatory DC and Tol-DC display different types of
metabolisms (Figure 8). During the differentiation of monocyte to MoDC with IL-4 and
GM-CSEF, it has been shown that lipid biosynthesis regulated by PPARY is necessary for
the correct development. In fact, during differentiation, PPARy upregulates glucose
oxidative metabolism, also through mitochondriogenesis induced by PGCla, leading to
an increase in Krebs cycle activity and citrate release for lipogenesis (166). Once
differentiated, resting MoDC display a low and oxidative metabolism based mainly on
lipids and amino-acids oxidation. On the other hand, the use of glucose by resting DC
has been suggested as a source for lipid biosynthesis in order to oxidize them and
serving as a futile cycle to maintain mitochondrial health (167). Once activated by TLR
signaling, MoDC shift from an oxidative metabolism to a highly glycolytic metabolism,

in part, by producing NO through iNOS and leading to an inhibition of electron
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transport chain. This increase in glycolytic pathway serves to DC mainly to produce
ATP but also to synthesize lipids by increasing citrate export from mitochondria in
order to expand ER and Golgi. PPP is also increased in activated DC in order to
regenerate NADPH to use them for lipid biosynthesis. De novo lipid synthesis is
essential for DC maturation, migration, function and cell priming. In fact, it has been
suggested that in part, the immunogenicity of DC is driven by their lipogenic anabolism
(168). Interestingly, the use of drugs related to lipid oxidation induction, such as
resveratrol, a PPARY agonist, on MoDC differentiation lead to DC with tolerogenic
proprieties. These resveratrol induced Tol-DC have a low expression of costimulatory
molecules CD40, CD80 and CD86, produce 1L-10 but no IL-12p70 and they are able to
inhibit CD4"T-cell proliferation and migration. Interestingly, contrary to other Tol-DC,
these cells were unable to induce CD4FoxP3" Treg (169). On the same context, as it
was previously described, the Tol-MoDC can be also generated with another metabolic-
related drug, the rapamycin. Rapamycin is an inhibitor of mTORI, the regulatory
protein that lead to cells growth. It is interesting to note that rapamycin effect on mature
MoDC lead to an increase in pro-inflammatory activity meanwhile immature DC treated
with rapamycin and maturated with TLR ligands lead to MoDC with tolerogenic
potential (170). This dual role of mTORI1 depending of the context suggest that
metabolic requirements for differentiation are essentials for MoDC function (170).
Interestingly, it has been shown that resveratrol also affects mTOR1 activation through
AMPK, suggesting that both mechanisms could be related by similar mechanisms in
MoDC metabolism (171). In the case of other Tol-DC, it has been shown that Tol-
MoDC induced with dexamethasone and VitD3 overexpresses genes related to lipidic
oxidative metabolism (172,173). Altogether, researches on Tol-DC metabolism

converge on similar evidences. Tol-DC display an lipid oxidative metabolism.

About glucose metabolism, several studies have reported a high activity of aerobic
glycolysis in Tol-DC. In a recent study aiming to depict the metabolic role related to
tolerance in Tol-MoDC differentiated with dexamethasone and VitD3, the authors
demonstrated that high glycolytic rate during differentiation is essential for the
tolerogenic function in this cells. In fact, the authors demonstrated that the inhibition of
PDK, the regulatory protein that inhibits pyruvate oxidation in mitochondria, led to a
lower hypostimulatory potential and a decrease in IL-10/IL-12p70 ratio in Tol-MoDC.

These results were no observed in addition of etomoxir, an inhibitor of lipid transport
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into mitochondria. These results suggest that Tol-MoDC tolerogenic profile is regulated
by glucose oxidation rather than lipid oxidation during differentiation. Additionally, the
authors demonstrated that the axis PI3K-Akt-mTOR is essential for the maintaining of
glycolytic rate and tolerogenic function during differentiation (174). Another study
using also Tol-MoDC generated with dexamethasone and VitD3 confirmed the previous
results, showing that these cells present a highly glycolytic metabolism. The authors
also demonstrated that Tol-MoDC comparing to MoDC, displayed a higher basal
oxygen consumption rate and spare respiratory capacity. Additionally, and confirming
lipid data from the previous works, Tol-MoDC induced with VitD3 displayed a higher
fatty acid oxidation index comparing to mature MoDC and an enhanced expression of
lipid oxidation metabolism genes. Finally the authors demonstrated that Tol-MoDC
activated with LPS and incubated with etomoxir abrogate partially allogeneic T-cell

activation. suggesting that lipid oxidation is necessary to keep their function (175).

Altogether, these results showed that Tol-DC display a highly functional metabolism in
terms of oxidative metabolism and aerobic glycolysis in order to maintain their

functions.
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Figure 8. DC metabolism during and after differentiation. DC display a variable
metabolism depending on the maturation and activation state. During differentiation to

DC, monocytes require a highly glycolytic metabolism in order to synthesize lipids. In
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this purpose PPARY represents an essential transcription factor to maintain the oxidative
glucose metabolism and lipid biosynthesis. Once differentiated, DC display a low
metabolism based mainly in lipids and glucose oxidation. After activation by TLR
stimuli, DC increase aerobic glycolysis and PPP in order to synthesize lipids and
proteins. Additionally, activated DC reduce their oxidative capacity by the production
of NO through iNOS. Finally, Tol-DC display a highly active metabolism by using

aerobic glycolysis and lipid oxidation.

4.2.3. General features of CD4"T-cell metabolism during activation

Nowadays it is not possible to generalize about T-cell metabolism. Different subsets of
CD4'T-cells such as Thl, Th2, Thl17 and Treg display different metabolism.
Additionally activation state and microenvironment also have an impact on their
metabolism. The regulation of metabolism is essential to maintain their function and
survival. In fact the lack of a concrete nutrient during activation can lead to apoptosis in
the same way that lack of regulation can drive to over-activation and uncontroled
inflammation (176). Despite the complexity, a classical metabolic model has been
established representing the basis of T-cell activation (Figure 9). This model explains
the metabolic shift from resting T-cells to activated T-cells. Resting T-cells required
very small amounts of energy in order to maintain homeostasis. The most part of this
energy is obtained from glucose, glutamine and lipids through the oxidative metabolism
(163). Following TCR stimulation by MHC peptide presentation several signaling
pathways are activated. On one hand, activated phospholipase C-y (PLCy), processes
phosphatidylinositol (4,5) bisphosphate (PIP2) into diacylglycerol (DAG) and inositol
triphosphate (IP3). IP3 is then sensed by IP3 receptor at the ER leading to the release of
calcium and activation of calmodulin and NFAT. DAG activates Ras and PKC leading
to the activation of NF-xB and mitogen-activated protein kinase (MAPK) pathways. On
the other hand, TCR activation lead to the activation of a critical regulator factor related
to T-cell activation, the protein kinase B also named Akt. Akt has a central role on the
T-cell metabolic shift due to its control on mTORI1 activation. On the other hand, Akt
also controls other functions such as apoptosis repression and cell cycle progression.
Interestingly, same as for Tol-DC generated with VitD3, the axis PI3K-Akt-mTORI1 is
essential for the induction and maintaining of glycolysis in T-cells. In fact, TCR

activation drives T-cell metabolism to the preferential pathway of aerobic glycolysis.

57



This activation is sustained by the enhancement of glucose intake through Akt signaling
and GLUT]1 translocation to the membrane, but also through the uptake of glutamine.
Glucose is mainly metabolized through the aerobic glycolysis and PPP meanwhile
glutamine serves as substrate for lipid biosynthesis. The classical model of metabolic
shift is useful to understand T-cell metabolism during activation. However, apart from
TCR signaling, there are other signals that must be considered such as those coming

from costimulatory molecules or cytokine receptors.

The different subsets of CD4"T-cells add an additional complexity to the understanding
of T-cell metabolism. However, years of research focused on T-cell metabolism have
allowed finding some singularities on T-cell metabolism among the different subsets. In
fact, it is well accepted that effector T-cells are relied to glycolytic metabolism with
increased mitochondriogenesis and reactive oxygen species (ROS) production and
increased biosynthesis of lipid, nucleotides and aminoacids. On the other hand,
regulatory and memory T-cells are associated to an oxidative metabolism mainly
supported by lipid oxidation (163,177). Interestingly, modification in metabolism can
alter T-cell functions. For example, it has been shown that the inhibition of Acetyl-CoA
Carboxylase, an essential enzyme for lipid biosynthesis can impair Th17 differentiation

leading to cells with regulatory functions (178).

In order to sustain metabolism during and after differentiation, several molecules and
organelles are involved. For example, several studies have demonstrated the role of
ROS in T-cell activation. In fact, a study demonstrated that mitochondrial ROS (mROS)
is essential for NFAT signaling. In this work, the authors used T-cell specific KO mice
for Rieske iron sulphur protein (RISP), a subunit of complex III from the respiratory
chain. These T-cells were unable to produce mROS leading to a decrease in calcium
release and nuclear factor of activated T-cells (NFAT) activation and impairing T-cell
activation (179). Moreover, another study demonstrated that ROS was involved in
mTORI1 phosphorylation. In this study the authors demonstrated, using a potent
antioxidant, manganese metalloporphyrin, that the decrease in T-cell proliferation and
glucose intake are related to a decrease in mTOR1 and an impairment of glycolytic
shift. On the other hand, the authors suggest in this work that the origin of ROS was
derived from NADPH oxidase (NOX) activation (180). On the other hand,
mitochondrial dynamics also plays an important role on T-cell metabolism. In fact, it

has been shown that between effector T-cells and memory T-cells there are several
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difference in mitochondrial architecture that favors their metabolism. Effector T-cells
present a fractioned mitochondrial phenotype lead by the phosphorylation of
mitochondrial fission protein p-Drp1%°'® by extracellular signal-regulated kinase 1/2
(Erk1/2). This fissioned organization favors effector T-cell aerobic glycolysis. On the
other hand, memory T-cells display a mitochondrial fused network that favors fatty acid
oxidation (FAO) metabolism (181). In a recent work, the authors showed that the
forcing of mitochondrial fusion in effector T-cells led to the induction of T-cells with
memory characteristics (182). Additionally to these mechanisms, the metabolic shift can
also induce epigenetic modification to maintain effector T-cell state and function. In
fact, a recent study demonstrated that metabolic shift in effector T-cells enhance acetyl-
CoA production leading to an increased (hystone 3 lysine 29) H3K9 acetylation profile
at the Ifng enhancer and stabilizing Th1 phenotype (183).

TCR-MHC
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— Metabolism
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------- » Signaling-metabolism interaction
----- » ROS-Signaling pathways interaction

Lac

Figure 9. Classic model of T-cell metabolic shift. Once stimulated through the TCR
complex, different signaling pathways take place. PLCy processes phospholipids to IP3

and DAG. IP3 induce calcium release leading to the activation of calmodulin and
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calcineurin. The calcium released also activates several enzymes of Krebs cycle in order
to increase mitochondrial oxidative kinetic. On the other hand DAG, activates signaling
pathways related to NF-xB and MAPK. Also PI3K is activated upon TCR stimulation.
PI3K is related to the activation of NOX resulting in an increase in ROS, essential for
the correct activation of several signaling pathways. On the other hand, PI3K also
activates Akt-mTORI1 pathway. mTORI1 lead to an increase of aerobic glycolysis, lipids
biosynthesis and mitochondrial fission in order to prepare T-cell to growing, proliferate

and synthesize cytokines.

Altogether, these datas demonstrated that CD4 " T-cell metabolism during activation and
differentiation is tighly regulated. On the other hand, this regulation can be broken by

the effect of the microenvironment.

4.2.4. CD4'Treg metabolism

It is well accepted that CD4 " Treg display an oxidative metabolism mainly supported by
FAO. However, the reality is far more complex. It has been shown that mouse Treg
differentiated in vitro display a low glycolytic metabolism and enhanced FAO. This
metabolic preference in this cells was directed by mTORI1 inhibition by AMPK (184).
On the other hand, and compromising the classical metabolic model for Treg, a recent
study demonstrated that ex vivo isolated Treg are mainly glycolytic (Figure 10). After
culturing in vitro, these Treg engages also FAO metabolism. Interestingly, the inhibition
of glycolysis with 2-deoxyglucose (2-DG) and lipolysis with etomoxir, impaired Treg
function toward CD4"T-cell inhibition and additionally impaired FoxP3 and CTLA-4
expression (185). Moreover, another recent study demonstrated that glycolytic
metabolism is essential for migratory skills of Treg in mice. In this article, the authors
showed that migratory skills from ex vivo expanded Treg were affected in presence of
2-DG. On the other hand, migratory skills were increased in presence of metformine
and unaffected in presence of etomoxir. These results suggest that Treg migration is
lead by glycolytic metabolism and not through lipid oxidation. The authors also
demonstrated that the increased glycolytic metabolism was mediated by GCK
association to actin filaments. GCK expression was directed by PI3K-mTOR2-akt

pathway. Moreover, an increase Treg motility front CCL19 and CCL21 was observed in
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humans overexpressing GCK due to a loss-of-function allele of GCK regulatory protein
(186). These results suggest that Treg metabolism is different between isolated and in
vitro Treg. In fact, it has been observed that in vivo Treg display a high metabolic rate
due to an hyperactivation of mTOR1. About this subject, a study focused on mouse
Treg demonstrated that mTOR1 and high glycolysis and oxidative metabolism are
essential for differentiation and function in Treg. The authors also showed that mTOR1
activation in Treg is necessary for lipid biosynthesis (187). Paradoxiaclly, mTORI1
inhibitor rapamycin has been related to Treg induction and expansion in vivo as well as
in vitro (188). Supporting the favored role of mTOR1 inhibition, AMPK is also related
to Treg differentiation and function (189). Moreover, another metabolic sensor has been
described as essential for Treg differentiation and function, Lkb1. Lkb1 was believed to
be upstream of AMPK, however recent evidences demonstrated that Lkb1 can bypass
AMPK but can activate MAP/Microtubule affinity-regulating kinases (MARKSs) and
salt-inducible kinases (SIKs). In this article, the authors demonstrated that Treg lacking
of Lkbl gene display a decreased oxygen consumption rate (OCR), extracellular
acidification rate (ECAR), ATP production and mitochondrial content. Moreover,
adoptive transfer of these allogeneic effector T-cells into Ragl'/ " mice result in a
uncotroled alloreaction suggesting that Lkbl1 is essential for metabolism and function in
vivo (190). Altogether, these results imply that Treg metabolism is not yet totally
understood but differently from effector T-cells, can be relied to FAO.
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Figure 10. Treg metabolism. Treg display different types of metabolism. In vitro
(Classical model), Treg adopt a highly oxidative metabolism based mainly in lipids
degradation. In vivo, Treg display a highly glycolytic metabolism but also an enhanced
capacity to oxidize lipids and synthesized them. mTORI1 is essential to maintain their
metabolism. Finally, Treg differentiated with rapamycin display a highly oxidative and
glycolytic metabolism. In this case, it seems like AMPK an essential factor for their

metabolism.

4.2.5. CD4 T-cell sensitivity to microenvironment

Finally, another complexity level controls T-cell metabolism and function, the
microenvironment. Into tumour microenvironment, T-cells must to face a large
spectrum of stimuli such as pH acidification, nutrient deprivation, signaling molecules
release by tumour and the excess of metabolic waste such as lactate. It has been shown
that tumour cells with high glycolytic metabolism can lead to a decrease in
microenvironment glucose impairing T-cell anti-tumour activity. Also, it has been
suggested that glucose deprivation lead to a decrease in T-cell glycolytic flux reducing
the formation of phosphoenol pyruvate and limiting intracellular calcium release and in
consequence T-cell activation. Moreover, in several models, the blockade of glucose
intake in tumours lead to a better activation profile in T-cells (191,192). Interestingly, a
recent work demonstrated that in microenvironments with low glucose and high lactate,
T-cells can induce FoxP3 and oxidative metabolism leading to Treg survival and
effector T-cell impairment (193). Amino acid deprivation such as tryptophan,
glutamine, and arginine among others, can also impair T-cell activation in tumour
microenvironment. Tryptophan is a metabolite essential for protein synthesis (194). In
fact, the lack of tryptophan inhibits the transition G1 to S phase during cell cycle
leading to T-cell apoptosis (195). Arginine deprivation has been shown to impair
aerobic glycolysis without affecting oxidative metabolism in T-cells. This reduction of
glycolytic flux was associated to an increase in serine biosynthesis, glutamine
anaplerosis and an increase in oxidative metabolism lead by the downregulation of

pyruvate kinase M2 (PKM?2) expression (196,197).

Similarly, in metabolic diseases, it has been reported differences in T-cell behavior. For

example, in T1D, it has been suggested that the exposure of increased glucose
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concentration due to the lack of glycemia control lead to an over-activation of T-cells as
a consequence of increased glycolysis. This over-activation results in a
hyperprolfieration and increased expression of pro-inflammatory cytokines (198). Also
in obesity, it has been shown that in adipose tissue T-cells develop a pro-inflammatory
phenotype leading to a high expression of pro-inflammatory cytokines. On the other
hand, malnutrition lead to an immune dysfunction due to essential amino-acid

deprivation (199).

Altogether, these studies demonstrated the fragility of T-cell metabolism that results in

loss of function or increased function.
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5. Lactic acid

5.1. Lactic acid overview

Lactic acid (2-Hydroxypropanoic acid) is an organic compound with a molecular weight
of 90.078g/mol. The founding of this molecule initially named “Mjolksyra” was
attributed to the Swedish chemist Karl Wilhelm Scheele in 1780, who isolate it from
sour milk. Further, during the first half of the 19 century, Jons Jakob Berzelius and
Justus von Liebig found that lactic acid was present in meat and dead organisms. From
this discovery three major facts on lactic acid history in physiology were followed. The
first one, discovered by Emil Heinrich du Bois-Reymond was that muscles could
produce lactic acid. The second discovered by Johann Joseph Scherer and after by Carl
Folwarczny, was that lactic acid could be detected in human blood under septic and
hemorrhagic shock. Finally, at the end of 19" century, Araki and Zillessen observed that
under oxygen deprivation, muscles increased the production of lactic acid, showing for
the first time the relation between hypoxia and anaerobic metabolism (200). During the
19" century, other scientists were interested by lactic acid. In fact Pelouze, Boutron,
Frémy, Liebig and Pasteur were interested on the production process of lactic acid and
fermentation. The advances of these chemists on lactic acid production and the recently
adopted microbiology led to the first time clinical use of lactic acid and derivates in
1871. These lactic acid derivates, according to the pharmacopoeia of new German
Empire and French pharmacopoeia, were indicated to improve digestion, as a diphtheria
treatment, for tooth cleaning, as a laxative, as an antispasmodic and for osseous
affection among others uses (201).

However, history of lactate starts 4000 years ago. During the pre-scientific era, humans
have been using lactic acid bacteria without knowing it to produce fermented products
in order to improve food preservation and modify texture and organoleptic proprieties
of the products (202). Nowadays, even if it is known that lactic acid bacteria impair the
growing of several potentially harmful microorganisms such as Salmonella Enteritidis,
Escherichia Coli and Listeria Monocytogenes, the exact mechanisms are still not yet
fully understood. On one side, the end-product of lactic acid bacteria fermentation is
lactic acid. As a weak acid with a pKa=3,86, lactic acid induces environment

acidification. This acidification inhibits the growth different microorganisms growing.
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On the other side, many other inhibitory systems depending on the microenvironment
could take place. Among different proposal mechanisms, one of them is the protein
leakage through damaging bacterial membranes (203,204). This historical approach

shows us, that lactate is more than the end-product of glycolysis.

5.2. Lactic acid and lactate dehydrogenase

Lactic acid is the end-product of the anaerobic glycolysis. This metabolite is present in
a large number of members of the three domains: Bacteria, Archaea (205) and Eukarya.
However, those individuals able to produce lactate are not necessarily producing them
for bioenergetic purposes. For example, in Arabidopsis Thaliana, it has been shown that
the LDH activity in roots, is necessary to stimulate ethanol fermentation in hypoxia
conditions for plant survival (206). In bacteria, lactic acid is on one side the
consequence of the metabolism, but at the same time it acts as a gram negative
antibacterial agent by increasing outermembrane permeability and also by lowering the
pH, avoiding the optimal growth of pH sensitive species (207). Even in animal cells, the
role of lactate goes beyond what at the beginning was considered, as an end-product or
an oxidizable substrate. In fact lactic acid in animals presents an immunosuppressive

activity (208).

5.2.1. LDH quaternary conformation

The lactate is a metabolite derived from the reduction of lactate to pyruvate. In this
reaction also participates the NADH, that is oxidized to NAD". This reaction but also
the reverse reaction is catalyzed by the enzyme LDH. The LDH is a tetramer formed, in
animals, by the subunits LDH-M, LDH-H and LDH-C coded respectively by Ldh-a,
Ldh-b and Ldh-c (209). Ldh-a and Ldh-b have a ubiquitous expression meanwhile Ldh-c
is restricted to sexual organs. Ldh-c homotetramer is essential for spermatogenesis,
oogenesis and for functional activity of spermatozoids and egg (210). On the other side,
the LDH in the most part of tissues can be detected as homotetramer or heterotetramer
formed by the subunits LDH-M and LDH-H. Depending of the subunits forming the
tetramer, the LDH is named as, LDH-1 (4H), LDH-2 (3H,1M), LDH-3 (2H, 2M), LDH-
4 (1H, 3M) and LDH-5 (4M). The final form of the tetramer defines the reaction
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kinetics. For example, LDH-5 is commonly found in muscles, a highly glycolytic tissue,
and this isoform have a Km(pyruvate->lactate) around 0,1 and 3,4mM meanwhile the
Km(lactate->pyruvate) is around 20mM. On the other side, LDH-1, commonly found in
heart, a highly oxidative tissue, the Km(pyruvate->lactate) is around 0,1mM and for the
reverse reaction Km(lactate->pyruvate) is around 9mM. However, Vmax in LDH-5 is
higher than LDH-1. These enzymatic characteristics show that LDH isoenzymes have
similar affinity for pyruvate, but at saturating concentration, LDH-5 catalyze more
conversion of pyruvate to lactate. On the other side, LDH-1 catalyzes more efficiently

the reverse reaction (lactate to pyruvate) (211-213)

5.2.2. LDH allosteric regulation and post-translational modifications

Apart from differences on kinetic based on the quaternary conformation, the LDH is
subjected to allosteric regulation and inhibition by several molecules. In fact, LDH
activity is impaired by both, substrate and product. It has been observed that at higher
concentrations of pyruvate the reaction activity in both senses is reduced. This is due to
a ternary and binary complexion of pyruvate with the coenzyme NAD" (214).
Additionally, another study showed that this inhibition by excess of substrate affects
more the LDH-1 than the LDH-5, suggesting that isoforms related with lactate use as
substrate are more sensitive to excess of product (212). On the other hand, lactate can
act also as an inhibitor of LDH. This lactate inhibition appears to be more important to
LDH-5 than LDH-1, suggesting that isoforms related with pyruvate use as substrate are
more sensitive to excess of product (214,215). However these results showed a
mechanistic approach of LDH in vitro, and there is not data about how these inhibition

could take place under physiological condition.

LDH allosteric regulation is controversial. This controversial rise from the fact that
several allosteric mechanisms found in some species are not presents in others. For
example, the first allosteric regulation observed in LDH was found in lactic acid
bacteria. This regulation was mediated by Fructose-1,6 bisphosphate, inorganic
phosphate and ionic strength, and affected differently LDH activity depending of lactic
acid bacteria. The reason for these different LDH regulation is related to habitat

adaptations (216). However, this regulation is not observed in vertebrates (217). In
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vertebrates, the approaches on allosteric regulation of LDH are based especially in
cancer. For example, it have been shown that the oncogenic receptor tyrosine kinase
fibroblast growth factor receptor 1 (FGFR1) directly phosphorylates LDH-A tyrosines
Y10 and Y83 leading to an enhancement of LDH activity (218). Also, another study
demonstrated that the acetylation on Lysine K5 inhibits LDH-A activity by inducing his
recognition by the chaperone HSC70 and leading to degradation at lysosomes (219).
Interestingly, acetylation has already been detected as a LDH activity modulator in
winkle. However, in this study the authors showed that the reduction in LDH
acetylation impaired enzyme activity (220). Additionally to phosphorylations and
acetylations, another study performed in turtles, showed that LDH in these animals are
subjected to several other post translational modification such as ubiquitinations,
SUMUOylations, nitrosylations and methylations (221). However, much more research

must be performed in the field of LDH allosteric regulation in humans.

5.2.3. Regulation of LDH expression

Despite the scarce information on LDH allosteric regulation, there is a vast knowledge
about genetic control of this enzyme in mammals. In the case of Ldha promoter, there
are several well known transcription factors related to the enhancement of the
expression such as HIF, Myc, FoxM1, cAMP response element-binding protein (CREB)
and Jumonji C Domain 2A (JMJD2A) among others (209,222). HIF is a transcription
factor related to the metabolic control under lack of oxygen. HIF is an heterodimeric
protein composed of one HIF1P and one HIF1a or HIF2a subunits. Under normoxia
condition, HIF1 o subunit is first hydroxilated via the hemeproteins prolyl hydroxylase
domain enzymes (PHD), recognized by von Hippel-Lindau tumour suppressor protein
(pVHL), ubiquitinilated and finally degraded through proteasome. However, under
hypoxic conditions, prolyl hydroxylation is impaired and HIF1a can translocate to the
nucleus to form the functional HIF transcription factor. This transcription factor is
related to the shift from oxidative metabolism to aerobic glycolysis. In fact, it is related
to the expression of glycolytic enzymes such as phosphoglycerate kinase-1, GLUT-1,
LDHA, and the lactate transporter MCT-4 among others. Apart from glycolytic
enzymes upregulation, HIF is also related to the expression of PDK, an enzyme
involved in pyruvate to acetyl-CoA inhibition in mitochondria. Therefore, HIF increases

glycolysis and impairs pyruvate oxidation through mitochondria. Additionally, HIF also
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controls the response to intracellular acidification by increasing the expression of
Na*/H" pumps such as NHE1 and the Carbonic anhydrase IX (CAIX) that convert CO,
into carbonic acid in order to buffer intracellular pH (223). Another well known
transcription factor related to Ldh-a expression is Myc. Myc is a transcription factor
from the family of basic helix-loop-helix (bHLH) proteins. Myc can heterodimeryze
with another member of bHLH superfamily such as Miz1 and Mix but more importantly
with Max. However, it have been shown that there is interaction with the DNA in
absence of Max, suggesting that there are others proteins that can heterodimerize with
Myc (224,225). About his function, Myc is a master regulator that integrates multiple
cellular signals and it is involved on cell growth, proliferation, apoptosis,
differentiation, protein synthesis and metabolism among other functions. In fact it have
been shown that Myc increases the expression of Ldh-a, Glut-I and
phosphofructokinase-1 (PFK-1) leading to an increase of glucose intake and lactate
production (226,227). Apart from HIF and Myc that are also related with the expression
of other glycolytic enzymes, there are other transcription factors associated with Ldh-a
expression but less with other metabolism related enzymes. Recently it have been
demonstrated, in pancreatic cancer, that FoxM1 is involved on Ldh-a expression even if
it apparently does not control other genes of glycolysis (228). Similarly, the histone
demethylase JMJD2A has been shown to control Ldh-a expression but not the most part
of glycolytic enzymes in nasopharyngeal carcinoma (222). Another study focused on
early-stages breast neoplastic lesion demonstrated that the regulatory protein 14-3-3(
overexpression increases Ldh-a expression through the signaling pathway
MEK/ERK/CREB (229). To abbreviate, there are many transcription factors related to
Ldh-a expression. In fact, according to GeneHancer data base, there are around 263

transcription factors and regulatory proteins potentially related to Ldha expression.

On the other side, the regulation of Ldh-b expression has been less investigated.
However, the relevance of Ldh-b expression is not trivial due to the juxtaposition with
Ldh-a. In fact it has been demonstrated in human breast cancer, that Ldh-b promoter
methylation, and hence downregulation, is a frequent event (230). Also, despite the
limited information about his regulation, Ldh-b has been related to an increase of
oxidative metabolism in skeletal muscle. In this study the authors shown that exercise
induced through PGCla, estrogen-related receptor (ERR) and myocyte enhance factor 2

(MEF2), increases of Ldh-b expression. This increase of Ldh-b was also associated to a
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decrease in extracellular pH and an increase in O2 use (231). Nevertheless, the

knowledge about regulation of Ldh-b still limited despite that according to GeneHancer

data base there are up to 134 transcription factors related to Ldh-b expression.
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Figure 11. LDH regulation. In mammals, there a three different genes that code for

LDH, Ldha, Ldhb and Ldhc. Ldha and Ldhb have an ubiquitous expression meanwhile

Ldhc is restricted to sexual organs. LDH is regulated at different levels. Ldha

expression is regulated by different transcription factors such as HIF, Myc, FoxM1,

CREB and JMJD2A. On the oher hand Ldhb is regulated through other transcription

factors such as PGCla. Once translate, monomers of LDHa and LDHb can interact to

form the quaternary structure of LDH, an homo or heterotetramer. Depending of the

monomers forming the LDH, reaction kinetic will favor the lactate synthesis (mainly
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LDHa) or pyruvate synthesis (mainly LDHb). Moreover, LDH can be modified by
kinases leading to changes in his kinetic, and in the same way, different metabolites can

act as negative regulators of LDH.

Taken together, lactate production is tightly regulated by monomers expression and by
allosteric modification. Moreover, these monomers are regulated differently according
to cellular type but also through the response to different stimuli (Figure 11). The
understanding of how lactate production is regulated at enzymatic and genetic levels is
essential to conceive the physiological and cellular role of this metabolite in health and

disease.

5.3. Lactic acid, transport and sensing

5.3.1. Monocarboxilic acid transporters

Once synthetized, lactate is thrown out of the cell through the Monocarboxylate
transporters (MCT). MCT transporters belong to the SLC16 family of solute carriers
that are related to the transport of thyroid hormone (MCTS8, MCT10), aromatic
aminoacids (MCT10), Carnitine (MCT9), lactate (MCT1, MCT2, MCT3 and MCT4),
pyruvate (MCT1 and MCT2) and ketonic bodies (KB) (MCT1, MCT2, MCT4 and
MCTT7) (acetoacetate and P-hydroxybutyrate). On the other hand, the most part of
transporters of this family are orphans (MCTS, MCT6, MCT11, MCT12, MCT13 and
MCT14). The mechanism of activity depend on the MCT transporter but usually they
act as symporters that contransport in the same direction a monocarboxylic acid and a
proton (232,233). MCTI, apart from symporter mechanisms display a exchanger
activity by translocating two monocarboxylic acids simultaneously (234). Focusing on
lactate transporters, they are distributed differentially on tissues and their expressions
are associated preferentially to the uptake or the release of lactate. For example, MCT|1
has a high affinity for lactate, pyruvate and KB, and lead to a passive and bidirectional
transport. MCT1 expression is related to tissues able to uptake and oxidizes lactate as a
TCA substrate such as myocytes or neurons but also, it is expressed in gluconeogenic
tissues such as liver and kidney which use lactate to produce glucose. On the other

hand, MCT]1 is also related to highly glycolytic cells such as red blood cells, T-cells and
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tumour cells which throw out lactate in order to reduce intracellular acidification.
MCT?2 displays a similar profile than MCT]1 leads a bidirectional passive transport and
it has more affinity to lactate, pyruvate and KB. However, differently that MCT1 that
own an ubiquitously expression, MCT?2 is restricted to highly oxidative tissues such as
brain and gluconeogenic tissues such as liver and kidney. MCT4 is largely express in
most tissues, but especially on glycolytic cells such as skeletal muscle, astrocytes,
adipocytes, chondriocytes and white blood cells. This transporter has a low affinity for
lactate, pyruvate and KB. This characteristic avoids the lost of pyruvate to the
extracellular environment and allows the throw out of lactate only when it is
accumulated in the cells. Similarly, MCT3 is related to the release of lactate rather than
the uptake. However, MCT3 expression is confined to retinal pigment epithelium and
choroid plexus (233,235). These particularities between the different MCT proteins in
addition to the metabolic preferences of different cells, set lactate as an essential
molecule for precises physiological functions. These characteristics will be discussed on
the following sections. About the regulation of these transporters, it has been shown that
their expression and functional activities are regulated by other proteins that interact
with MCT such as CD147 (Basigin), LATI, CD98 and ASCT2 (L-Glutamine
transporter) (236). In fact, the transmembrane glycoprotein belonging to Ig superfamily
CD147, is as a chaperone that stabilize MCT1 at protein level (237). Additionally to
kinetics characteristics of each isoform and stabilization by other proteins, MCT
transporter activity also depends on physicochemicals properties of microenvironment.
A study using L6 skeletal muscle cells, displaying MCT1, MCT2 and MCT4
transporters, showed that lactate uptake was enhanced when media pH dropped from 7,4
to 6. Interestingly, the authors also showed that acid extracellular pH impairs the kinetic

of lactate efflux (238).

5.3.2. Sodium-linked monocarboxilate transporters

Another family of lactate uptake transporters is the sodium-linked monocarboxylate
transporters (SMCT). The most known transporters related to lactate, pyruvate, KB and
NAD transport are Slc5a8 with high affinity and the Slc5al2 with low affinity. Slc5a8
has been related to physiological functions such as short fatty acids absorption in the
intestine, lactate and pyruvate reabsortion in kidney, and lactate and ketonic bodies

uptake by neurons. Slc5al2 has been identified in intestine, kidney, astrocytes and
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Miiller cells (239). Moreover, Slc5al2 has been detected in CD4 T-cells (240). The
cotransport of monocarboxylate acid through SMCT is made by passive and
unidirectional transport and is related to ion charge in the microenvironment, for

example Chlore concentration (241,242).

5.3.3. GPRSI

Apart from MCT and SMCT, lactate also can be sensed by cells through the G-protein
coupled receptor 81 (GPR81). This receptor is expressed ubiquitously, but is enhanced
in adipose tissue. In fact, the history of GPR81 is linked to the discovery in 1960 of the
anti-lipolytic effect of lactate on adipocytes. However it was not until 2009 that this
effect was associated to the orphan receptor GPR81. In this work, the authors showed
that the addition of L-Lactate into a culture of human subcutaneous differentiated
adipocytes inhibits glycerol and free fatty acids release. Additionally, the authors also
characterized the receptor. They demonstrated that GPR81 is coupled to a Gi protein
leading to a decrease in cAMP. This effect could be reverted by the addition of Gi
inhibitor Pertussis toxin. Also, the authors showed the effective concentration (ECsy) of
other potential ligands of this receptor. GPR81 is a receptor for a-hydroxybutyrate, y-
hydroxybutyrate, glycolate, trifluoroacetate, a-hydorxyisobutyrate, dichloroacetate and
o-hydroxycaproic acid. However L-lactate displays the lower EC50 for GPRS8I1
(~5mM). Finally, the authors demonstrated that GPR81 is internalized after L-lactate

stimulation (243).

Till today, GPR81, SMCT and MCT are the only lactate sensing proteins known in

animals (Figure 12). Nevertheless, these proteins are essential for several interactions in

physiology.
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Figure 12. Lactate receptor and transporters. Lactate can be uptake, release or be
sensed by cells through different mechanisms. Lactate can be uptake through the
symporters MCT1, MCT2 with a proton cotransported, or as well through Scl5al2 and
Scl5a8 with a sodium ion cotransported. These receptors display a passive mechanism,
meaning that the flux of lactate depends mainly to the internal and external
concentration. Lactate also can be sensed by cells through the G-protein coupled
receptor GPR81. This GPCR is associated to an inhibitory Gai protein, leading to an
inhibition of AMP cyclase. Finally lactate is exported out of the cells through the
symporters MCT3 and MCT4.

5.4. Intracellular lactate

Lactate can be generated and secreted or in contrast uptaked from the
microenvironment. However, the lactate fate and role despite to be secreted, oxidize or
used as anabolic substrate it still unclear. It is already known that the production of
lactate is linked to the redox state of cells. The reduction of pyruvate to lactate

regenerate one molecule of NAD" that will be used on glycolysis by the
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glyceraldehydes-3-phosphate dehydrogenase (GAPDH). This NAD*/NADH cycle
allows to increase glycolytic flux in order to produce less amounts of ATP than through
TCA but more quickly. This metabolic adaptation is essential in different conditions
such as during exercise by skeletal muscle or T-cell activation (244,245). Also, it has
been proposed that in order to sustain NAD™ production and consequently the glycolytic
flux, lactate can be used as an electron donor to sustain Malate-Aspartate shuttle (MAS)
(Figure 13). This shuttle together with the glycerol-phosphate shuttle are essential
components to regerate NAD" in cytosol. In MAS, cytoplasmic lactate can be converted
into pyruvate by LDH present in mitochondrial intermembrane space. The lactate to
pyruvate reaction regenerate NADH that will be used by malate dehydrogenase (MDH)
to transform oxalacetate (OAA) into malate and oxidizing NADH to NAD®. This
process also seems to be important in order to oxidize lactate (246). On the other hand,
lactate has also been related to other functions such as histone deacetylation inhibitor.

However mechanisms underlying this effects remains unknown (247).
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Figure 13: Malate-Aspartate shuttle (From Latham et al. 2012). Lactate-MAS
shuttle nourish glycolytic flux by increasing intracellular NAD" and at the same time

ATP synthesis by the increase of NADH production at mitochondria. Lactate derived
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from glycolysis can be transformed into pyruvate by the LDH at the intermembrane
space at mitochondria. Pyruvate is then imported to the matrix and joins the TCA. On
the other hand, NADH produced during lactate to pyruvate reaction can be used for
oxalacetate reduction to malate by the MDH. Malate is exchange by the antiporter Mal-
oKG and is reduced to Oxalacetate at the matrix, additionally generating mitochondrial
NADH. By this exchange, o-ketoglutarate reaches the intermembrane space and in
presence of aspartate, they are transformed into glutamate and oxalacetate.
Intermembrane oxalacetate will be used for the MDH reaction. Finally, matrix
oxalacetate and glutamate are transformed into aspartate and o-ketoglutarate. Aspartate
is then exported to the intermembrane by exchanging for a glutamate and a proton in
order to nourish aspartate, o-ketoglutarate to oxalacetate, glutamate reaction. In this
shuttle, NADH is generated into the mitochondria, meanwhile NAD* can be used to
increase glycolytic flux. Lac (Lactate), OAA (Oxalacetate), Mal (Malate), a-KG (a-
Ketoglutarate), Glu (Glutamate), Asp (Aspartate), MDH (Malate dehydrogenase), AAT

(Aspartate Aminotransferase).

5.5. Lactate in physiology

Lactate physiological value in blood of healthy individuals is <2mM and it is very
similar in arterial and venous blood, being a little increased in veins (248). This
variability between arterial and venous lactate comes from the fact that there are tissues
that produce lactate whereas other clear lactate. In homeostasis, there are tissues and
cells that sustain the physiological production of lactate such as skeletal muscle
(maximal contribution), heart, brain, adipocytes and erythrocytes. On the other hand
other tissues contribute to the lactate clearance such as kidney and liver (majority), but
also other organs and paradoxically, myocardium (Clears between 5 and 15%) and
brain. These organs able to remove lactate from blood can be classed between those that
use lactate as a bioenergetic source and those that using it to regenerate glucose,

glycerol or other molecules (Figure 14 and 15) (249).
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Figure 14. Lactate consuming and producer organs. In the human body, there are
organs that produce and others that consume lactate. Skeletal muscle, adipose tissue,
spleen and lymphnodes (during pro-inflammatory response), brain and heart are lactate
producers. On the other hand, liver and kidney, the main organs that clear lactate, can
use it to regenerate glucose. Also, lactate can be excreted through the urine. Lactate
secretion represents just a small quantity of lactate clearance comparing to circulating
and kidney lactate. Finally, several organs can do both, produce and oxidize lactate such

as brain, heart and skeletal fibers.

Among the different tissues able to oxidize lactate, there are many shuttles that describe
the way how lactate oxidative cells are nourished by, usually, proximal glycolytic cells.
The most known example of this tissue relation is the Cori Cycle that occurs between
the skeletal muscle and the liver. According to the Cori cycle, skeletal muscle use
glucose and produce lactate and this lactate is uptake by liver to regenerate glucose that
will be used for skeletal muscle (250). However, despite the contribution of Cori cycle

during exercice (20%), it has been shown that lactate production by glycolytic muscles
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is mainly uptake by adjacent oxidative fibers and heart (251). About the oxidative
metabolism of cardiomyocytes, recently a group focused on proteomic analysis
suggested a novel metabolic interconnection between cardiomyocytes and fibroblasts. In
this work authors suggest that fibroblasts generates lactate through glycolytic
metabolism and cardiomyocytes oxidizes the lactate (252). Another well known
metabolic interconnection is observed in brain between astrocytes and neurons. In this
lactate shuttle, the astrocytes metabolize glucose to lactate and this lactate is uptake by
neurons. However, neurons are also able to metabolize glucose, that is uptake through

the highly active transporter GLUT3 (253).

Apart from oxidative use of lactate, there are several tissues that can use carbon
backbone from lactate to generate other molecules. As it was previously mentioned, in
Cori cycle, liver is able to uptake lactate from the bloodstream and using it as a
gluconeogenic substrate to regenerate glucose. However, liver is not the only tissue able
to use lactate to regenerate glucose, kidney is also a gluconeogenic tissue. The relevance
of these gluconeogenic organs remains on the fact that they are the main tissues that
remove lactate. Additionally, kidney is responsible for the urinary secretion of lactate.
On the other hand, urinary secretion of lactate is low, as it has been shown that lactate
secretion is only the 10-20% of total kidney lactate (254). Another metabolite related to
lactate is glycerol. It has been reported a small contribution of lactate as a glycerogenic
substrate on hepatocytes during lipogenesis (255). Additionally, another study
demonstrated that lactate is the major contributor as lipogenic substrate on periuterine

adipose tissue in fed rats (256).
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Figure 15. Lactate shuttles between tissues. There are several lactate shuttles
described in physiology. In Cori cycle, muscles consume glucose and secrete lactate.
This lactate is then uptaked by liver in order to regenerate glucose though the
gluconeogenesis. This glucose is then secreted by the liver and again consumed by the
muscles. In brain, it has been shown that neurons use both substrates, glucose and
lactate. Lactate consumed by neurons is mainly derived through the astrocytes. This
relationship has been also observed between fibroblasts and cardiomyocytes. In this
case cardiomyocytes consume the lactate exported by fibroblasts. Finally, other tissues
can uptake systemic lactate in order to regenerate glycerol, such as liver and adipose

tissue.

About the effects of lactate in physiology, there are several examples that support the
hypothesis that lactate sensing or uptake has an impact on cell metabolism (Figure 16).
In skeletal muscle, it has been shown that lactate infusion in rats induced insulin
resistance in skeletal muscle. Interestingly, the authors showed that the glycolysis
impairment appears before insulin-induced glycolysis, meaning that lactate impairs
glycolysis resulting in a decreased stimulated glucose uptake (257). Moreover, as it was
previously showed lactate impairs lipolysis on adypocytes (243). Another study

demonstrated, using GPR81-deficient mice, that the anti-lipolytic effect of insulin was
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mediated by lactate signaling. In this study the authors demonstrated, that white adipose
tissue explants from GPR81” mice treated with isoproterenol (lipolytic stimulus), and
insulin (anti-lipolytic stimulus) failed to inhibit lypolysis. These results suggested that
insulin-induced glycolysis is required to generate lactate, which through an autocrine
loop will induce lipolyisis impairment through GPR81 by reducing cAMP (258).
Another study using myoblast cell line C2C12 differentiated myotubes demonstrated
that lactate sensing induced triglycerides accumulation and an increase in
MalonylCoa:ACP transferase (MCAT) and PDH proteins related to mitochondrial
maintenance (259). Lactate also has been proved to have an impact on nervous cells. A
recent study demonstrated, using GPRSI'/', that lactate induced by exercise or
subcutaneously injected, enhanced cerebral vascular endothelial growing factor A
(VEGFA) and cerebral angiogenesis in the sensorimotor cortex (260). Additionally,
another study demonstrated MCT1 is essential for Schwann cell function after nerve
crush for nerve regeneration. This study was performed using heterozygous MCT1 mice

(261).

Moreover, the effects of lactate on physiology have already been described on lactemia
(No acid involved) and lactic acidosis (Acid involved). The increase of lactate on blood
can be the consequence of different causes. Lactic acidemia type A usually is associated
to septic shock, regional ischemia or cardiogenic shock among other causes. Lactic
acidemia type B is usually associated to diseases and malignancies (262). Symptoms of
this increase of lactic acid in blood are usually related to headaches, fatigue, and
drowsiness among other. However, the most notorious effect of lactic acid in disease is
related to the hemodynamic. In fact a study performed in rats and dogs using the agonist
of GRP81 AZ2, demonstrated that the use of GPR81 agonists increase mean arterial
pressure leaded by a decreased renal flow. This study also suggests that the decrease of
renal flow is directed by the GPR81 dependent expression of endothelin-1 (ET-1). This
peptide has a vasoconstrictor effect that could be related with the decrease of renal flow

and consequently with the increase in mean arterial pressure (263).
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Figure 16. Lactate effects in physiology.

To sum up, lactate has differents role on physiology, and GPR81, SMCT and MCT

make possible these functions.

5.6. Lactate in immunology

As expected, lactic acid has also an impact on immune system. However, it is important
to distinguish between lactate effects on immune cells and lactate correlation with the
disease severity. Indeed, as it was previously mentioned several activated immune cells
have a highly glycolytic metabolism such as neutrophils or macrophages. In this part,

we will focus specifically on the effect of lactate and lactic acid on immune cells.

One of first work suggesting the effect of lactate on immune cells was performed using
peritoneal dyalisis (PD) solution. This solution was used in patient with end-stage
failure in order to impair local inflammatory response. Interestingly, the authors
demonstrated that PD also inhibited LPS-induced monocyte-derived DC maturation.
The analysis of PD showed presence of sodium lactate and glucose-degradation
products. In this article, authors demonstrated that PD solution and concretely, lactate,
impaired both in MoDC, IL12p70 and TNFa production, CD83 expression and

costimulatory activity in MLR context. Additionally, the authors demonstrated that this
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inhibitory effect was associated to the impairment of NF-kB activity (264). However,
the most part of the studies performed on immune cells and lactate are related to lactate
derived-tumour cells. The effects of lactic acid on immune system have an enormous
interest especially in the study of tumour microenvironment and immune escape. In fact
lactate represents a risk factor and a predictor of tumour malignancy and metastases
(265). However, similarly to the study mentioned before, the first work linking tumour-
derived lactate and the immune system demonstrated that tumour-derived lactate
impaired dendritic cell activation. In this work the authors confirmed what it was
observed using PD solution in MoDC. Using spheroids or supernatant from Mellm
(Melanoma) and J82 (Urothelial carcinoma) cell lines the authors observed a decrease in
IL12p70 production and an impaired capacity of MoDC to stimulate CD8"T-cells.
Additionally, the authors showed a decreased of CDla marker in presence of tumour
supernatant and lactic acid without involvement of acidification (266). After this work,
the same authors demonstrated that lactic acid also affects lymphoid cells. In this article,
they showed that lactic acid but not his conjugate base, lactate, impairs cytotoxic
lymphocyte (CTL) proliferation. They also observed an inhibition in CTL of IL-2 and
IFNy production and their cytotoxic activity. These results were observed in presence of
lactate producing Mellm spheroids. Moreover, the authors showed that the inhibition of
lactate production with oxamate, an LDH inhibitor, abrogated partially the suppressive
effect of spheroid tumour. Another relevant point of this article is the first time linking
of lactate, immunosuppression and MCT1. In fact, the authors showed that lactate can
be uptake by CTL cells just in acid media (267). From these two studies, lactate taked
place as an important factor in tumour microenvironment for immune escape. After
these works, other teams have inquired on the immunosuppressive role of lactate in

different immune cells both in myeloid as in lymphoid.

On the other hand, lactate has been also related to non-suppressive activities. For
example, recently it has been shown that lactate is a neutrophil mobilization factor. In
fact, lactate can be sensed by bone marrow endothelial cells through GPR81. After
activation by lactate, bone marrow endothelial cells (BMEC) reduced VE-cadherin
expression leading to an increase of vascular permeability and a release of bone marrow

neutrophils (268).
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5.6.1. Effect of lactate on Myeloid cells

The effect of lactate on myeloid cells has been reported to impair proinflammatory
functions in different types of cells such as monocytes, DC and macrophages (Figure
17). In monocytes, lactic acid impairs the expression and production of TNF-a.
Moreover, in this work the authors showed that monocytes stimulated with LPS and
lactic acid had a decreased glucose uptake and a decrease in ATP production. None of
these effects was mediated by acidification. Interestingly, this effect was already
reported in skeletal muscle by Choi et al. 2002. This work also confirmed the results
observed by Fischer et al. demonstrating that medium acidification is needed to intake
lactate (269). About lactate effect on DC, different studies have been performed
showing impairment on production of pro-inflammatory cytokines, migration and
differentiation. A study focused on the culture density of differentiated DC from
monocytes demonstrated that at high cellular concentration lactate production is
increased and it is related to a decrease in IL-12, TNFa and 1L23 cytokines meanwhile
they observed an increase in IL-10 production. The authors also showed a defect in
CCL19 dependent migration and differentiation based on the decrease in CD1a marker
(270). On the other hand, another study demonstrated that transient exposure of DC to
acidic media (90 minutes) induced an increase of IL-12 production, a spontaneous
maturation with over-expression of HLA-DR, CD40, CD83, CD86 and CCR7, an
enhanced endocytosis and enhanced capacity to stimulate T-cell proliferation in MLR
context. Additionally the authors showed an increased phosphorylation of p-AKT, p-
ERK and p-p38 suggesting an activation induced by acidification. However, in this
work it was evaluated just the effect of acidification but not lactate which still has an
interest due to acidification derived from lactic acid export (271). As it was previously
mentioned, most part of works linking lactate to immunosuppression has been focused
from a tumour biology perspective. However, the effect of lactate has also been
considered in other pathologies such as colonic inflammation. In fact, a recent work
demonstrated the relevance of lactate receptor GPR81 in myeloid cells in a model of
murine colitis by using GPR81 KO mice. In this article, the authors showed that GPR81
is essential to inhibit colonic inflammation and to restore colonic homeostasis. In
GPR817 mice, the authors observed an increase of Th1/Th17 T-cells and a decrease in

regulatory T-cells. In order to determine the cell mediator expressing GPR81 that was
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or were involved in inflammatory suppression, the authors used a CD45RB™CD4 T-
cell-transfer colitis model in Rag2” to eliminate T and B-cells and Rag2” GPR817". As
Rag2”GPR817” displayed an exacerbated colitis, the authors deduced that innate cells
such as macrophages and DC were responsible for inflammatory suppression.
Additionally, the authors showed that GPR81” mice have an increased production of
pro-inflammatory cytokines such as IL-6, IL-1B and TNFoa and a decrease in
immunoregulatory cytokines such as IL-10 in excised colon samples cultured ex vivo
from DSS treated mice. (272). Another study using bone marrow-derived macrophages
showed that the pro-inflammatory activation with LPS impairs 111, 116, 1112b
expression. In this article, the same effect that in muscle was observed, BMDM
displayed a reduced glycolytic flux in presence of lactate after LPS treatment (273).
Apart from impaired myeloid cells function and differentiation, lactic acid derived from
tumours has been described as a differentiation factor for tumour associated
macrophages (TAM), also called M2-like macrophages. TAM are resident cells in the
tumour microenvironment with a key role in tumour progression and metastasis. These
cells contribute to the chronic inflammation and angiogenesis (274). It has been shown
that TAM can be induced by tumour-derived lactic acid. In fact, a study demonstrated
that the culture of BMDM with lewis lung carcinoma (LLC) supernatant induce
macrophages phenotypicaly similar to TAM expressing Argl and VEGF, that are
factors that promote angiogenesis. In this work, the authors demonstrated that only the
supernatant fraction under 3KDa was able to induce the expression of Arg-1 and VEGF.
Moreover, the authors demonstrated that this expression was lead by HIFa activation,
suggesting that lactic acid through HIFa induce TAM differentiation (275). Another
recent study also demonstrated that tumours displaying a high expression of LDHa and
GLUT1 produce more lactic acid that those that have low expression and this correlated
with M2-like macrophages accumulation in human head and neck squamous cell

carcinoma (HNSCC) (276).
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Figure 17. Lactate effects on myeloid cells. Lactate has an impact on myeloid cells. In
monocytes, lactate impairs TNFa expression, glucose intake and ATP production. In
DC, lactate impairs the expression of pro-inflammatory cytokines such as IL-12, IL-1.
IL-6, IL-23, TNFa, leads to a decrease in several markers such as CD1a and maturation
marker CD83, and impairs costimulatory activity and motility directed by chemokines.
Similarly to monocytes, lactate impairs glycolytic flux in DC. On the other hand, lactate
increases the expression of the immunoregulatory cytokine IL-10. In macrophages, it
has been shown that lactate induces TAM-like differentiation (Red: Decrease, Green:

Increase).

5.6.2. Effect of lactate on lymphoid cells

Lactate also affects lymphoid cells (Figure 8). Several articles describe different effects
on CD4, CD8 and NK cells regarding activation, polarization and migration. A recent
study demonstrated that melanoma patients with a high LDH-A expression have a
reduced survival comparing to LDH-A low patients. In order to corelate lactate
production and loss of immunosurveillance, the authors generated a model of cancer in
mice using pancreatic adenocarcinoma cell line (Panc) KO or with high expression for
LDH-A. The authors showed a higher tumour growth in wild type and Panc-LDH-A"¢"
comparing to Panc-LDH-A"". Moreover, the authors showed that in mice bearing Panc-
LDH-A"Y tumour there was an increase in CD8" and NKI.1" cells with a higher
expression of IFNy and Granzyme B. Additionally the authors suggested that this
impairment in NK and CD8 activation was led through lactic acid by a decrease in

intracellular ATP and a decrease in NFATc1 expression. This article supports previous
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works suggesting the immunosuppressive role of lactate on T-cells and confirms that
lactate is internalized just in presence of acid (277). On the other side, the suppressive
effect of lactate on NK was already reported. In the article, the authors showed that
mice bearing Panc-LDH-A"" have a lower MDSC in spleen and a NK improved
cytolytic activity. The authors also showed that the in vitro pretreatment of NK cells
with lactic acid display a lower expression of perforin and granzyme. In order to reduce
lactate production in vivo to improve anti-tumour response, the authors used a ketogenic
diet (KB substrates are uniquely oxidatives). The use of this diet resulted in a small
tumour growth reduction. On the other hand, this diet induced a reduction of myeloid
cells and CD4"FoxP3" cells and an increase in CD4" and CD8" T-cells in spleen.
Interestingly this diet reduces prostate and brain tumours (278). Alternatively, lactate
not only affects functionality but also can affect motility. In fact it has been
demonstrated that lactate affects differently migratory activity of CD4" and CD8" T-
cells. The chemoattration by CXCL10 impairs CD8" migration in presence of lactic acid
meanwhile CD4" T-cells in presence of lactate (240). Moreover, in this work, the
authors showed that the inhibition of MCT1 with CHC, phloretin or Slc16al antibody
leads to the recovering of migratory capacity of CD8" T-cells. On the other hand, the
migratory skills induced by CXCL10 in CD4'T-cells seem to be mediated by Scl5al2
transporter. The author showed also that lactate without acidification impairs aerobic
glycolysis in CD4 T-cells by decreasing glucose uptake and glycolytic flux. Same
results were observed but with lactic acid in CD8"T-cells. Moreover the authors showed
that CD4"T-cells treated with lactate enhanced IL17 and RORc expression without
affecting other pro-inflammatory cytokines. On the other hand the presence of lactic
acid impaired cytolytic activity of CTL. Finally, the authors showed in a mice model of
peritonitis induced by zymosan, that the blockade of slc5al2 lead to the release of
CD4'T-cells from the inflamed peritonea meanwhile the blockade of MCT1 transporters
lead to the release of CD8'T-cells. Altogether these results suggest that lactate has an
important role by the retention of lymphocytes into the inflamed tissues (240).
Interestingly, the immunosuppressive role of lactate also benefits to regulatory T-cell
function and differentiation. Recently, a group demonstrated that regulatory T-cells are
favored in microenvironments with low concentration of glucose and high concentration
of lactate. In their article, the authors demonstrated that in normal conditions, activated
T-cells induced c-myc, that is responsible to the shift of oxidative to glycolytic

metabolism. By this shift, NAD" is regenerated through LDH and lactate production in
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order to give substrate to the GAPDH. In activated cells in low glucose and high lactate
medium, the increase in intracellular lactate impairs NAD" regeneration leading to a
decrease in glycolytic flux and the loss of effector T-cell function. On the other side, in
normal condition regulatory T-cells express FoxP3, that is an inhibitor of c-myc
expression and lead the cells to an oxidative metabolism. In low glucose and high
lactate media, the oxidative metabolism of regulatory T-cells allows them to survive
without loss of function. Interestingly, in this work, the authors showed that the addition
of sodium lactate to C57BL/6 splenocytes stimulated with anti-CD3 antibody impaired
CD4" and CDS8" proliferation. This effect was strongest for CD4"T-cells in low glucose
condition. On the other hand, the authors also showed that lactate synergize with TGFf3

enhancing regulatory T-cell induction in polyclonal stimulation (193)

Glc

s Inhibition

— AcCtivation

Glycolytic flux l
ATP/NADH production |
Pro-inflammatory cytokines l
FoxP3 {
c-myc l

Figure 18. Lactate effects on lymphoid cells. Lactate affects metabolism and function
of lymphoid cells. First, lactate can be uptake by lymphoid cells through MCT1 and
Scl5al2 transporters. Once inside the cell, lactate impairs glycolytic flux, expression of
cytokines, Grzb and Perforine and leads to a decrease in NADH/NAD" ratio. Also, the
presence of high concentration of lactate has been related to the expression of Foxp3

and the repression of c-myc.
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Thesis context

Our team has been investigating tolerogenic dendiritc cells in the context of cell based
therapy during more than 15 years. During this time, we demonstrated that Tol-BMDC
were able to increase heart, skin and pancreatic islet allograft survival in rodent models.
Due to their beneficial effect in transplantation models, these cells have been moved to

clinic in a first phase I/II clinical trial in the context of kidney transplantation.

At my arrival, clinical trial was already started and hATDC were partially characterized
in terms of function and phenotype. We knew that hATDC were IL-10 stable producing
cells and were able to impair T-cell proliferation. Moreover their efficacy in vivo was
also demonstrated. However, the mechanisms underlying hATDC were unknown.
Several inhibitors of classically known Tol-DC mechanisms were tested in order to
abrogate hATDC immunosuppressive effect without success. Therefore, the main
objective of my thesis was to characterize in vitro, the immunosuppressive mechanisms
of hATDC. Throughout the thesis results, we considered the requirement to characterize
hATDC metabolism. On the other hand, as I demonstrated that hATDC mechanisms
were independent from contact, we were interested in hATDC supernatant study in
terms of effects toward T-cells and also in terms of composition. After different tests,
we demonstrated that lactate present in hATDC supernatant was partially responsible
for the immunosuppressive effects. However, other small molecules with
immunosuppressive potentials were and are still being unidentified. Moreover, as the
molecule of interest, lactate, is also an oxidative substrate and literature describes this
metabolite as a metabolic modulator, we were interested on the study of CD4"T-cell

metabolism in presence of lactate and hATDC supernatant.
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Results I: Thesis article
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ABSTRACT

Cell therapy appears as a promising strategy to treat patients suffering from autoimmune or
inflammatory diseases or receiving a graft. Our previous works on rodents and primates
revealed that Autologous Tolerogenic Dendritic Cells (ATDCs) were safe in macaques and
promoted graft tolerance in rodents. We recently derived human counterparts which are
currently administered in a first-in-man phase I/II clinical trial to patients receiving a kidney
transplantation. In this study, we highlight that human ATDCs display a unique profile based on
phenotypic and transcriptomic analyses.The original feature of ATDCs is that these
cellssuppress T cell proliferation and expand regulatory T cells by their secretome. ATDCs have
a highly dynamic metabolism and their high production of lactate strongly contributes to shape
T cell responses towards tolerance. Regarding their in vivo properties, ATDCs delay Graft-
versus-Host-Disease developmentin a humanized mousemodel andpromote the expansion of
human regulatory CD4 Foxp3™ T cells in association with elevated levels of lactate in blood. In
light of their strong tolerogenic potential in vitro and in vivo, we believe that ATDC therapy

should be extended to other clinical trials with the aim of regulating the immune response.
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INTRODUCTION

Current therapies for autoimmune diseases and allograft rejection generally involve the
continuous use of non-specific immunosuppressive drugs that are associated with increased
risks of infections, certain types of cancer and toxicities. Cell-based immunotherapy with
tolerogenic dendritic cells (DCs) has long been recognized as an efficient mean of promoting
antigen specific tolerance (1, 2). Indeed, the administration of tolerogenic DCs in rodents
potently prevents various autoimmune diseases (3-5) and rejection of allografts as previously
reported by our group and others (6-10). In these models, the potency of tolerogenic DC therapy
in the induction of transplantation tolerance was linked to an increase of regulatory T cells
(Tregs) in lymphoid tissues (8-12). Strategies for the preparation of clinical-grade monocyte-
derived tolerogenic DCs have emerged only within the last few years, which has enabled several
groups to investigate the potential clinical benefit of their adoptive transfer into patients
suffering from autoimmune, inflammatory or graft rejection diseases.The first phase I clinical
trial using tolerogenic DCs was reported in 2011 in type 1 diabetic patients (13) and was then
followed by other trials in rheumatoid arthritis (14, 15) and Crohn’s disease (16). Injections of
tolerogenic DCs were well tolerated as no adverse effects or toxicity were observed. In the field
of transplantation, no clinical trials with tolerogenic DCs have been reported yet. We previously
demonstrated the efficacy of Autologous Tolerogenic DCs (ATDCs) in rodent models of
transplantation and their safety in non-human primates (6, 9-11, 17,18). Based on this expertise,
we developed a manufacturing process to obtain a unique population of human ATDCs. These
cells, studied in this paper, are currently being administered to recipients of a renal transplant
from a living donor, in a first-in-man phase I/II clinical trial, in order to evaluate the safety and
efficacy of this cellular immunotherapy in solid organ transplantation (NTC0225055).

In this article, we characterized ATDCs based on the analysis of their phenotype and
transcriptome, their suppressive properties and their metabolism. We showed that ATDCs create
a lactate-rich microenvironment conducive to tolerance induction. This microenvironment

dysregulates the aerobic glycolysis of T cells and induces a suppression of T cell proliferation,
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as well as an expansion of regulatory T cells. In order to complete the understanding of their
fate and their mechanisms of action observed in vitro, human ATDCs were also analyzed
following their infusion in a model of human-into-mice xenogenic Graft versus Host Disease
(GVHD). This humanized mouse model provides a useful tool to investigate the outcome of
therapeutic cells post-injection (survival, viability, migration and stability), their safety and their
in vivo mechanisms of action. Concomitantly to the Phase I/II trial evaluating the safety of
ATDCs, this study allowed us to decipher themechanisms responsible for the tolerogenic
activity of ATDCs and paves the way to the extension of their clinical application to various

diseases.
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RESULTS

Human ATDC:s display strong tolerogenic features

Protocols of human tolerogenic DC generation have been described following treatment of
blood monocytes with GM-CSF and IL-4, in association with other cytokines such as IL-10,
immunomodulatory reagents such as rapamycin, dexamethasone or Vitamin D3 and DNA/RNA
modifications, including anti-sense oligonucleotides (for review, (19)). Our previous works
performed in mice and non-human primates demonstrated the robustness of a low-dose GM-
CSF protocol (in the absence of other cytokines or agents) to derive tolerogenic DCs with
regulatory properties in vitro and in vivo (10, 17). We thus developed a GMP-compatible
manufacturing process to derive human ATDCs in thepresence of low-dose GM-CSF as the
only cytokine used. ATDCs were obtained after a 6 day-culture of monocytes in AIMV medium
supplemented with 100 IU/ml of GM-CSF. The main specificities of this ATDC protocol is to
use a medium without serum and without IL-4. To characterize ATDCs, monocyte-derived DCs
(MoDCs) were used as control cells. MoDCs were obtained following a classical protocol (20),
in which monocytes were cultured in RPMI/FCS medium supplemented with GM-CSF and IL-

4.

Consistent with a tolerogenic profile, ATDCs display an immature phenotype (HLA-
DR""CD807°"CD83 CD40"") whereas MoDCs express higher levels of these markers (Figure
1A). Low to intermediate levels of CD86 marker were observed in ATDCs and MoDCs relating
to the donors, without significant differences between these two DC types. We then determined
that ATDCs maintain their immature state (with no overexpression of CD83/CD86 and a weak
increase of CD80 expression) following exposure to LPS (Figure 1B) or other TLR ligands
(Figure S1), in contrast to MoDCs which up-regulated co-stimulatory molecules under the same
experimental conditions (Figure 1B). Furthermore, TLR ligand-stimuli favored IL-10 secretion
by ATDCs in the absence of IL-12 production, reinforcing the tolerogenic features of ATDCs

(Figure S1). Strikingly, even following a strong stimulation with LPS and IFNy, ATDCs
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preserved IL-10 secretion and still produced only a quarter of the IL-12 secreted by MoDCs

under the same experimental conditions (Figure 1C).

Tolerogenic DCs are also defined by their ability to control T cell proliferation. Inhibition of T
cell proliferation by ATDCs was assessedby MLR and suppression assays. The results
highlighted that ATDCswere relatively poor stimulators of allogeneic T cells (Figure 1D) and
were able to significantly suppress CD4" T cell proliferation (Figure 1E). This suppression was
associated to an inhibition of IFNy- and IL-17-producing T cells (Figure S2). In comparison,
immature MoDCs stimulatedallogeneic T cell proliferation much more potently and were
significantly less efficient than ATDCs insuppressing CD4" T cell proliferation (Figures

1D/1E).Taken together, these results demonstrate the strong tolerogenic profile of ATDCs.

ATDC:s exhibit a unique phenotype

To better characterize ATDCs, these cells were phenotyped for the expression of an array of cell
surface markers typically expressed on DCs, monocytes or macrophages. As expected, these in
vitro-derived cells displayed a distinct phenotype compared to in vivo myeloid cells (Figure 2A
and Table S1). ATDCs appeared as a homogeneous population based on the analyzed markers.
In comparison to MoDCs that represent the conventional phenotype of DCs derived from
monocytesin vitro (depicted on Figure S3A), both populations expressed CD11b, CDl11c or
CD206 markers. However, ATDCs did not express CD209 and FceR1 markers but expressed
CD64 and CX3CR1 markers that are more classically associated to a macrophage profile.
ATDCs also expressed CCR7 suggesting an ability to migrate into secondary lymphoid organs.
In relation to the stimulation assays described in the previous section, we showed that TLR
ligation increases CCR7 expression on ATDCs despite a rather immature phenotype (Figure
S1). These data suggest that in vivo, the tolerogenic potential of ATDCs in secondary lymphoid
organs could be reinforced after encountering TLR ligands. ATDCs expressed ILT-2 and ILT-3

inhibitory molecules but didnot express PD-L1, HLA-G, ILT-4 and ILT-7. This analysis
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demonstrated that the phenotype of human ATDCs is unique given their concomitant expression

of DC and macrophage markers.

To gain further insights pertaining tothis characterization, transcriptomic analysis was
performed on ATDCs, MoDCs and resting monocyte-derived macrophages (rMoMacro), all
differentiated from monocytes from 6 common donors. Expression data from our in vitro-
generated ATDCs, MoDCs and rMoMacro were then compared with previously published
expression data sets from i) monocytes, ii) three in vitro-differentiated monocyte-derived cells :
GM-CSF/IL-4 mo-DCs, M-CSF mo-DCs and M-CSF mo-Mac, and iii) two in vivo-
differentiated monocyte-derived cells : ascites mo-DCs and ascites mo-Mac (21, 22). To
validate the combined analysis of all these data sets (Figures 2B and S3B), we observed that
the cell types differentiated within the same protocol between the public data (GM-CSF/IL-4
mo-DCs) and our study (MoDCs) clustered together. Furthermore, our rtMoMacro clustered
close to the in vitro-differentiated M-CSF mo-Mac. On this principal component analysis,
Principal component (PC) 1 allows the clear separation between DCs and Macrophages whereas
PC2 dissociates monocytes, in vitro-differentiated cells andin vivo-differentiated cells. This
analysis highlighted that ATDCs represent an individual subtype of cells that was distinct from
monocytes but differentiated neither in DCs nor in macrophages (Figure 2B). Due to their
closeness to monocytes, it is possible to speculate that ATDCs are less differentiated towards
DCs or macrophages than other monocyte-derived myeloid cells (either DCs or macrophages).
Nevertheless, we also validated that ATDCs are stable cells as shown on Figure 1B and no
DC/Macrophage markers appear or disappear after LPS stimulation (data not shown). The
singularity of ATDCs was also illustrated by a heatmap depicting the 50 most expressed genes
in ATDCs versus MoDCs and rMoMacro (Figure S3C) and the full list of genes with

expression fold change over 2 in ATDCs (Table S2).

Therefore, ATDCs appear as a unique population by their phenotypic and transcriptomic profile.

We classified these cells as dendritic cells in accordance to their close properties to the rodent
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counterparts that we previously described (10, 11) but the term mononuclear phagocytes is also

suitable.

ATDCs migrate preferentially to the spleen after injection in humanized mice and

preserve an immature phenotype in vivo

Clinical evaluation of the safety of ATDC-based immunotherapy is currently being performed
on recipients of a kidney transplant from a living-donor. Prior to ATDC administration to
patients, we sought to determine the fate of ATDCs after injection. To follow ATDC migration
over time, ATDCs were labeled with gold nanoparticles before intravenous (IV) injection into
NOD/SCID/IL2ry”" (NSG) mice. Gold-labeled ATDCs were then tracked using inductively
coupled plasma mass spectrometry (ICP-MS) as previously described (23). This highly sensitive
technique allows the detectionof rare cells in tissues. Preliminary experiments were carried out
to define the appropriate labeling protocol (incubation for one hour with 6.32x10%particles/ml)
and to validate that this labeling did not modify the immature state or the hypostimulative effect
of ATDCs (Figure S4A-D). Irradiated NSG mice received gold-labeled ATDCs and human
autologous PBMCs simultaneously in order to approaching the clinical settings. ATDCs were
then tracked from day 3 to day 14 post-cell injection. At all these time points, gold-labeled
ATDCs were mainly detected in liver, lung and spleen with a peak at day 6 in the spleen
(Figure 3A). In contrast, no gold staining was observed in heart and intestine, and low staining
was present in kidney (data not shown). As gold was detected in homogenized tissue, it could
not be excluded that the detected signal was expressed by dead ATDCs or mouse phagocytic
cells. To formally prove that gold staining was coincident with the presence of injected and
viable ATDCs, a second technique was used. In this new experiment, irradiated NSG mice
received ATDCs, stained with Qtracker® marker (24), and PBMCs. This staining did not
modify the expression of costimulatory and maturation markers by ATDCs (Figure S4E) and

allowed the tracking of cells after in vivo injection by flow cytometry. Taking into account the
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results of the gold-labeled ATDCs tracking experiment, mice were sacrificed at day 6 and
splenocytes were analyzed. ATDCs were identified by their expression of human CD45, human
CDl11c, human HLA-DR and Qtrackermarkers (Figure 3B). These cells represent less than 2%
of total human CD45" cells detected in the spleen of NSG mice (Figure 3C). The viability of
ATDCs was quantified using a viability dye marker and was measured as 72.5% (+5.9%) viable
cells indicating that ATDCs are still alive in vivo 6 days post-injection (Figure 3B).
Furthermore, ATDCs maintained their immature phenotype post-injection (Figures 3B and3D)
suggesting that ATDCs did not become immunogenic post injection. Indeed, one of the major
concerns associated with injection of tolerogenicDCs into humans is the risk that these cells
become immunogenic DCs in response to inflammatory signals encountered in vivo. Taken
together, our results highlight that alive ATDCs migrated in second lymphoid organs and

preserved their tolerogenic profile in order to favor tolerance induction in vivo.

ATDC suppressive ability is associated to an increase of lactate secretion in vitro

To clarify how ATDCs control CD4" T cell proliferation (observed in Figure 1E), a range of
experiments was performed. In these assays, total CD4" T cells were stimulated with allogeneic
mature DCs to induce their proliferation (mixed lymphocyte reaction, MLR condition). The
addition of ATDCs was able to highly suppress T cell proliferation (suppression assay
condition) compared to MoDCs. We first determined that this suppression was not associated to
a competition between allogeneic stimulatory mature DCs and ATDCs as the addition of a
higher number of stimulatory DCs does not control the suppression (Figure 4A). Secondly, our
results demonstrated that IL-10, TGF-f or inhibitory molecules known to be expressed by
tolerogenic DCs as iNOS or IDO, were not involved in this suppression (Figures4B and 4C).
Furthermore, natural Tregs were not required for the suppressive activity of ATDC in vitro as
the suppression of T cell proliferation was still observed in the absence of CD4"CD25" natural

Tregs (Figure S5A). Neither induction of anergy nor apoptosis were able to explain the cellular
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mechanisms of ATDC suppression (Figure S5B-C). However, the study of the cell cycle of T
cells following stimulation with or without ATDCs highlighted that ATDCs block T cells in G1

phase preventing their proliferation (Figure S5D).

In order to investigate whether ATDC/T cell interactions were required for the ATDC
suppressive effect, the suppression experiment was performed with transwell inserts.
Interestingly, this assay indicated that ATDC suppression is mediated by contact independent
mechanism (Figure 4D). We then validated these results by showing that the transfer of
suppression assay medium (MLR + ATDCs supernatant) was able to suppress a new MLR,
suggesting that soluble factors produced, or induced, by ATDCs were involved in T cell
suppression (Figure 4E). As a modification of medium color (indicating acidity) was observed
when T cells were cultured with ATDCs, we hypothesized that ATDCs could suppress T cell
proliferation by nutriment deprivation. In this line, the measure of glucose at the end of the
culture suggested that ATDCs uptake glucose from the medium (Figure 4F). However, the
addition of glucose, glutamine or pyruvate to the suppression assay did not abrogate ATDC
suppressive ability demonstrating that nutriment deprivation was not responsible of ATDC
suppressive effect (Figures4G and S6A/B). Strikingly, we found thata high amount of lactate
(around 10mM) was detected in the suppression assay condition (Figure 4H). Among all the
assays performed, our results suggest that this strong lactate secretion could be responsible for

ATDC-mediated suppression.

High amount of lactate secreted by ATDC:s is involved in their suppressive activity

We then investigated the metabolism of ATDCs to understand this increase of lactate detected
in presence of ATDCs in suppression assay condition. Our results highlight that ATDCs display
a higher glycolytic ability (ExtraCellular Acidification Rate (ECAR) -Figure 5A), as well as a
higher respiratory capacity (Figure 5B) than MoDCs using Seahorse analyses. Together, it

demonstrated the dynamic metabolism of ATDCs (Figure 5C), associated with a high
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intracellular ATP production (Figure S6C). Concomitantly we tested whether the transcriptome
of ATDC:s also revealed their strong biological process of glycolysis. For that, we computed the
rank of differential expression of genes associated to glycolysis in ATDCs versus MoDCs
samples using Gene Set Enrichment Analysis (GSEA) and we found a significant enrichment in
ATDCs (Normalized Enrichment Score: 1.29; nominal p-value:0.046; n=178 probes) (Figure
5D). In accordance with ECAR and transcriptomic results, a significant increase of lactate

deshydrogenase (LDH) activity was observed in ATDCs (Figure S5E).

To formally prove that lactate was produced by ATDCs themselves and not by the other cell
types present in the suppression assay (T cells and mature DCs), ATDCs were cultured alone
for 6 days and the culture supernatant was analyzed (ATDC SN). Supernatants from MoDC
culture (MoDC SN) were used as controls. Our results showed that ATDCs produce high
amount of lactate (Figure 5F) indicating that ATDCs are a source of lactate and did not require
T cell stimulation for this production. Accordingly, a decrease of pH was observed in ATDC SN

compared to MoDC SN (Figure S6D).

To evaluate the suppressive ability of the molecules secreted by ATDCs, these two supernatants
were transferred to a new MLR. As shown in Figure 5G, we validated that the secretome of
ATDCs was responsible for T cell suppression whereas MoDC SN did not modify T cell
proliferation. Furthermore, only the fraction of ATDC SN containing molecules under 3KDa
efficiently inhibited T cell proliferation. Molecules over 3KDa, as most of the proteins, are thus
not involved in CD4" T cell suppression (Figure 5G). In this experiment, the transfers of the
fractions under 3KDa of MoDC SN or filtrated medium induced a non-significant decrease of T

cell proliferation that could be explained by the reduction of FCS proteins following filtration.

Our goal was then to investigate the role of lactic acid secreted by ATDCs using a similar assay.
Based on previous reports (25), we showed that lactic acid induces an inhibition of T cell
proliferation in a MLR context (Figure S6E). Furthermore, the addition of NaOH to this assay

allowed to neutralize the acidification induced by lactic acid, and thus abrogated its effect by
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suspending the proton and lactic acid symport by T cells (Figure S6E). In this MLR, we
determined that the suppression is not mediated exclusively by the acidification as both lactate
and acidification were necessary to reduce T cell proliferation (Figure S6F). Back to our
experiments, ATDC SN and MoDC SN were transferred to a new MLR in absence or presence
of NaOH in order to investigate whether lactate production by ATDCs was involved in T cell
suppression. Our results highlighted that the neutralization of acidification by NaOH partially
reverted the inhibitory effect of ATDC SN suggesting that ATDCs inhibit T cell proliferation by

lactate production (Figures SH and S6G).

The secretome of ATDCs acts directly on T cells and enhances Treg expansion

In order to mimic the immune response that occurs following transplantation, T cell
proliferation has been evaluated following their stimulation with allogeneic mature DCs in our
assays. To now determine whether ATDCs act directly on T cells, CD4" T cells have been
stimulated by polyclonal activators. Our experiments showed that ATDC SN reduced the
proliferation of polyclonally stimulated CD4" T cells (Figure 6A), in association with an
inhibition of IFNy expression and Reactive Oxygen Species (ROS) productions (Figures 6B-
C). ROS have been previously defined as molecules involved in distinct molecular pathways
that promote pro-inflammatory cytokines production (27). Furthermore, ATDC SN induced a
higher percentage of CD4"CD25"Foxp3 Tregs amongst theseT cells (Figure 6D), as well as an
increase of TGFP and Foxp3 expressions (Figures 6E-F).As our hypothesis was that lactate
secreted by ATDCs was uptaken by T cells to control their proliferation and differentiation, we
performed mass spectrometry on T cells to measure their intracellular amount of lactate. As
shown on Figure 6G, a significant increase of lactate was quantified on T cells cultured with
ATDC SN. To confirm that this increase of lactate was a consequence of an uptake of lactate
from the extracellular medium and not from a higher glycolytic activity of T cells, glucose

uptake was monitored on T cells using the fluorescent glucose tracer 2-NBDG. We also
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quantified the expression of Myc, a transcription factor responsible of glycolysis induction (28).
A decrease of 2-NBDG intake and Myc expression were observed in T cells cultured with
ATDC SN (Figures 6H-I), showing that these T cells preferentially uptook lactate from the

extracellular medium and consequently decreased their glycolytic activity.

As increases of the percentage of Tregs and Foxp3 expression were observed in T cells cultured
with ATDC SN, we then investigated the ability of ATDC SN to expand purified
CD4*CD25*CD127"" Tregs. Our results highlighted that ATDC SN allowed a higher expansion
of Tregs (Figure 6J). Furthermore, ATDC SN-expanded Tregs preserved their Foxp3
expression (Figure S6H) and their suppressive ability (Figures 6K). Taken together, these
result show that the secretome of ATDCs favors Treg expansion and inhibits total CD4" T cell

proliferation and Th1 differentiation.

ATDCs delay GVHD development in humanized mice and promote Treg expansion in

vivo

Injection of human PBMCs into NSG immunodeficient mice provides a reliable model of
human-into-mice xenogenic GVHD (29). This model was already used to evaluate the potential
of human Tregs to regulate human cell engraftment (30). To investigate whether ATDCs
achieve regulatory activity in vivo, irradiated NSG mice received human PBMCs in the presence
or absence of autologous ATDCs and GVHD development was monitored. As shown in Figure
7A, ATDC injection leads to a significant delay in GVHD development as observed by an
increase in survival time. The protective activity of ATDCs was not explained by a reduction of
engraftment at early time points as no difference in the percentage of human CD45" cell
engraftment was detected in the blood between these two groups of mice, either at day 7 or at
day 21 post injection (Figure 7B). More precisely, the percentage of human CD3" cells were
similar in the two groups (higher to 99% of hCD45" cells at 20 days post-cell injection - Figure

S7), thereby excluding a possible difference in total T cell engraftment in these mice. To
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understand how ATDCs control GVHD progression, mice were sacrificed three weeks post
injection and spleen cells were analyzed by flow cytometry. At this time point, no difference in
the percentage of BrdU" cells amongst CD4" T cells was found in these two groups of mice
(Figure 7C). However,mice receiving ATDCs and PBMCs exhibited a higher number of
CD4"CD25"Foxp3" human Treg cells suggesting that ATDCs promoted Foxp3*Treg expansion
or induction in vivo (Figure 7D). Interestingly, a higher concentration of lactate was also
detected in the sera of mice receiving ATDCs one week post cell injection (Figure 7E). In
correlation with our in vitro datas, these results suggest that ATDCs controlled GVHD
development in humanized mice by their high lactate production that could favor Treg

expansion.
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DISCUSSION

Due to the complexity required to treat some autoimmune diseases and the toxicity of
immunosuppressive drugs in transplantation, cell therapy with immunoregulatory cells is
emerging as a promising strategy. In this study, we defined a new population of human
tolerogenic monocyte-derived DCs. These ATDCs display a highly dynamic metabolism, are
strongly suppressive and promote Treg expansion. To favor this tolerance, ATDCs secrete
various molecules that create an original microenvironment. We showed in this paper that
lactate is one compound of this microenvironment whereas classical immunomodulatory
molecules such as TGF-f, IL-10, iNOS or IDO do not seem involved. To our knowledge, it is
the first time that lactate production has been described as a T cell suppressive mechanism used
by tolerogenic DCs. Our in vivo studies indicated that ATDCs preserve their tolerogenic
phenotype after injection and effectively delayed GVHD development in humanized mice, in

association with a Treg expansion and a higher lactate secretion.

Study of immunometabolism has become the focus of intense investigation and it allows to
understand functional mechanisms of DC-target cells, T cells. It is then well described that
effector T cells rely on aerobic glycolysis whereas Tregs preferentially used oxidative
phosphorylation due to alterations in PI3K/Akt/mammalian target of rapamycin (mTOR)
signaling axis (31). More precisely, aerobic glycolysis allows T cells to proliferate, produce
cytokines and differentiate into effector T cells (31). As glycolysis is a good indicator of T cell
proliferation, it was recently proposed to dose extracellular lactate to measure T cell
proliferation (32). Concomitantly, the role of lactate as an immunosuppressive metabolite has
been well described in the tumor environment. Indeed, high lactate concentrations were detected
in tumor biopsies in correlation with metastatic spread and poor survival (33). As early as 1927,
Otto Warburg described that tumor cells rely on glycolysis even in the presence of oxygen (34).
This aerobic glycolysis is followed by increased lactate production by cancer cells leading to an

accumulation of lactic acid in the tumor environment. Lactic acid inhibits T cell proliferation
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and pro-inflammatory cytokine secretion (25), modifies pH and is involved in cytosolic NAD"

regeneration; its strong contribution to immunosuppression is thus today studied in cancer (35).

Similarly, we highlight that ATDCs create a microenvironment conductive to T cell tolerance.
This low pH microenvironment is rich in lactate and inhibit T cell proliferation. These results
are in accordance with previous work from Fischer ef al. showing that lactic acid was able to
suppress T cell proliferation and strongly diminished IFN-y production in T cells (25). In our in
vitro assays, CD4" T cells cultured in this microenvironment display a low glycolysis as
demonstrated by their low glucose uptake and their low Myc expression. Furthermore, we
showed that these CD4™T cells were blocked in G1 phase which could be explained by the
decrease of Myc since the molecule has been shown to be involved in the control of cell cycle
(36). The CD4" T cells cultured with ATDC SN also produced low levels of IFN-y cytokine.
This control of IFN-y production could be correlated to the decrease of ROS observed in these T
cells as previously described (27) or to a reduction of glycolysis. Indeed, it was previously
shown that glycolytic enzymes, such as GAPDH, favor the production of inflammatory
cytokines, when it is engaged in glycolysis and then promote effector T cell functions (37).
Interestingly, our results also highlighted that T cells cultured with ATDC SN contained a high
concentration of intracellular lactate. As previously demonstrated, T cells can uptake
extracellular lactate by their monocarboxylate transporters following a concentration gradient
between intracellular and extracellular lactate (25).We believe that this increase of intracellular
lactate down-regulated the glycolysis pathway. Inversely, this lactate-rich environment induced
by ATDCs favored Treg expansion as shown by the increase of CD4"CD25" Tregs associated to
increased expressions of TGF-B and Foxp3. We further showed that the secretome of ATDCs
promoted Treg expansion without loss of their suppressive ability. These results coincide with a
recent study reporting that Tregs are not impaired by lactate and even preserve their
immunosuppressive function through Foxp3 expression (38). The authors showed that this
transcription factor suppress Myc gene and consequently downregulates glycolysis. Foxp3 also

controls metabolic changes by the upregulation of oxidative phosphorylation and an increased
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NAD:NADH ratio that allow Treg functions in lactate-rich conditions (38). Our results are then
in accordance with previous publications indicating that a low glucose, high lactate environment
favors the induction of Tregs at the expanse of effector T cells. Although ATDC-secreted lactic
acid is involved in T cell suppression, the inhibition of its symport (by NaOH treatment) only
partially reverts ATDC suppressive ability. Further proteomic, metabolomic or lipidomic
analyses are thus required to investigate the others soluble factors, secreted or converted by
ATDCs, which allow this immunosuppression. For instance, it has been showed that fatty acid
metabolism was highly involved in Treg proliferation (39) and in the maintenance of Treg

stability (40).

Regarding the study of DC metabolism, Malinarich et al. reported that human tolerogenic DCs
generated with GM-CSF, IL-4, dexamethasone and vitaminD3 display a higher glycolytic
capacity, a higher mitochondrial respiration and a higher fatty acid oxydation activity than
mature DCs (41). Here, using another protocol to derive human tolerogenic DCs, we confirmed
their high metabolic plasticity in comparison to immature MoDCs. Furthermore, we associated
their strong LDH activity and their high lactate secretion to their suppressive function on T
cells. Contrastingly, in mouse, increases of glycolysis and lactate production were associated to
immunostimulatory DCs, following DC stimulation with TLR agonists within minutes of
stimulation (42). Interestingly, most of these studies were performed using murine bone—
marrow derived DCs. Following stimulation, these murine GM-CSF-derived DCs express iNOS
and produce NO that inhibits oxidative phosphorylation and thus favor glycolysis (43). This
NO-dependent high glycolytic rate was shown to be inhibited by IL-10 (44). Thus in human
DCs, high glycolytic capacity and lactate production are restricted to tolerogenic DCs, whereas
in mouse DCs, this appears to be more pronounced in immunostimulatory DCs. This
involvement of iNOS is clearly different between murine and human DCs. Indeed, our
transcriptomic analysis revealed no overexpression of iNOS in our ATDCs (and also in human
tolerogenic DCs reported above) compared to control DCs. Furthermore, iNOS inhibitor did not

counter the suppressive capacity of ATDCs in our experiments. As these two human tolerogenic
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DCs secrete IL-10, it could be speculated that I1-10 inhibits the effect of NO on oxidative
phosphorylation. To explain the differences between murine and human DCs, it is thus worth
considering the glycolysis-respiration balance of the cells instead of their glycolytic capacity
only. Regarding lactate and DCs, it was also reported that human MoDCs stimulated with LPS
and lactic acid produce less IL-12 compared to MoDCs stimulated with LPS only (26, 45). We
can then postulate that lactate produced by ATDCs favor their own resistance to TLR ligand
stimulation. Further experiments will be necessary to investigate whether lactic acid contains in

ATDC SN could influence the maturation of surrounding DCs.

Analysis of ATDC phenotype and transcriptome highlighted that ATDCs shared also some
features with macrophages. Two main in vitro-derived populations of macrophages are studied:
inflammatory macrophages induced by LPS£IFNy (M1) and anti-inflammatory macrophages,
induced by IL-4 (M2). Due to their anti-inflammatory properties (IL-10 secretion), we are
mainly interested in M2 macrophages which are known to be involved in the resolution of
inflammation, the resistance to helminth parasites and in tumors. Indeed, it has been reported
that Tumor-Associated Macrophages (TAM) displayed a M2-like profile, based on phenotype
and cytokine secretion. Furthermore, works from the team of Medzhitov showed that lactic acid
from the tumor microenvironment favors the M2-like polarization of TAM (46). However,
initial studies reported that inflammatory macrophages displayed a glycolytic metabolism
whereas the metabolism of anti-inflammatory macrophages was mainly based on oxidative
phosphorylation fueled by fatty acid oxidation. Consequently, TAM appear to share the
tolerogenic profile (phenotype and cytokine secretion) of M2 macrophages and the metabolic
profile of M1 macrophages. Nevertheless it appears today that fatty acid oxidation could also
driveinflammasome activation and that glycolysis is involved in the metabolism of M2-like
macrophages as the deletion of mTORC2 prevents their anti-inflammatory activation and
consequently suppressestumoral growth (47, 48). In this manuscript, we focused on the high
glycolysis of ATDCs that explained their control of CD4'T cell proliferation but we also

showed that these cells displayed a high oxidative phosphorylation.In addition to the
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understanding ofthe effects of ATDCs on T cells and DCs, further analyses of their own
metabolism would help us to clarify their place in the myeloid field. Previous reports
highlighted for instance that lipid metabolism and extracellular metabolites, such as succinate,
regulate the function of DCs (49) whereas glutamine metabolism is critical for the M2

polarization (50).

We studied here human ATDCs whose the safety is currently evaluated in patients receiving a
kidney transplantation. Prior to our trial, a study performed in non-human primates reinforced
the therapeutic promise of tolerogenic DCs by providing important evidence of safety and
efficacy of donor regulatory DCs in organ transplantation (51). Furthermore, the administration
of donor regulatory macrophages in two renal transplant recipients gave encouraging results as
no toxicity was reported and a stable renal function was observed in these two patients (52).
While these two teams and others have studied the potential of donor derived tolerogenic
antigen presenting cells (DCs or macrophages) or donor antigen-pulsed recipient tolerogenic
DCs in transplantation, the originality of our team is the use of unloaded autologous cells.
Indeed, our group reported the potential of non-pulsed recipient tolerogenic DCs to significantly
prolong cardiac, skin and islet allograft survivals in rodents (6, 9,10). In addition to the safety
reasons (no risks of donor sensitization andno non-self-recognition by the recipient), it means
that ATDC therapy is not restricted to the transplantation field and its application could be then

extended to the treatment of others pathologies.
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METHODS

Cell generation

Dendritic cells were generated from monocytes isolated from healthy volunteer donors (French
Blood Service, Nantes, France).ATDCs were differentiated following a 6 day-culture of
monocytes in AIMV medium CTS (Life Technologies) supplemented with recombinant human
GM-CSF (CellGenix) at 100U/ml. MoDC were derived from monocytes cultured in complete
RPMI 1640 medium (Life Technologies, France) supplemented with 10% decomplemented
Fetal Calf serum (Eurobio), recombinant human IL-4 (200U/ml, CellGenix) and recombinant
human GM-CSF (1000U/ml, CellGenix) for 6 days. ATDC and MoDC SN were obtained
following cultures of DCs in complete RPMI medium for 6 days.Mature DCs were obtained
after a 48h stimulation of MoDC with LPS (Sigma Aldrich) at 1ug/ml. In some experiments,

ATDC SN were added during the 48H-stimulation.See suppl. Methods for details.

T cell assays

For MLR assay, allogeneic CD3™ T cells were isolated using pan T cell isolation kit (Miltenyi)
and cultured in 96-well plates with DCsat different ratios. Cells were cultured for 5 days and
proliferation was assessed by the addition of 1uCi *H-thymidine/well (Perkin Elmer) for the last
8 hours. In some experiments, T cells were labeled with Cell Proliferation Dye (CPD) efluor
450 (ebioscience) and T cell proliferation was measured by CPD dilution by flow cytometry.

To investigate the suppressive function of ATDCs, autologous CD4" T cells were selected using
a CD4" T Cell isolation kit IT (Miltenyi). In some experiments, T cells were labeled with CPD
and cultured in 96-well plates with DC (ATDCs or MoDCs) at a 1:1 ratio and with mature DCs
at a 1:0.1ratio for 6 days.In some experiments, supernatants from MLR in the presence or not of
ATDCs were collected. These supernatant were then frozen at -80°C until use. A volume of

100uL of supernatants were added to a new assay to test the suppressive activity. The
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neutralization of supernatants was performed by the addition of NaOH(Sigma) to a final

concentration of SmM. See suppl. Methods for details.

Metabolic assay.

ATDC or MoDC were plated on Seahorse Bioanalyzer XFe24 culture plates (120.000
cells/well) in Seahorse XF-base medium (Sigma) supplemented with 9mM of glucose, 0,86mM
of NaOH, ImM of pyruvate and 2mM of glutamine. Before the experiment, cells were
incubated 20 minutes at 37°C and 0% CO,. OCAR and ECAR readout were obtained using
Seahorse XF24 analyzer. Seahorse data analysis was performed using Seahorse Wave 2.4

software.

Agilent Microarray and expression data analysis

Transcriptomic analysis was performed on ATDCs, MoDCs and rMoMacro. The Agilent data
have been deposited in GEO (Accession number GSE104438). Background corrected intensity
values were quantile normalized and log2 transformed.Based on the common genes, these
expression datas were then combined with public Affymetrix microarray data sets obtained from
human monocytes, and in vitro- and in vivo- differentiated DCs and Macrophages (GSE40484,
GSE102046) (21, 22). Principal component analysis illustrates the comparison of all these

myeloid subsets. See suppl. Methods for details.

Xenogeneic GVHD model

A humanized mouse model was used to evaluate the function of ATDCs in vivo.
NOD/SCID/Ierg'/' (Charles River) bred in the Labex IGO humanized rodent facility were
exposed to a conditioning dose of 1.5 Gray of whole-body gamma irradiation. Mice received

5x10° thawed PBMCs and 5x10°autologous ATDCs simultaneously by IV route. Animals that
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displayed a reduction greater than 20% total of body weight were sacrificed according to the
local ethical committee guidelines.

In vivo tracking and phenotype of ATDCs were assessed following the injection of ATDCs
labeled with gold nanoparticles (Sigma-Aldrich) or Qtracker® 605 (Life Technologies). The
presence of gold nanoparticles in different tissues was analyzed by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) as previously described(23). Qtracker® 605 staining was

performed on splenic cells and analyzed by flow cytometry. See suppl. Methods for details.

Statistical analysis
Results were expressed as the mean + SEM. As detailed in Figure legends, group comparisons
were made using Iway ANOVA, 2way ANOVAor Student’s ¢ tests (paired or unpaired).

Survival curve was analyzed by log-rank (Mantel-Cox) test. *p<0.05, **p<0.01, *** p<0.001.

Study approval
Human blood cells from healthy volunteer donors were obtained from the French Blood Service
(Nantes, France).Experiments performed in mice were carried out in strict accordance with the

protocol approved by the Committee on the Ethics of Animal Experiments of Pays de la Loire.
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Figure 1: Human ATDC:s display tolerogenic features

A. Representative histograms of the expression of the surface markers by ATDCs and MoDCs
(black line) and their respective isotype controls (grey shaded) are shown. Scatter plots of the
MFI of the different markers are shown (n>15 donors). B. ATDCs and MoDCs were left
untreated or treated with LPS for 48 hours. Graphs show the expression (MFI) of CD80, CD86,
CD83 markers (n>14). C. IL-10 and IL-12 concentrations in the supernatants of DCs stimulated
for 48 hours with LPS and IFNy or left untreated were assessed by ELISA (n>4). D. ATDCs
and MoDCs were cultured with allogeneic CD3" T cells at different T: DC ratio for 6 days. T
cell proliferation was measured by *H thymidine uptake during the last 8 hours of culture.
(n=16). E. CD4" T cells were cultured with allogeneic mature DCs in the presence of absence of
ATDCs or MoDCs (autologous to CD4* T cells) (10 T cells: 1 mature DC: 10 ATDC/MoDC
ratio) for 6 days. T cell proliferation was measured as described in D (n=26). p values were
calculated by paired t tests on graphs A-C, by 2way ANOV A on graph D and by 1way ANOVA
on graph E; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2: In depth phenotyping and comparison with monocytes and in vitro-and in vivo-

derived cells

A. ATDCs were stained with myeloid cells, monocytes, DCs, chemokines and inhibitory
molecules markers and analyzed by flow cytometry. Representative histograms of the
expression of the markers by ATDCs (black line; n>4 donors) and their respective isotype
controls (grey shaded) are shown. B. Microarrays were performed on ATDCs, MoDCs and
rMoMacro generated from monocytes of 6 healthy donors. Transcriptomic datas of these three
populations (in black) were compared with human populations obtained from public datasets (in
grey). Public data sets include monocytes (n=4), GM-CSF/IL-4 mo-DCs (n=6), M-CSF mo-DCs
(n=6), M-CSF mo-Mac (n=6), ascites mo-DCs (n=5) and ascites mo-Mac (n=5). This graph
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depicts the principal component analysis of these different subsets. Numbers indicate the donor

ID used to generate ATDCs, MoDCs and rMoMacro.
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Figure 3: ATDCs migrate preferentially to the spleen and preserve an immature

phenotype after injection in humanized mice.

A.Gold-labeled ATDCs were intravenously injected with autologous PBMCs into irradiated

NSG mice. Mice injected with PBMCs alone were used as controls. The amount of Gold was
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determined by ICP-MS (Au mean of 3 biopsies/organ) in liver, lung and spleen at marked days
post-injection. Bar graph depicts Au labeling per mg of tissue (n=3 mice for day 3 and day 14;
n=>5/6 mice from two independent experiments for day 6, day 10 and without ATDC condition).
B-D. ATDCs were labeled with Qtracker® and then intravenously injected with autologous
PBMC:s in irradiated NSG mice. Mice injected with PBMCs alone were used as controls.
Spleens were recovered 6 days later and ATDCs were analyzed using human CD45, CD11c and
HLA-DR antibodies and Qtracker® marker. The viability (viability dye marker) and the
expression of surface markers were assessed by flow cytometry. (B) Representative dot plots
showing gating for ATDCs, their viability, and the expression of different markers by ATDCs
(black line) and their respective isotype controls (grey shaded). (C) Bar chart depicts mean
percentage of ATDC in spleen of NSG mice (n=5 mice injected with PBMC+ATDC and n=2
mice injected with PBMC alone). (D) Bar charts depict the ratio of MFI marker/MFI isotype
control of CD80, CD83, CD86 and CD40 in ATDCs before (n= 3 donors) or after (n=5 mice)

injection. Ratio of marker expression were compared with unpaired t test analysis.
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Figure 4: ATDC:s inhibit T cellproliferation by soluble factors and favor lactate secretion.

A. CPD-labeled CD4" T cells were cultured with different amounts of allogeneic mature DCs
(5x10", 1x10” and 2x10°) with or without autologous ATDCs for 6 days. T cell proliferation was
assessed by CPD dilution. (n=3 donors). B-C. Inhibitors of INOS (Aminoguanonidine, 100 uM)
or IDO (1-Methyl-D-tryptophan, 20uM) or anti-IL10 antibody (10ug/ml) (B) and anti-TGFf
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(C) were added in a suppressive assay where CD4" T cells were incubated with allogenic mature
DCs and autologous ATDCs (ratio 10 T cells : 1 mature DC :10 ATDC). After 6 days, CD4" T
cell proliferation was evaluated by [SH]—thymidine incorporation (B) or CPD dilution (C) (n=3
donors). D. CD4" T cell proliferation was assessed following culture with allogeneic mature
DCs with or without autologous ATDCs in a transwell assay; (n=3 donors).E.Supernatants from
culture of CD4" T cells with allogeneic mature DCs in the absence (MLRcondition) or presence
of ATDCs (MLR + ATDC, suppression assay condition) were harvested and transfered to a new
MLR. CD4" T cell proliferation was assessed by CPD dilution(n > 9donors). F and H.Glucose
and lactate concentrations were measured in the supernatants from MLR and MLR + ATDC
conditions (n=4-10 donors). G. CPD-labeled CD4" T cells were cultured with allogeneic mature
DCs in presence or absence of ATDCs and with increasing concentrations of glucose. Glucose
concentration of the RPMI medium is 9mM. T cell proliferation was assessed after 6 days (n=3
experiments). p values were calculated by 1way ANOVA on Graphs D-E while paired t tests
were used in others panels; *p<0.05, **p<0.01, ***p<0.001.
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Figure 5: ATDC:s display high glycolytic activity that is involved in their suppression
ability

A-C. Glycolytic (Extra Cellular Acidification Rate, ECAR, panel A) and Respiratory (Oxygen
Consumption Rate, OCR, panel B) capacities of ATDCs and MoDCs were measured by
Seahorse XF analyzer (n=5 donors). D.Gene Set Enrichment Analysis (GSEA) of glycolysis

pathway was performed on ATDCs versusMoDCs transcriptomic data (described on Figure 2,

126

Figure 5



n=6 donors) using the list of “hallmark glycolysis” gene sets from the Molecular Signature
Database. The graph depicts the enrichment of gene sets associated to glycolysis. E. Lactate
deshydrogenase (LDH) activity was quantified in the two types of cells (n=6 donors). F. ATDC
or MoDCs were cultured alone in complete RPMI mediumfor 6 days. Lactate concentration was
measured in cell supernatants at the end of culture. Dotted line represents the amount of lactate
measured in medium without cells (n=5 donors). G. Supernatants from ATDCs (ATDC SN) or
MoDCs (MoDC SN) cultured alone were collected and transferred to a new MLR. CD4" T cell
proliferation was assessed by CPD dilution. On graph G, SN were filtrated on 3KDa filter and
both fractions were tested in the MLR and compared with unfiltrated SN conditions (n=3
independent experiments). On graph H, the acidification was neutralized (or not) by the addition
of 5SmM NaOH (n>8 independent experiments). A representative experiment of Graph H is
depicted on S6G. p values were calculated by unpaired t teston graphs A-B, paired t test on
graphs E-F and 1way ANOVA on graphs G-H; *p<0.05, **p<0.01, ***p<0.001.
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Figure 6

A B C
7 157 . 4 — 20000- -
o c _
o S
= 2T 3 = 15000-
7 10 § 2 5 -3
0 O m —
= < o 2 \ o 10000- \,
> - = (@]
5 '\ > Q
. % o 11 5000 E
: ._——'——._—_.
ol — ol—— o
ATDCSN - + ATDCSN - + ATDCSN - +
D E F
20- x 8- *x 10-

(relative)

Foxp3 expression

CD4+CD25MFoxP3hi
population (%)
— —
L i
TGF[ expression
(relative)
S .
=
=

ATDCSN - + ATDCSN - + ATDC SN - +
G H |
08, —— - v
= _ . 8
L 06 L 1500 ]
v 2 S a2 = B
528 ] 5 S 2
5 @ 04 o \ S % 4
_ as] a E
2 02 < 1000 2= 2]
=
= s0]
0.0- 0 [+ B
ATDCSN - + ATDC SN - + ATDCSN - +
J Trqg suppression
80-
25- *X J Conira
—_ _— —_ SN
o0 5 201 Fooq| @S -
e 5 c
= J o
T 515 O E
£ 2 101 2 g
= 2 20 =
o x 5- o e
[«8] o
0'— o1 T
01 182 14 12 1A
ATDCSN - + Stim.CD4* + + + 4

Expand.Treg - |

[ SN control - expanded Treg
Bl SN ATDC - expanded Treg

Figure 6: ATDCs induce lactate uptake by T cells and favors the induction of Tregs at the

expanse of effector T cells
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A-I. CD4'T cells were polyclonally stimulated either with anti-CD3 and anti-CD28 antibodies
for 3 days (A,D) or with PMA and Ionomycin for 5 hours (B-C, E-I) in presence of absence of
ATDC SN. Graph A representsthe T cell number (n=7 donors) whereas their percentage of
CD4"CD25"Foxp3™ cells was shown on D (n=7 donors). Graphs B, C, E, F, H and I depict the
expressions of IFNy (n=19 donors), Myc (n=25 donors), TGFf (n=19 donors), Foxp3 (n=25
donors), ROS production (n=13 donors) and 2-NBDG intake (n=3 donors). ROS and 2-NBDG
were quantified by flow cytometry whereas Foxp3, Myc and the cytokines were measured by
RT-PCR. On graph G, intracellular lactate was assessed by mass spectrometry (n=5 donors). J-
K. Purified CD4*CD25CDI127°" Tregs were expanded with anti-CD3 and anti-CD28
antibodies for 15 days in presence of absence of ATDC SN. Graph J represents the fold of Treg
expansion (n=8 donors). These expanded Tregs were cultured with autologous CD4"CD25 cells
and allogeneic mature DCs to evaluate their suppressive ability (K) (n=8 donors). In A-J, p
values were calculated by paired t test whereas unpaired t test was used on graph K; *p<0.05,
*#p<0.01, ***p<0.001. No statistical difference was also observed on graph K between SN
control and SN ATDC using 2way ANOVA.
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Figure 7
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Figure 7: ATDCs delay GVHD development in humanized mice and promote Treg

expansion, associated to an increase of lactate secretion.

Irradiated NSG mice received PBMCs in absence or presence of autologous ATDCs. A.
Survival curve displays mice survival (n=7-8 mice per group pooled from two independent
experiments). Mice were sacrificed when they lost 20% of their initial weight. Median survivals
are 46 days in PBMC group and 68 days in PBMC + ATDC group. Survival curve was analyzed
by log-rank (Mantel-Cox) test; ** p<0.01. B. The engraftment of human cells was assessed in
the blood of injected mice at different times post cell infusion (n>7/8 mice per group pooled
from 2-3 independent experiments). Each “f” symbol represents a mouse sacrificed as its
weight was inferior to 80% of its initial weight. C-D. Irradiated NSG mice receiving PBMCs in
absence or presence of autologous ATDCs were sacrificed at day 21. The percentage of BrdU™
cells in splenic CD4" T cells (C), as well as the number of splenic human
CD4CD25"Foxp3™Tregs (D) were assessed by flow cytometry(n=3 mice per group). E.Lactate
concentration was measured one week post cell injection in the sera of mice (n=5 mice per

group) by mass spectrometry. On graphsC-E, p values were calculated by unpaired t test;

*p<0.05.
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SUPPLEMENTARY MATERIALS

SUPPL. METHODS

Cells and SN generation

Monocytes were isolated either by elutriation of PBMCs (Clinical Development and Transfer
Platform, Nantes, France) or by magnetic labeling (untouched cells, Human monocyte Isolation
kit II, Miltenyi Biotec). ATDCs were differentiated following a 6 day-culture of 2.5 x 10°
monocytes in Sml of AIMV medium CTS (Life Technologies) supplemented with recombinant
Human GM-CSF (CellGenix) at 100U/ml in a 6-well plate. To obtain MoDC, 2.5x10°
monocytes were incubated in a 6-well plate in 5 ml of complete medium (RPMI 1640 medium
(Life Technologies, France) containing 10% Fetal Calf serum (FCS), 1% L-glutamin, 1%
antibiotics, ImM Sodium Pyruvate, ImM Hepes, 1% non-essential amino acids) supplemented
with recombinant Human IL-4 (200U/ml, CellGenix) and recombinant Human GM-CSF
(1000U/ml, CellGenix) for 6 days. LDH activity were measured in DCs using the Roche
diagnostic kit on a Cobas 8000 device (Roche Diagnostics, Mannheim DE) as described
previously(1).

ATDC and MoDC SN were obtained following cultures of DCs (0.25 x10° cells/ml) in complete
RPMI medium. After 6 days, supernatants were collected and frozen at -80°C until use.In some
experiments, supernatants were filtrated to 3KDa filters (VWR) and both fractions were tested
in MLR assay.

Mature DCs were obtained after a 48h stimulation of MoDC with LPS (Sigma Aldrich) at
lug/ml. To evaluate the maturation resistance, DCs (either ATDCs or MoDCs) were cultured
48h in a 96-well plate at 0.5x10° cells/well or in a 24-well plate at 1x10° cells/well in complete
medium in presence of LPS (200ng/ml, Sigma) alone or LPS and IFN-y (50ng/ml, R&D

systems).

Antibodies and flow cytometry
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Antibodies used for surface staining were provided from BD Biosciences and eBioscience
(Table S3). For intracellular staining, cells were stained then fixed/permeabilized according to
the eBioscience protocol. Permeabilized cells were incubated in Perm. Buffer with anti-IFN-y,
IL-17A or appropriate isotype control (with human sera). Foxp3 staining was performed
according to the manufacturer’s protocol (ebiosciences). For reactive oxygen species
quantification, cells were incubated with DHE (Thermofisher Scientific) according to
manufacturer protocol. For glucose intake assay, cells were incubated with 200 uM 2-NBDG
(Life technologies) diluted in free glucose medium RPMI 1640 medium (+) L-Glutamine, (-) D-
Glucose, (Gibco) for 30 minutes at 37°C and 5% of CO,.For the detection of intracellular
cytokines, PMA (50ng/ml), ionomycin (1uM) and brefeldinA were added for 5 hours before
staining. Dead cells were excluded using DAPI or Fixable Viability Dye eFluor® 450 or
eFluor® 506 (eBioscience). Flow cytometry was performed on a FACS Canto II or a FACS

LSR (BD Biosciences) and analyzed with FlowJo software (Tree Star).

T cell assays

Suppressive assays with mature DCs: To investigate the suppressive function of ATDCs,
autologous CD4" T cells were selected using a CD4" T Cell isolation kit II (Miltenyi) and
CD4"CD25’ cells were selected following an additional depletion of CD25" cells using a CD25"
isolation kit (Miltenyi). In most of the experiments, T cells were labeled with Cell Proliferation
Dye (CPD) efluor 450 (ebioscience) and cultured in 96-well plates with DC (ATDCs or
MoDCs) at a 1:1 ratio and with mature DCs at a 1:0.1 ratio for 6 days. In some experiments,
transwells (3 um pore size, Corning) were added to the well to define whether contact
dependent mechanisms occurred. In some experiments, Glutamine (Sigma), Pyruvate (Gibco),
HCIl (VWR), lactic acid (Sigma) or NaLactate (Sigma) were added to the medium. In other
assays, inhibitors of INOS (Aminoguanonidine, 100 uM, Sigma) and IDO (1-Methyl-D-
tryptophan, 20uM, Sigma) or anti-IL10 antibody (clone JES3-9D7, 10ug/ml, BD Biosciences)

or anti-TGF-f (clone 2GT, 2pug/ml) were added in the suppressive assay.
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Anti-CD3/anti-CD28 stimulation.CD4" purified T cells (5x10° cells) were stimulated with
lug/mL of anti-CD3 (OKT3 clone), 1ug/mL of anti-CD28 (28.6 clone) in 48 well-plate for 5
days at 37°C and 5% CO,. ATDC SN was added at day O and represented 50% of the final
medium volume.

PMA-Ionomycin stimulation. CD4" purified T cells (5x10° cells) were cultured in 96 well-plate
overnight before the stimulation with Phorbol 12-Myristate 13-acetate (PMA) and

ionomycin(both from Sigma) in presence or absence of ATDC SN for 5h.

Regulatory T-cell expansion and suppressive ability.

CD4'CD25'CDI127 T cells were purified by cell sorter (ARIAII, BD Biosciences) and 3x10°
cells were stimulated with Img/mL of anti-CD3 (OKT3 clone), Img/mL of anti-CD28 (28.6
clone) and 1000U/mL of IL-2 (Proleukin®, Novartis) for 14 days in 48 well plates. Medium
was replaced at day 7. ATDC SN was added at day 0 and day 7 and represented 50% of the final
medium volume. To evaluate their suppressive ability, expanded Tregs (1.25; 2.5 or 5x10° cells)
were cultured with autologous purified CPD-labeled CD4*CD25 T cells (5x10° cells) and

mature DCs (5x10" cells). T cell proliferation was evaluated 6 days later by CPD dilution.

IL-10 and IL-12 ELISAs

To measure IL-10 and IL-12p70 production after LPS/IFNy stimulation, culture supernatant of
unstimulated and stimulated ATDCs and MoDCs were harvested after 48 hours. Level of these
cytokines was determined by capture ELISA according to the manufacturer’s instructions (BD

OptEIA, BD Biosciences).

Lactacte/glucose/ pH measurements

Glucose and lactate were quantified from supernatants of DC cultures and from MLR in
presence or not of ATDC with Glu — Test strips and Lac — Test strips (NOVA biomedical)
respectively. pH was measured in supernatants of DC cultures with HANNA pH210

microprocessor pH meter at room temperature.
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ATP measurement. ATDC or MoDC were plated on flat bottom 96 wells plate (50.000
cells/well) in complete media. Intracelullar ATP was measured using ATPlite Luminescence
ATP Detection Assay System (PerkinElmer) According to manufacturer protocol.

Luminescence was measured with a SPARK 10M (TECAN) plate reader.

RNA extraction and real-time quantitative PCR.

Total RNA from cell cultures was extracted with RNeasy mini kit (Qiagen) according to
manufacturer protocol. mRNA were reverse transcribed into first strand cDNA using poly dT
oligonucleotide and Moloney murine leukemia virus reverse transcriptase (Invitrogen). Real-
time quantitative PCR was performed in a ViiA7 Real-Time PCR system (Thermofisher)
Detection System using Fast SYBR Green master mix (Applied Biosystems). The
2—AACt

oligonucleotides used are listed on Table S4. Relative expression was calculated with the

method.

Agilent Microarray Hybridization

The Agilent data have been deposited in GEO (Accession number GSE104438). In the
microarray experiments, CD14" sorted monocytes from 6 different donors were used to
differentiate ATDCs, MoDCs and rMoMacro from the same samples. ATDCs were generated
as described in cell generation section, whereas MoDCs were cultured for 6 days in IMDM
medium (Invitrogen) supplemented with 10% FBS (Gemini), 1000 U/ml thGM-CSF (Miltenyi),
1000 U/ml rhIL-4 (Miltenyi) at a concentration of 0,5x10° cells/ml. rMoMacro were obtained
following a 7 day-culture of 1 x 10° monocytes in 3 ml of RPMI 1640 medium (Lonza)
supplemented with 10% FCS (Biochrom), 2 mM Glutamax (Invitrogen), 100 U/mL penicillin-
100 ug/mL streptomycin (Lonza), and 100ng/ml rhM-CSF (R&D) in 6-well plate. RNA were
extracted from cultured cells using the RNeasy Plus Mini kit (Qiagen) and then labeled and
hybridized on Agilent whole genome oligo Microarrays (8x60K) according to the “One-Color

Microarray-Based Gene Expression Analysis” protocol (Agilent)(2). Background corrected
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intensity values were quantile normalized and log2 transformed. Heatmap of gene expression
was normalized and centered across each gene (row), and displayed using the matrix2png
program (https://matrix2png.msl.ubc.ca).Gene Set Enrichment Analysis of glycolysis pathway
was performed on ATDCs and MoDCs using the list of “hallmark glycolysis” gene sets from
the Molecular Signature Database

(http://software.broadinstitute.org/gsea/msigdb/cardssHALLMARK GLYCOLYSIS).

Affymetrix HuGenel.1 ST raw data files were normalized by the robust multiarray average
(RMA) algorithm and summarized, after background correction, using the R package
aroma.affymetrix(www.aroma-project.org). The Agilent and Affymetrix processed data sets
were matched using gene symbol as primary identifier. The Agilent gene expression data was
then adjusted to the Affymetrix one using the ComBat function of the sva package(3),as done in
(4). Principal Component Analysis (PCA) was performed as described in(5) in order to compare
all the above myeloid subsets within each other. Briefly, we used the dudi.pca function of the

ade4 package (http://pbil.univ-lyonl.fr/ADE-4) and ellipses were drawn using the dataEllipse

function of the car package (https://cran.r-project.org/web/packages/car/index.html) with the

level parameter set at 0.5.

Quantification of lactate by mass spectrometry

Lactate was analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in
serum or cell lysate samples. All solvents were LC-MS grade and purchased from Biosolve
(Valkenswaard, Netherlands). Standard compounds were obtained from Sigma Aldrich (Saint-
Quentin Fallavier, France). A pool of reference standard solutions was prepared and serially
diluted in water to obtain 7 standard solutions ranging 0.1-100 pmol/L. CD4" purified T cells
(2,5x10° cells) were incubated overnight before their stimulation with PMA/ionomycin in
presence or absence of ATDC SN for 5h. After stimulation cells were washed twice at 4°C and
frozen in liquid nitrogen. Cells were then lysed with distilled water and centrifugated. One part

of supernatants was used for protein quantification with bicinchoninic acid assay kit according
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to supplier’s instructions (Sigma Aldrich) and the other part was used for metabolite
quantification.

Briefly, exogenous "“C-lactate labeled internal standard was added and supernatant were
deproteinized by adding 4:1 methanol and then centrifuged. Supernatants were recovered and
dried using nitrogen stream. Finally, dried samples were recovered in water containing 0,1%
formic acid and then injected into the LC-MS/MS system. Analysis by liquid chromatography—
tandem mass spectrometry (LC-MS/MS) analyses, was performed on a Xevo TQD mass
spectrometer with an electrospray interface and an Acquity H-Class® UPLC™ device (Waters
Corporation). Data acquisition and analyses were performed with MassLynx® and
TargetLynx®1 version 4.1 software, respectively (Waters Corporation). Injection and data
analysis was performed by mass spectrometry core facility of Biogenouest CORSAIRE
platform.Lactate concentrations in cell lysates were normalized with total protein contents of

samples.

In vivo ATDC tracking

ATDC tracking was evaluated by the injection of gold labeled ATDCs. At the end of the
differentiation of the ATDCs, 50-nm gold nanoparticles (Sigma-Aldrich) were added to each
well. After one hour of incubation at 37°C and 5% CO2, cells were harvested and washed 3
times in PBS. Cells were injected as described above. Mice were sacrificed at day 3, day 6, day
10 and day 14. The presence of gold nanoparticles in different tissues was analyzed by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as previously described(6, 7).

To analyze ATDC phenotype in vivo, cells were labeled with Qtracker® 605 (Life
Technologies) before injection according to the manufacturer instructions. Briefly, a 10nM
labeling solution containing Qtracker Component A and Component B was prepared, incubated
5min at room temperature and added to the cells (1X10° cells/ml) in complete medium. After
30min incubation at 37°C and 5% CO?2, cells were washed 3 times in PBS before injection.

Animals were sacrificed 6 days later and spleen was collected and digested with collagenase D
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during 30min at 37°C (Sigma-Aldrich). ATDC staining was then performed on splenic cells and
analyzed by flow cytometry.

To evaluate the engraftment of the human cells, blood cells were stained with anti-human
CD45, anti-mouse CD45 and anti-human CD3 and were then analyzed by flow cytometry The
engraftment of human cells was calculated as [% of human CD45" cells / (% of human CD45"
cells + % of mouse CD45%cells)]x100. Animals that displayed greater than 20% total body
weight were sacrificed according to the local ethical committee guidelines.

To quantify lactate, blood was collected on day 7 and serum was obtained following
centrifugation. Lactate concentration was measured by mass spectrometry.

To analyze in vivo mechanism of action of ATDCs, mice were sacrificed 21 days after injection
of PBMC or PBMC/ATDCs. Splenocytes were collected as described above before T cell
staining. On the same day, in vivo T cell proliferation was analyzed following the
intraperitoneal injection of 2mg/ml 5-bromo-2’-deoxyuridine (BrdU, BD Biosciences) 18 hours
before the sacrifice. Detection of BrdU was done according to the manufacturer’s instruction

(BD Biosciences).
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Figure S1: Maturation resistance assay of ATDCs

IL-10 IL-12

ATDCs were left untreated or treated with 1pg/ml Pam3CSK4,1ug/ml Zymosan,lug/ml FSL-
1,5ug/ml Polyl:C,1ug/ml LPS, Spug/ml Flagellin, 2.5ug/ml Imiquimod,2.5ug/ml R848 or
Spg/ml CpG ODN2006 for 24 hours. Expression of HLA-DR, CD80, CD86, CD83, CD40 and

CCR7 markers were assessed by flow cytometry after stimulation. Graphs show the

overexpression (Fold MFI) of the different markers between untreated and TLR ligand-treated

DCs from the same individual (n=5 donors). The baseline defines the expression of each marker

in untreated ATDCs which was related to 1. IL10 and IL12 concentrations in the supernatants of

TLR ligand-treated and left untreated ATDCs were assessed by ELISA. Bar graphs depict

mean+SEM of IL10 and IL12 concentration produced by untreated (untreat.) or TLR ligand-

treated (treated) ATDCs (n=4 donors). p values were calculated by paired t test; *p<0.05,
*#p<0.01; ***p<0.001.
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Figure S2
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Figure S2: ATDCs inhibit T cell differentiation.

CPD-labeled CD4" T cells were cultured with allogeneic mature DCs with or without
autologous ATDCs and then analyzed for their cytokine secretion. Plots depict the percentage of
CD4'TFN-y* Th1 cells, and CD4'IL-17* Th17 cells among CPD"" CD4" proliferating cells in
absence or presence of ATDCs. Graphs on the right show cumulative data of >6donors. p values

were calculated by paired t test; **p<0.01.
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Figure S3:Transcriptomic analysis of ATDCs, MoDCs, rMoMacro and all public datasets
from GSE40484 and GSE102046 studies.

A.MoDCs were stained with myeloid cells, monocytes, DCs, chemokines and inhibitory
molecules markers and analyzed by flow cytometry. Representative histograms of the
expression of the markers by MoDCs (black line; n>4 donors) and their respective isotype
controls (grey shaded) are shown. B-C.Microarrays were performed on ATDCs, MoDCs and
rMoMacro generated from monocytes of 6 healthy donors. B.Transcriptomic datas of these
three populations (in black) were compared with human populations obtained from public
datasets GSE40484 and GSE102046(in grey). The principal component analysis presented in
Figure 2B illustrated only 6 populations from these two public data sets. In this Figure S2, all
the populations from GSE40484 and GSE102046 were shown. Public data sets include
CD14"monocytes (n=4), CD16" monocytes (n=4), blood CD1¢* DCs (n=4), GM-CSF/IL-4 mo-
DCs (n=6), M-CSF mo-DCs (n=6), IL34 mo-DCs (n=6), M-CSF mo-Mac (n=6), IL.34 mo-Mac
(n=6), ascites mo-DCs (n=5) and ascites mo-Mac (n=5). The graph depicts the principal
component analysis of these different subsets. Numbers indicate the donor ID used to generate
ATDCs, MoDCs and rMoMacro.C. Heatmap illustrates the expression patterns of the top 50
highly overexpressed genes in ATDCs compared to MoDCs and rMoMacro.
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Figure S4
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Figure S4: Incubation of ATDCs with Gold nanoparticles or Qtracker® does not modify
their properties

Preliminary experiments were performed to define a protocol for labelling ATDCs with Gold
nanoparticles. The staining of ATDCs by nanoparticles has to be strong enough for an in vivo
detection of the signal but without leading to ATDC death or modification of their properties.
A. ATDCs were incubated with various concentrations of Gold nanoparticles and their Gold
uptake was determined by ICP-MS. Data are the average number of gold atoms internalized/cell
for each labeling condition (n= 2-3 donors). B. Expression of HLA-DR, CD80, CD86, CD83
and CD40 markers were assessed in unlabeled or gold labeled ATDCs by flow cytometry.
Representative histograms of the expression of the markers by ATDCs (black line) and their
respective isotype controls (grey shaded) are shown (n=4 donors). C. MLR assay described in
Figure 1D was performed using unlabeled or gold labeled ATDCs. D. Unlabeled or gold labeled
ATDCs were left untreated (grey shaded) or treated with 200ng/ml LPS (black line) for 48
hours. Graphs show the expression (MFI) of CD80, CD86, CD83 markers assessed by flow
cytometry (n=2 donors). E. Expression of Qtracker, HLA-DR, CD80, CD86, CD83 and CD40
markers were assessed in unlabeled or Qtracker-labeled ATDCs by flow cytometry.
Representative histograms of the expression of the markers by ATDCs (black line) and their

respective isotype controls (grey shaded) are shown (n=2 donors).
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Figure S5: ATDCs do not induce T cell apoptosis or anergy but block CD4" T cells in G1
phase of cell cycle

A. CPD-labeled total CD4" T cells or CPD-labeled CD4"CD25 T cells were cultured with
allogeneic mature DCs in presence or absence of ATDCs. T cell proliferation was assessed after
6 days (n=12 experiments). B. Anergy assay. Naive CD4" T cells were incubated with ATDCs
or MoDCs (1 T cell : 1 DC). After 6 days of culture, CD4" T cells were sorted by cell sorter
(ARIA II, BD Biosciences) and incubated 6 to 8 days with recombinant human IL-2 (50U/ml)
(CellGenix) to obtain T cell lines (T(DC)). These cell lines were tested for their ability to
proliferate in response to mature DC provided from the same donor as DCs (ratio 10 T(DC) : 1
mature DC). After 3 to 6 days, proliferation was evaluated by [*H]-thymidine incorporation for
an additional 8 hours. The graph depicts the proliferation of CD4" T cells from 2 experiments.
C. Apoptosis assay. Cells were harvested after suppression assay, stained with CD3 antibody,
washed and labeled with Annexin V (BD Biosciences) for 20 minutes at room temperature.
After labeling, DAPI was added and samples were analyzed in the following hour (n=4
experiments).D. Cell cycle assay. Cells were harvested after suppression assay, stained with
CD3-PE antibody, washed and fixed with PFA 1% during 1h on ice. After fixation, cells were
washed, recovered in 70% cold ethanol and incubated at 4°C overnight. Following the

incubation, cells were washed and labeled with Propidium Iodide (50ug/mL Sigma Aldrich) in
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presence of RNAase (50ug/mL) diluted in PBS for 30 minutes at 37°C. After labeling, samples

were analyzed without washing (n=3 experiments). In these assays, p values were calculated by
2way ANOVA; *p<0.05, **p<0.01,***p<0.001.

A B C D E o Figure S6
100 — 20 L §
— O\o - 0.2 —_—
X 80 ‘S’ 15 S %
5 =] = 0.0 B
g% e Z 10 . 50
g 0 2 = S 02 3
= ] = < £ 2
> 20 & = oa
Q. g
0 0
2 4 8 S 10 20 1] 5 75 10
L-Glutamine (mM) Pyruvate (mM) R ATOC 086 z z Molarity (mM)
= MLR O MLR B MoDC é 8 - A
= MLR + ATDC M |\ R + ATDC = § o Lacticacid + NaOH
-m- Lacticacid + NaOH
F G
ke
8012 B A St 0 OmM HCl ATDC supernat.  ATDC supernat.
F =3 SmM HC +NaOH
5 801 M 10 mM HCl
5
&£ 401 Baseline
2 liferation
2 prolifera
o 20 21 32
0 o 5 o CPD -
NalLact (mM) 55 h MoDC supernat. MoD+C§;JOp:rnat.
—cpPD —>
H
I 1sotype control
65 69
- Control SN expanded Treg ' . B —— M
- - - ATDCSN expanded Treg CPD——n—»

Figure S6: Involvement of lactate secretion in ATDC mechanisms of action

A-B. CPD-labeled CD4" T cells were cultured with allogeneic mature DCs in presence or
absence of ATDCs and with increasing concentrations of L-Glutamine (A, n=3 donors) and
Pyruvate (B, n=4 donors). T cell proliferation was assessed after 6 days.p values were calculated
by 2way ANOVA; ***p<0.001.C.Intracellular ATP was measured in ATDCs and MoDCs (n=4
donors). p value was calculated by paired t test; *p<0.05.D.ATDC or MoDCs were cultured
alone in complete RPMI medium for 6 days. pH was measured in cell supernatants at the end of
culture. A pH was measured as pH of cell supernatant — pH of control RPMI. (n > 4 donors).p
value was calculated by unpaired t test; **p<0.01.E.CPD-labeled CD4" T cells were cultured
with allogeneic mature DCs in presence of increasing concentrations of lactic acidor lactic acid
neutralized with the same concentration of NaOH. T cell proliferation was assessed after 6 days
(n=5 experiments). p values were calculated by 2way ANOVA; ***p<0.001.F.CPD-labeled

CD4" T cells were cultured with allogeneic mature DCs in presence of increasing concentrations
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of HCland/or increasing concentrations of NaLactate. T cell proliferation was assessed after 6
days (n=6 experiments). p values were calculated by 2way ANOVA; *p<0.05,
*#p<0.01.G.Supernatants from ATDCs or MoDCs cultured alone were transfered to a new
MLR in presence of absence of 5SmM NaOH. CD4" T cell proliferation was assessed by CPD
dilution. A graph showing cumulative data of >8 independent experiments is depicted on Figure
5H. H.Purified CD4*CD25CD127"" Tregs were expanded with anti-CD3 and anti-CD28
antibodies for 15 days in presence of absence of ATDC SN. This histogram displays the Foxp3
expression of expanded Tregs treated or not with ATDC SN and is representative of n=8

experiments.

Figure S7

g
|
I

PBMC
= PBMC + ATDC

% of hCD3+ cells
amongst hCD45+ cells
& 8 8
%

S

=]

Day 7 Day 20

Figure S7: Engraftment of T cells in humanized mice is predominantly CD3 + T cells in

both groups of mice treated with PBMCs or PBMC+ATDCs.

The percentage of human CD3" T cells observed in human CD45" cells was assessed in the
blood of injected mice at day 7 (n=10/11 mice per group pooled from 3 independent
experiments) and day 20 (n=7/8 mice per group pooled from 2 independent experiments) post

cell infusion.
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both groups of mice treated with PBMCs or PBMC+ATDCs.

The percentage of human CD3" T cells observed in human CD45" cells was assessed in the

blood of injected mice at day 7 (n=10/11 mice per group pooled from 3 independent
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experiments) and day 20 (n=7/8 mice per group pooled from 2 independent experiments) post

cell infusion.

Table S2: List of genes with expression fold change over 2 in ATDCs compared to MoDCs
and rMoMacro
Expression values were log-2 transformed. FC (Fold change) expression between ATDCs and

MoDCs or rMoMacro were shown in the last two columns.

Table S2 is provided in separated file.
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Table S3: List of anti-human antibodies used in this study.

Clone Source Catalog#
CCR2 (CD192) 48607 R&D systems FAB151A
CCR5 (CD195) 2D7/CCR5 BD Biosciences 556903
CCR7 (CD197) 3D12 BD Biosciences 557648
CCR9 (CD199) 112509 R&D systems FAB179A
CD11b BEAR1 Beckman Coulter IM0530
CD11c S-HCL-3 BD Biosciences 333144
CcD123 9F5 BD Biosciences 551065
CD127 hIL-7R-M21 BD Biosciences 557938
CD14 M5E2 BD Biosciences 557742
cD141 1A4 BD Biosciences 559781
CD1a HI149 BD Biosciences 555808
CD1c L161 Thermo Fisher Scientific 46-0015-42
CD206 19.2 BD Biosciences 551135
CD209 DCN46 BD Biosciences 551265
CD25 M-A251 BD Biosciences 557753
CD25 M-A251 BD Biosciences 555431
CD25 M-A251 BD Biosciences 555434
cD3 UCHT1 BD Biosciences 555332
cD3 UCHT1 BD Biosciences 555333
CD4 RPA-T4 BD Biosciences 555346
CD4 RPA-T4 BD Biosciences 555347
CD4 RPA-T4 BD Biosciences 560650
CD40 5C3 BD Biosciences 555588
CD45 HI30 BD Biosciences 557748
CD64 10.1 BD Biosciences 555527
CcD80 L307.4 BD Biosciences 561134
CD83 HB15e BD Biosciences 551058
cDS86 2331 (FUN-1) BD Biosciences 555660
CX3CR1 2A9.1 Thermo Fisher Scientific 17-6099-42
Fce R1 AER-37 Thermo Fisher Scientific 25-5899-42
FoxP3 PCH101 Thermo Fisher Scientific 45-7776-42
HLA-DR G46-6 BD Biosciences 561225
HLA-G 87G Thermo Fisher Scientific 17-9957-42
IFN-g B27 BD Biosciences 557995
IL-172 eBio64DEC17 Thermo Fisher Scientific 17-7179-42
ILT2 (CD85j) GHI/75 Miltenyi Biotech 130-101-552
ILT3 (CD85k) ZM3.8 BD Biosciences 564181
ILT4 (CD85d) 287219 R&D systems FAB2078N
ILT7 (CD85g) 17G10.2 BD Biosciences 562340
PDL-1 (CD274) MIH1 BD Biosciences 558065
anti-mouse CD45 30-F11 BD Biosciences 550994
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Table S4:List of primers used in this study.

Gene Forward primer Reverse primer

IFNG TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC
TGFB CTGGCGATACCTCAGCAACC TGCAGTGTGTTATCCCTGCT
FOXP3 GTGGCCCGGATGTGAGAAG GGAGCCCTTGTCGGATGATG
CMYC GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
ILIB ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
IL6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
TNFA CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
IL12P40 TGCCCATTGAGGTCATGGTG CTTGGGTGGGTCAGGTTTGA
IL10 GATCCAGTTTTACCTGGAGGA CCTGAGGGTCTTCAGGTTCTC
HPRT CGAGATGTGATGAAGGAGATGG CCTGTTGACTGGTCATTACAATAGC
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Results II: Tolerogenic dendritic cells generated
with low dose of GM-CSF display a highly active
metabolism

ATDC display a complex and highly oxidative and glycolytic metabolism

As we previously reported, Tol-DC generated with low dose of GM-CSF (ATDC)
displayed a highly glycolytic metabolism resulting in a high glucose consumption and
high secretion of lactate and protons (Figure 19A-C). On the other hand, we also
demonstrated that ATDC also displayed a highly oxidative metabolism and a higher
production of ATP comparing to monocyte derived DC (MoDC) (Figure 19D). In order
to better understand ATDC immunosuppressive function linked to metabolism, we
indeepth into metabolic characterization of these cells. Firstly we investigate glucose
metabolism with metabolism assay Seahorse to evaluate the mitochondrial contribution
to oxygen consumption and on the other hand the spare capacity (Figure 19E). We
observe that after the addition of oligomycin, inhibitor of mitochondrial ATP synthase,
there is a decrease of oxygen consumption that impairs totally the oxidative metabolism
in MoDC but not in ATDC. This result suggests an alternative pathway in ATDC
respiration that keeps a certain oxidative capacity independent from ATP synthase
activity (Figure 19F). After adding FCCP, a drug that increases permeability in inner
mitochondrial membrane impairing proton gradient and leading to maximal activity of
oxygen consumption, we observed that both ATDC and MoDC have similar capacity to
increase their OCR from basal to maximal (Spare capacity). Despite the higher oxygen
consumption of ATDC, comparing to MoDC, the spare capacity remains the same
(Figure 19G). As the effect of the oligomycin does not abrogate totally oxygen
consumption in ATDC we use Rotenone and Antinomycin in order to evaluate the
contribution of the proton leak, or oxygen consumption independent from ATP
synthase. We observed that after adding rotenone, an inhibitor of complex I of
respiratory chain, the oxygen consumption is not totally abrogated in ATDC.
Interestingly, the inhibition of complex I impaired the capacity to oxydize NADH, in
consequence oxygen consumption is derived from oxidation of FADH2 lead by the
succinate to fumarate reaction (Figure 19H). Finally, the addition of antinomycin A,

inhibitor of complex III, responsible of oxygen reduction, lead to a total impairment of
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oxidative capacity in both cells. On the other hand, as we observed an enhanced
respiratoy activity in ATDC we interested then in mitochondrial content, mitochondrial
ROS and total ROS production. We observed a higher mitochondrial content in ATDC
comparing to MoDC. On the other hand, we observed a non significant increase
tendence in mtROS production in ATDC and no differences in total ROS production
(Figure 19I-K). These results suggest a high oxidative metabolism lead by a high
mitochondrial mass and activity. Finally, we were also interested on the glycolytic
capacity of ATDC. In order to evaluate maximal glycolytic capacity, we checked the
acidification rate in presence of oligomycin with Seahorse. We observed that even
displaying a increased ECAR, in presence of oligoycin, ATDC increased rapidly
acidification rate but they are not able to maintain. On the other hand MoDC increased
ECAR in presence of oligomycin and maintain a stable rate (Figure 19L-M). In
conclusion, ATDC display a high oxidative and glycolytic metabolism, a different
behavior in ECAR face to oligomycin and an alternative electron source for oxygen
consumption in presence of rotenone. These results suggest that ATDC and MoDC

display different metabolism and potentially different regulations of metabolism.
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Figure 19. hATDC display a highly glycolytic and oxidative metabolism. (A-C)
Supernatant glucose, lactate and pH after 6 days of hATDC or MoDC culture A(n=5),
B(1n=9), C(n=8). (D) hATDC and MoDC intracellular ATP after differentiation (n=4).
(E) hATDC and MoDC OCR sequentially stimulated with oligomycin, FCCP,
Rotenone and antinomycin A (n=6). (F) hATDC and MoDC ATP production linked
respiration, (n=6) (G) Spare capacity (n=6) and (H) FADH dependent respiration (n=6).
(I) hATDC and MoDC Mitochondrial mass (n=4), (J) mROS (n=4) and (K) ROS (n=4).
(L-M) hATDC and MoDC ECAR stimulated with oligomycin (n=6). Experimental
procedures and details are described in material and methods. *, ** *** indicate
p<0,05, p<0,01 and p<0,001, respectively (Paired Student’s t test). Error bars indicate
SEM.

Lipid oxidative metabolism is enhanced in ATDC

Usually, a high mitochondrial and oxidative metabolism is linked to fatty acid
oxidation. For this reason we characterize lipid metabolism in ATDC and MoDC. First
we investigated the contribution of lipid metabolism to the oxidative capacity of ATDC.
In this purpose we checked for the OCR in presence of etomoxir, an inhibitor of lipid
transport to mitochondria. We observed that the addition of etomoxir lead to a high
decrease in oxidative metabolism in both cells, however, this decrease was more
pronounced in ATDC. However this result must be confirmed by additional
experiments. This result indicated that lipid oxidation contribute to the 50% of total
mitochondrial oxidative activity in ATDC meanwhile in MoDC is around 30% (Figure
20A and 20B). As lipids can be generated de novo or can be uptake from the
extracellular media, we first checked for the neutral lipid content of both cells. We
observed that after differentiation ATDC have a higher lipid content comparing to
MoDC (Figure 20C). On the other hand, higher lipid content observed after
differentiation in ATDC comparing to MoDC could be the consequences of the use of
different culture media. MoDC are differentiated with RPMI media supplemented with
SVF and ATDC are differentiated with AIMV media. However, the addition of lipids
during the last 24h of differentiation leads to a higher content of lipids in ATDC but no
in MoDC (Figure 20D and 20E). These results suggest that ATDC can uptake lipids

from the extracellular medium. Interestingly, 48h after lipid preincubation, lipids were
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totally disappeared (Figure 20F). According to literature, lipids can be release,
modified or oxidized, however regarding FAO in ATDC we propose that lipids are
mostly oxidize during the 48h. Additionally, we checked for the expression of genes
related to fatty acid synthesis (Figure 20G) and lipid intake (Figure 20H) after
differentiation. We observed no difference between ATDC and MoDC in lipid
biosynthesis enzymes Fas, Acaca and Acl. On the other hand, we observed an increased
expression in lipid receptors related to lipid transport and endocytosis CD36 and Lox]I.
Finally, such as endocytosis pathways can be related to the lipid oxidative metabolism,
we performed electronic microscopy in order to detect endocytic structures (Figure
20I). Preliminary results suggest that ATDC present enormous structures closed to
cytoplasmic membrane comparing to MoDC. Additionally, the low electronic density
around these vesicles suggests that these vesicles could be associated to
macropinocytosis (Figure 20J). However, these results must be confirmed. Altogether,
these results suggest that ATDC have a highly lipolytic profile and a high capacity to

uptake lipids from the extracellular medium.
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Figure 20. hATDC display a highly lipolytic metabolism. (A) hATDC and MoDC
OCR sequentially stimulated with etomoxir, 2-DG and rotenone/antimycin A (n=4). (B)
hATDC and MoDC oxidative capacity depending on lipids (n=4). (C) Neutral lipid
staining in hATDC and MoDC (n=9). (D) Confocal microscopy of hATDC and MoDC
after lipid stimulation and stained with bodipy. (E) hATDC and MoDC bodipy staining
after lipid intake and (F) after 48h in fresh medium(D, E and F, representative from 9
experiments). (G) Expression of lipid biosynthesis-related enzymes Acly, Fas and Acca
(n=8-11). (H) Expression of lipid receptors Cd36, Cd68, Msrl and LoxI(n=8-11). (I)
ETM of hATDC and MoDC (n=1). (J) Contour detail of hATDC large vesicles (n=1).
Experimental procedures and details are described in material and methods. *, *%*, *%*%*
indicate p<0,05, p<0,01 and p<0,001, respectively (Paired Student’s t test). Error bars
indicate SEM.

High metabolic rate and function of ATDC can be controlled by lipid oxidation

In order to indeepth on the dual lipidic and glycolytic metabolism of ATDC, we wonder
about the cause and the regulation. As the ATP production in steady state is the
reflection of the energetic homeostasis, we previously demonstrated that intracellular
ATP was increased in ATDC (Figure 21B). However, looking for the highly active
metabolism, we already expected a major production of ATP in ATDC. About the
causes of this high energetic demand we think that cellular size can be an important
factor as well the metabolic regulation. Cellular size, mitochondrial content and
architecture are determinants in metabolism. It has been already described that biggest
cells have a lower oxygen and nutrient diffusion across the cytoplasm and more
requirements in order to regenerate organelles. We observed through electronic
microscopy images that ATDC are biggest than MoDC (Figure 21A). On the other
hand, as a high glycolytic metabolism is usually regulated by different transcription
factors and enzymes, we determine the expression of glycolysis related factors such as
glycolytic enzymes Glutl, Pfkl, Pkm (Figure 21B) and glycolysis related transcription
factors Hifa and c-myc (Figure 21C). We observed no significant differences between
the expressions of these genes. On the other hand, as lipid metabolism can blocks the
entrance to mitochondria of pyruvate derived from glycolysis we checked for the
expression of PDH inhibitors PDKs. We observed that PDH inhibitors Pdkl and Pdk4
are highly expressed on ATDC meanwhile Pdk2 displayed an increased trend and no
differences in Pdk3 were observed (Figure 21D). These results suggest that ATDC can
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potentially impair oxidative use of glucose leading to a pyruvate to lactate derivation.
These results support the idea that this highly active metabolism is regulated by an
active FAO. In order to better characterize the ATDC metabolism, we determine
intracellular ATP, glucose consumption and lactate production after LPS stimulation.
Usually, LPS activate glycolytic metabolism and lipid biosynthesis. We observed that in
presence of LPS, glucose consumption and lactate production are increased in both cells
(Figure 21E). However, ATP production increases in MoDC but decreases in ATDC
(Figure 21F). Additionally, LPS stimulation led to an increase in lipidic content
(Figure 21G). These results suggest that forcing glycolytic pathway potentially impairs
FAO in ATDC leading to a less efficient production of ATP. Following these results,
we wondered if the addition of lipids can favour FAO and lead to a decrease in
tolerogenic function of ATDC toward CD4 T-cells in MLR context. We observed that
the addition of lipids impaired ATDC suppressive potential in a dose dependent manner
but not in MoDC. On the other hand, the presence of lipids impairs by itself CD4 " T-cell
proliferation (Figure 21H). Altogether, these results suggest that highly active
metabolism in ATDC is potentially driven by FAO and a highly bioenergetic demands.
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Figure 21. High metabolic rate and function of ATDC can be controlled by lipid
oxidation. (A) hATDC and MoDC cell size (4 cells from 1 experiment). (B) Expression
of glycolytic enzymes Glutl, Pkfl and Pkm2 (n=6-11). (C) Expression of transcription
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factors related to aerobic glycolysis Hifla and Myc (n=6-11). (D) Expression of PDH
inhibitors pdkl, pdk2, pdk3 and pdk4 (n=6). (E) Supernatant glucose and lactate in
hATDC and MoDC culture after 48h of stimulation with LPS and IFNy (n=3). (F)
Intracellular ATP in hATDC and MoDC after 48h of stimulation with LPS and
IFNy (n=3). (G) Intracellular lipids in hATDC and MoDC after 48h of stimulation with
LPS and IFNy (n=3). (H) Abrogation of hATDC and MoDC suppressive activity in
suppression assay (n=4). Experimental procedures and details are described in material
and methods. *, ** *** indicate p<0,05, p<0,01 and p<0,001, respectively (Paired
Student’s t test and 2way ANOVA Bonferroni Post-test for figures E, F and H). Error
bars indicate SEM.
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Experimental procedures.

ATDC and MoDC generation. Dendritic cells were generated from monocytes
isolated from healthy volunteer donors (French Blood Service, Nantes, France). ATDC
were differentiated following a 6 day-culture of monocytes in AIMV medium CTS
(Life Technologies) supplemented with recombinant human GM-CSF (CellGenix) at
100U/ml. MoDC were derived from monocytes cultured in complete RPMI 1640
medium (Life Technologies, France) supplemented with 10% decomplementedFetal
Calf serum(Eurobio), recombinant human IL-4 (200U/ml, CellGenix) and recombinant

human GM-CSF (1000U/ml, CellGenix) for 6 days.

Suppression assay. Autologous CD4" T cells were selected using a CD4™ T Cell
isolation kit (Miltenyi), labeled with Cell Proliferation Dye (CPD) efluor 450
(ebioscience) and cultured in 96-well plates with DC (ATDC or MoDC) at a 1:1 ratio
and with mature DC at a 1:0.1 ratio for 6 days.

Metabolic assay. ATDC or MoDC were plated on Seahorse Bioanalyzer XFe24
culture plates (120.000 cells/well) in Seahorse XF-base medium (Sigma) supplemented
with 9mM of glucose, 0,86mM of NaOH, ImM of pyruvate and 2mM of glutamine.
Before the experiment, cells were incubated 20 minutes at 37°C and 0% CO,. Drugs
used during the plate reading were Oligomycin (2,5uM), FCCP (0,5uM), Rotenone
(1pM), Antinomycin A (1pM), Etomoxir (100uM) and 2-DG (100mM). OCAR and
ECAR readout were obtained using Seahorse XF24 analyzer. Seahorse data analysis

was performed using Seahorse Wave 2.4 software.

ATP measurement. ATDC or MoDC were directly used or plated on flat bottom 96
wells plate (50.000 cells/well) and incubated with LPS (Sigma) for 48h. Intracelullar
ATP was measured using ATPlite Luminescence ATP Detection Assay System
(PerkinElmer) according to manufacturer protocol. Luminescence was measured with a

SPARK 10M (TECAN) plate reader.

Measurement of reactive oxygen species. After differentiation, ATDC and MoDC
were washed and incubated with DHE (Thermofisher Scientific) according to

manufacturer protocol.
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Measurement of mitochondrial reactive oxygen species. After differentiation, ATDC
and MoDC were washed and incubated with Mitosox (Thermofisher Scientific)

according to manufacturer protocol.

Measurement of mitochondrial content. After differentiation, ATDC and MoDC were
washed and incubated with Mitotracker (Thermofisher Scientific) according to

manufacturer protocol.

Lipid measurement. After differentiation or after LPS stimulation for 48h, ATDC and
MoDC were washed and incubated with Bodipy (Thermofisher Scientific) according to

manufacturer protocol.

Confocal microscopy. ATDC and MoDC were stained with Bodipy and then fixed with
Prolong Gold with DAPI. Confocal microscopy was performed using A1 R Si Confocal

Microscope (Nikon, Champigny sur Marne-France)

RNA extraction and real-time quantitative PCR. Total RNA from cell cultures was
extracted with RNeasy mini kit (Qiagen) according to manufacturer protocol. mRNA
were reverse transcribed into first strand cDNA using poly dT oligonucleotide and
Moloney murine leukemia virus reverse transcriptase (Invitrogen). Real-time
quantitative PCR was performed in a ViiA7 Real-Time PCR system (Thermofisher)
Detection System using Fast SYBR Green master mix (Applied Biosystems).

Transmission electronic microscopy. TEM was performed at the Electronic
Microscopy Facility of the Federative Institute of Research 26 (IFR26, Nantes, France).
Briefly, after differentiation, 5 million ATDC or MoDC were washed and resuspended
in the fixative solution (glutaraldehyde 2.5% v/v in Sorensen’s Phosphate Buffer at 0.1
M) for two hours and a half at 4°C. Cells were washed and post-fixed in 1% w/v
osmium tetroxide for one hour at 4°C, dehydrated in ethanol and embedded in an Epon
resin mixture. Ultra-thin sections were double-stained using uranyl acetate and lead
citrate. Finally, thin sections (60 to 70 nm) were cut on a Reichert Ultracut E microtome
and were doublestained using uranyl acetate and lead citrate. Observation of the
contrasted sections was performed at 80 kV under a JEM-1010 transmission electron

microscope (JEOL).

Statistical analysis. Statistical analysis was conducted using Graphpad Prism 6

software. Measurements between two groups were performed with a paired Student’s t
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test. Groups of two or three were analyzed by Two-way ANOVA with Bonferroni Post-

test. Statistical parameters for each experiment can be found within the corresponding

figure legend.

Primers.

Gene Forward primer Reverse primer

Pdkl1 CTGTGATACGGATCAGAAACCG |TCCACCAAACAATAAAGAGTGCT
Pdk2 ATGAAAGAGATCAACCTGCTTCC |GGCTCTGGACATACCAGCTC
Pdk3 CGCTCTCCATCAAACAATTCCT CCACTGAAGGGCGGTTAAGTA
Pdk4 GGAGCATTTCTCGCGCTACA ACAGGCAATTCTTGTCGCAAA
LoxI TTGCCTGGGATTAGTAGTGACC |GCTTGCTCTTGTGTTAGGAGGT
Fas CCGAGACACTCGTGGGCTA CTTCAGCAGGACATTGATGCC
Acly ATCGGTTCAAGTATGCTCGGG GACCAAGTTTTCCACGACGTT
Acac ATGTCTGGCTTGCACCTAGTA CCCCAAAGCGAGTAACAAATTCT
Hprt CGAGATGTGATGAAGGAGATGG |CCTGTTGACTGGTCATTACAATAGC
Glutl CATTGGCTCCGGTATCGTCA GGCCACGATGCTCAGATAGG
Msrl GACACTGATAGCTGCTCCGA AACTGCAAACACGAGGAGGT
Cd36 CGGCTGCAGGTCAACCTATT GGCCAAGGAGGTTTATTTTTCCA
Cdo4 AGCTGTGAAACAAAGTTGCTCT |GGTCTTGCTGCCCATGTAGA

Myc GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
Hifla GAACGTCGAAAAGAAAAGTCTCG |CCTTATCAAGATGCGAACTCACA
Pfkl GGTGCCCGTGTCTTCTTTGT AAGCATCATCGAAACGCTCTC
Pkm?2 ATGTCGAAGCCCCATAGTGAA TGGGTGGTGAATCAATGTCCA
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Discussion

Results discussion

Low dose-induced hATDC are tol-DC

During the last two decades, the therapeutic use of Tol-DC has demonstrated to be a
potent strategy to treat autoimmune diseases and to induce tolerance in transplantation
in rodent models. Nowadays these cells have been tested in several clinical trials
demonstrating the feasibility and safety of the therapy. Among these clinical trials, just
one has been performed in the context of kidney transplantation, in the CHU of Nantes
as a part of the One study consortium. This study will show for the first time the ATDC
effect in humans in the context of transplantation. Tol-DC used for this study were
Autologous Tol-DC (ATDC) differentiated from human monocytes in AIMV medium
supplemented with low dose of GM-CSF. Based on this low dose-GMCSF protocol,
previous studies performed by our group demonstrated that ATDC differentiated from
bone marrow, were able to prolong skin, heart and pancreatic islet allograft survival in
rodent models. Additionally, studies on NHP demonstrated the safety of this therapy
before to move to human. In the translation to human, we first demonstrated that human
ATDC (hATDC) similarly to their rodent homologues, displayed an immature dendritic
cell phenotype based on a low expression of costimulatory molecules CD40, CD80 and
CD86 and HLA-DR comparing to monocyte-derived DC classically differentiated with
GM-CSF and IL-4 (MoDC). Moreover, hATDC present resistance to maturation
following pro-inflammatory stimuli observed by the lack of upregulation of CD83 and
most part of costimulatory molecules. Also, after LPS and IFNy stimulation, hATDC
secreted of IL-10, in similar quantities than MoDC, but lower amounts of pro-
inflammatory cytokine IL-12p70. Finally, hATDC, contrary to MoDC, were able to
impair CD3"T-cell alloproliferation in mix lymphocyte reaction as well in a suppression
assay using CD4 T-cells, allogeneic mature DC and hATDC autologous to CD4'T-
cells. All these characteristics are typically observed in Tol-DC differentiated with

different protocols.
hATDC differ from MoDC in terms of phenotype, transcriptome and metabolism

In our studies we also demonstrated that hATDC display a unique phenotype based on

the expression of myeloid markers such as monocytes, macrophages and DC. We
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observed that hATDC express classical MoDC markers such as CD11b, CD11c and
CD206 but no DC-Sign (CD209), FceRI nor CDla. Also, hATDC express different
macrophage markers such as CD14, CD64 and CX3CRI. Apart from phenotype, we
demonstrated that hATDC display a unique transcriptomic profile comparing to
different myeloid populations. Moreover, we characterize hATDC metabolism and we
observed a highly glycolytic and oxidative metabolism comparing to MoDC.
Interestingly, their glycolytic potential during homeostasis is more close to M1
macrophages, inflammatory macrophages, than DC or M2 macrophages. Additionally
we demonstrated that hATDC are highly dependent of lipid oxidative metabolism,
supporting the 50% of oxidative metabolism during homeostasis. We propose that
hATDC display a high metabolic profile due to the cell size and to a high expression of
lipid receptors such as Lox/ and Cd36. Indeed, it has been reported that big cells
required more energy and lipids in order to regenerate membrane systems such as
mitochondria, ER and Golgi. Additionally, the cell size also influenced the oxygen and
nutrient diffusion, leading to a preferential glycolytic metabolism in big cells (279).

This glycolytic metabolism is usually related to lipogenesis.

On the other hand, we do not find differences in the expression of lipogenic genes such
as Fas, Acly nor Acac but we observed enormous endocytic vesicles near to the
cytoplasmic membrane. We propose that these endocytic vesicles, due to their low
electronic density could be macropinocytosis vesicles. We consider that from these
endocytic pathway hATDC can uptake large amounts of lipids such as the ones we
observed in confocal microscopy images. We also propose that the high expression of
PDK, inhibitors of PDH, could maintain lipolysis and amino acids (Only those that do
not enter in the mitochondria via pyruvate) oxidation preferential face to oxidative use
of glucose. Another data that support the high use of FAO is the oxidative capacity in
presence of rotenone. In fact, the inhibition of complex 1 abrogates completely the
capacity of mitochondria to oxidize NADH, then the only source of electron to reduce
O, to water is the FADH,. This molecule is produced during the catalysis of succinate
to fumarate in the Krebs cycle but also during -oxidation (280). Interestingly, we are
not the only group to observe a highly active metabolism in Tol-DC. In fact, it has been
shown that Tol-DC differentiated with VitD3 and dexamethasone display a highly
glycolytic and lypolytic metabolism(175). hATDC and possibly other Tol-DC seem to
display a highly complex metabolism comparing to MoDC. Finally, such as lipid
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metabolism corresponds to 50% of oxidative capacity and the steachiometry of glucose
to lactate is near to 80% (Equation 1) we proposed that the other 50% of oxidative
capacity can correspond mainly to amino-acid (Only those that integrate Kreb’s cycle
through pyruvate independent pathways) oxidation rather than glucose oxidation. On
the other hand, little is known about Tol-DC TCA enzymatic activity. In fact if these
cells are close to macrophages M1, we must consider the possibility that TCA is
truncated. Truncation at SDH could lead to an accumulation of succinate supported by
glutamine oxidation. As it was previously mentioned, succinate is a metabolite that can
stabilize HIFla, a subunity of a transcription factor related to oxidative glycolysis
(165). On the other hand, lipids oxidation has been related to a decrease in HIFla
activity in cardiomyocytes (281). However, if we consider the same truncation than M1
macrophages, the lack of IDH can lead to an accumulation of citrate and an increase of
itaconate, an inhibitor of SDH. In this way, lipid and amino acids oxidation could
sustain SDH inhibition leading to an accumulation of succinate. Truncation of TCA in

Tol-DC could explain the exacerbated glycolysis at steady state.

These results imply that despite the terminology of DC, hATDC display a unique
phenotype and transcriptome. Moreover, we suggest that hATDC, Tol-MoDC
differentiated with VitD3 and dexametahose and possibliy other Tol-MoDC displayed a

highly active metabolism potentially related to their functions.

Glucose ——— 2 Lactate

initial 9mM 2mM
Theorical (for yield of 100%) Final 2-3mM 14-16mM 100%
Observed Final 2-3mM 12-14mM 80-90%

Equation 1.
hATDC are able to migrate and reach the spleen

In terms of migration skills, we observed that hATDC express the chemokine receptor
CCRY7 at steady state and can be upregulated after pro-inflammatory stimuli by different
TLR ligands. These results suggest that hATDC can sense CCL19 and CCL21 and are
potentially able to migrate to secondary lymphoid organs. This migratory capacity was
verified in vivo in mice, in a GVHD model. In this model, NSG mice were injected
intravenously with 5 millions of human PBMC and treated or not with hATDC

autologous to PBMC. The therapeutic use of hATDC in these mice results in a delay of
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GVHD leading to an increased survival, confirming the tolerogenic potential of hRATDC
in vivo. In order to inquire on the effect of hATDC in this model, we first analyzed their
migratory skills. In this purpose, we tracked hATDC by labeling them with gold
nanoparticles previously to injection. At different time points, mice were sacrificed and
gold particles were detected in different tissues by mass spectometry. We observed an
increase in gold particles in liver, lung and spleen at 3, 6, 10 and 14 days. The major
gold quantification was found in spleen at day 6, suggesting that hATDC have the
ability to migrate to spleen and potentially drive their suppressive activity in this organ.
These observations are closely similar to the works performed by Mansilla Maria José
et al. using BMDC differentiated with VitD3 and Garrod et al. with BMDC transfected
with CCR7 and IL-10 genes.

hATDC impair CD4*T-cell proliferation in vitro but no in vivo and induce regulatory
CD4*CD25%FoxP3" in vivo and in vitro

Apart of the characterization and the validation of the immunoregulatory function of
hATDC in vivo, this study also aimed to determine their cellular and molecular
immunosuppressive mechanisms. First of all, we noticed differences between the
immunosuppressive effects of hATDC in vivo and in vitro. In vitro, hATDC were able
to impair CD4"T-cell proliferation and the production of IFNy and IL17-A. On the other
hand in vivo no differences in proliferation were found on the engraftment nor in spleen
after 21 days after PBMC injection. These results suggest that hATDC
hypoproliferative potential depends of the context. In fact, we propose that strong
allostimulating response can bypass the anti-proliferative activity of hATDC. On the
other hand, in vivo as well in vitro, an increase in CD4*CD25*FoxP3" population was
observed in presence of hATDC. Interestingly, contrary to proliferation, the induction
of regulatory T-cells is not abrogated by a strong allostimulation. Moreover, we also
observed in vitro, that hATDC were able to induce regulatory CD4*CD25"FoxP3" T-
cells starting from CD4"CD25 T-cells (Data not shown). These results suggest that the
increased survival in GVHD mice could be supported by an enhancement and induction
of CD4"Treg. On the other hand, the lack of hypoproliferative potential in mice GVHD
model do not means that it cannot take place at short scale or even in the autologous

context in transplanted patients.
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hATDC immunosuppressive potential is driven by non conventional Tol-DC

mechanisms

In order to deepen on the immunosuppressive mechanisms of hATDC toward T-cells,
we were interested on how they inhibit CD4"T-cell proliferation. The impairment in
proliferation can be driven by different mechanisms, usually apoptosis or anergy
induction. However, we demonstrated that hATDC led to a little increase of apoptosis
and do not induce anergy, meaning that potentially none of these mechanisms are
involved. We also demonstrated that in presence of hATDC there is a decrease in
CD4™Tcells reaching the S and G2/M phase of cell cycle. Altogether, due to the lack of
apoptosis, no anergy and increased population at G1 phase, we propose that mechanism
underlying the hypoproliferation lead by hATDC is related a hyporesponse to allogeneic

stimuli.

Different mechanisms have been described for the immunosuppressive effect of Tol-DC
such as TGFp and IL-10 production, iNOS, Argl, HO-1, IDO expression and contact
dependent molecules such as ICOS-L, Fas-L. among others. However, we demonstrated
that the inhibition of these molecules with specific inhibitors or receptor inhibitors do
not abrogated the immunosuppressive effects of hATDC. Moreover, by increasing the
number of mature DC in allogeneic reaction we do not found any sign of competition
suggesting that hATDC do not impaired CD4'T-cell proliferation by contact
competition. On the other hand, we demonstrated that the physical separation of
hATDC from MLR led to immunosuppression, meaning that contact-dependent
mechanisms are not involved. Additionally, supernatant obtained from coculture of
hATDC with CD4"T-cell and mature DC or hATDC cultured alone and transferred to a
new MLR led to hypoproliferation. Moreover, supernatant transfer also led to an
induction of CD4*CD25"FoxP3" T-cells (Data not shown). These results imply two
possibilities, hATDC impaired T-cell proliferation by nutrient consumption or they
secrete a suppressive factor. In order to reject the first hypothesis, we transfered
hATDC-derived supernatant (hATDC-SN) into a new MLR and we added increasing
doses of metabolic substrates such as glucose, glutamine and pyruvate. We observed no
abrogation of hypoproliferation. Finally, in order to approach to the immunosuppressive
factor, we filter the supernatant at 3KDa in order to separate small metabolites from big
molecules such as proteins. We observed that the fraction under 3KDa was able to

impair CD4"T-cell proliferation but no fraction upon 3KDa. Altogether, these results
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suggest that hATDC impair T-cell proliferation and increase regulatory T-cells through

the suppressive effect of one or several molecules under 3KDa.
hATDC-derived lactic acid impair T-cell proliferation in vitro

Interestingly, we observed that after 6 days of culture, hATDC acidify medium as a
consequence of a highly active metabolism. The acidification of medium is usually
related to an increase of aerobic glycolysis in cells, resulting in a high production and
exportation of lactate. After measure lactate and glucose in medium after 6 days of
culture, we observed that hATDC consume high amounts of glucose and secrete high
amounts of lactate comparing to MoDC. Additionally we observed an increased LDH
activity in hATDC and an increased expression of the lactate/H symporter MCT1 (Data
not shown). Interestingly, during the last 10 years, research focused on lactate effect on
the immune system has revealed his role as an immunosuppressive molecule. In fact, it
has been shown that lactate can act through different mechanisms. For example, lactate
can be uptake by cells by the lactate/H" symporter MCT1. This mechanism has been
observed in cells able to oxidize lactate. Based on the fact that MCT]1 is a bidirectional
cotransporter, we assume that the export and import of lactate though CD4 " T-cells must
be mediated by protons. Therefore, the decrease in proton concentration leads to a
decrease in lactate transporter. This hypothesis was supported by the fact that we tested
the effect of lactate, lactic acid and HCI at different concentration in MLR context and
we observed that only lactic acid was able to impair CD4'T-cell proliferation.
Following these results, we demonstrated the neutralization of hATDC-SN with NaOH
abrogated partially the proliferation inhibition. Additionally, we demonstrated by mass
spectrometry that lactate from SN only can be uptake by CD4'T-cells in acidic
conditions but not neutralized with NaOH, as it was already observed by Fischer et al
2007 (Data not shown). Interestingly, the entrance of lactate inside the cells also led to
a decrease of glucose uptake. We hypothesize that the uptake of lactate can impair
glycolytic flux by different mechanisms based on bibliography. Lactate can modify the
LDH equilibrium leading to a decrease in lactate production, or at the same time, be
oxydized to pyruvate and enter to Krebs cycle. After the analysis of Krebs metabolites,
we observed a not significant increase in citrate (Data not shown). More measures
must be considered to validate or reject the significance of this result. Citrate can be
used as lipogenic substrate but also can act as an inhibitor of PFK-1, the first

irreversible enzyme of glycolysis. Additionally, the decrease in LDH activity can impair
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the regeneration of NAD" leading to a decrease in glycolytic flux. Also, intracellular
acidification affects negatively PFK-1. On the other hand, no differences in intracellular
ATP production were found at 30minutes nor 1, 2 or Sh (Data not shown), suggesting
that lactate is potentially oxidized by Krebs cycle in order to compensate the decreased
glycolytic flux and maintaining energetic requirements, or on the other hand

compensating by a decrease in protein synthesis and ATP consuming reactions.

On the other hand, in order to abrogate the immunosuppressive potential of hATDC-
derived lactate, other approaches apart from supernatant neutralization have been tested.
Firstly, as lactate is synthesized through the LDH, we used two different inhibitors in
order to reduce hATDC-derived lactate, the oxamic acid and GSK2837808A. Both
inhibitors have been proved to decrease lactate production in several cancer lines
(267,282). However, in hATDC both inhibitors have a very small effect on lactate
production at low concentrations. At higher concentrations LDH inhibitors led to a dose
dependent increase of hATDC apoptosis (Data not shown). This datas suggest that
LDH activity is essential for hATDC survival. The rational of the second approach was
based on the modification of hATDC metabolism. Indeed, as hATDC are highly
lipolytic, we wondered if the addition of lipids could decrease the glycolytic flux and
reduce lactate production. Despite the lack or little effect on lactate production (Data
not shown), the addition of lipids into an MLR in presence of hATDC autolgous to
CD4"T-cells lead to a dose dependent decrease of their suppressive potential. On the
other hand, lipid addition impaired CD4 *T-cell proliferation. We hypothezised that lipid
intake by hATDC could modify the synthesis of immunosuppressive lactate-unrelated
molecules. On the other hand, hATDC could intake lipids from media avoiding the
lipotoxic effect on CD4'T-cells. However, this mechanism remains hypothetical.
Finally, another attempt in order to inhibit lactate effect on T-cells was to inhibit lactate
transporters in hATDC. Unfortunately, MCT inhibitors, CHC and phloertin reduced
dramatically hATDC survival (Data not shown).

hATDC supernatant neutralization partially rescue Ifng expression and CD4" T-cell

allo-proliferation but not Foxp3, Tgfb expression nor CD4*CD25%FoxP3" induction

Apart from proliferation, other functions can be affected by lactate in acid condition,
such as gene expression. Interestingly, some gene expressions are affected by hATDC-

SN and recovered in neutralizing conditions, meanwhile other genes are unaffected by
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neutralization. These results indicate that there are genes that can potentially be
inhibited by the increase of intracellular lactate and others that are independent of
acidification. We observed that Ifng is a gene that can be downregulated by hATDC-SN
but recovered partially in neutralizing conditions (Data not shown). Interestingly, this
result can be related with the work Peng et al. in 2016 demonstrating that during the
CD4"T-cell metabolic shift, LDH activity lead to an increase in acetyl-CoA driving to
an increase in H3K9 acetylation and activation of Ifng expression. We propose that the
impairment of LDH activity by the uptake of lactate can decrease acetyl-CoA
cytoplasmic production leading to a decrease in H3K9 acetylaction and then inhibiting
Ifng expression. On the other hand, it has been shown that the excess of GAPDH can
bind Ifng mRNA, impairing his expression. As GAPDH is the enzyme that regenerates
NADH from NAD" we also proposed that the lack of NAD" regeneration due to a less
active LDH can impair GAPDH cytosolic activity leading to nucleus translocation
(283). On the other hand, we observed other genes that are over-expressed in presence
of hATDC-SN and lactic acid, but do not recover normal values by neutralization.
Foxp3 and Tgfb follow this pattern. In the case of 7Tgfb, we observed even an increased
expression in neutralizing conditions. Due to the independence to acidification we
proposed that the over-expression of these genes could be regulated differently. We
hypothesize that acid independent effect could be lead by the activation of the lactate
receptor Gpr81. Additionally, this effect independent from acidification has also been
observed in CD4*CD25FoxP3" differentiation. In parallel, we observed that lactate,
lactic acid and HCI, lead to an increase of Treg. Moreover we detected a synergistic
effect between acidification and lactate suggesting two different action mechanisms to
induce Treg. As it was observed in FoxP3 and Tgfb expression, hATDC neutralization
do not abrogate Treg proliferation. In fact, we also demonstrated that hATDC-SN
increased Treg expansion rate from CD4"CD25"CD127 natural Treg without affecting
to the phenotype or function. These results suggest that ATDC-SN apart from lactate
and protons, they secrete other unidentified molecules that can be more involved on the

inhibition of proliferation than in Treg induction.
hATDC supernatants impairs ROS production and mitochondriogenesis in CD4 " T-cells

Other effects independent from acidification observed during CD4 T-cell activation
were a decrease in ROS production and a decrease in mitochondrial content (Data not

shown). During CD4'T-cell activation, an increase of ROS is observed due to an
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increase of metabolic activity but also due to NOX activation. A decrease of ROS
during stimulation has been observed that lead to an impaired T-cell activation. On the
other hand, a decrease in mitochondrial content driven by excess of mitophagy can lead
to a decrease in T-cell activation as it has been observed in tumour microenvironment
(284). Interestingly, there are several metabolic regulators that can lead to an increase in
autophagy and mitophagy such as AMPK. We propose that the decrease in glycolytic
ATP production can lead to an increase in AMP. AMP can be then sensed by AMPK
impairing mTOR1 activation and leading to an increase of mitophagy and a decrase in
protein synthesis and cytokines production. On the other hand, we propose that the
decrease of ROS during activation can lead to an inefficient activation of Akt resulting
in T-cell hyporesponsiveness. However, these hypotheses must be confirmed by

checking the phosphorilation state of protein kinases form different pathways.
hATDC increase serum lactate in vivo in NSG mice in GVHD model

On the other hand, in vivo we do not find this immunosuppressive effect mediated by
hypoproliferation. However, we observed in vitro as well as in vivo an increase in
CD4"Treg. As we previously report, lactate can enhance Treg differentiation in a dose
dependent response. Interestingly, we demonstrated an increase in serum lactate in mice
treated with hATDC. According to the results demonstrated in hATDC migration, we
propose that hATDC migrate to different organs and secrete high amounts of lactate that
be removed with the same kinetic. Additionally, as hATDC migrate preferentially to the
spleen, we propose that the Treg induction is related to a high lactate production in this
organ. On the other hand we think that the allogeneic response is enoughtly strong to
bypass the hypoproliferative effect in T-cells in vivo. In order to prove this hypothesis,
it will be necessary to identify if lactate can enter inside T-cells in spleen or lactate can
act through Gpr81. Our results can be related to those observed by Angelin A. et al. in
2017. In their work, the authors demonstrated that the treatment with sodium lactate and
rapamycin lead to an increase in cardiac allograft in transplantation model in mice. In
contrast with our work, the authors observed hypoproliferation of effector T-cells and
increase of Treg in the allograft meanwhile in GVHD model we observed an increase of
Treg but not a decrease in T-cell proliferation. Altogether these results suggest that
lactate displays an immunosuppressive potential in vivo that invite to be investigated in

other mice models.
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In conclusion, in this work we demonstrated that hATDC are Tol-DC with an unique
phenotype and transcriptome comparing to other myeloid population. Additionally we
demonstrated that hATDC display a highly active metabolism dependent from both
glucose and lipids that results in a high production and export of lactate and protons.
We also demonstrated that lactate derived from hATDC can be uptake by CD4 " T-cells
leading to a decrease in their metabolic flux, activation and proliferation (Model).
Additionally, we demonstrated that hATDC enhances the expansion and induces de
novo CD4*CD25'FoxP3"™ Treg independently from the media acidification. These
results imply that the hypoproliferation and Treg expansion are potentially driven by
two different mechanisms. On the other hand, as the neutralization of lactic acid
entrance just abrogated the 50% of suppressive potential, other factors under 3KDa
must be involved. Finally, we demonstrated that hATDC can increase survival in
GVHD mice model by producing high amounts of lactic acid in lymphoid organs such
as the spleen. In this work we suggest for the first time, a novel mechanism in cell based

therapy driven by metabolic interaction between Tol-DC and CD4 T-cells.

Graphic proposal model

T-cell activation

Cell growth
Glycolysi: Cell division
lycolys| Glycolysis

AD,.. Protein synthesiy Gpréi

",C. Pyr - Lipid biosynthes|

. — T-cel|l proliferation

= Activation/Increase
——~ Inhibition/Decrease

T-cell proliferation

Glycolysis
Protein synthesi)

Treg Induction
Mitochondria

CD4*T-cell

169



Model . Proposal model for hATDC-CD4"T-cell interaction through lactate. In this
model we propose that hATDC impair T-cell proliferation and induce regulatory T-cell
through lactate synthesis. hATDC display a highly oxidative and glycolytic metabolism.
Lipid and amino-acids oxidation mainly support the oxidative capacity of these cells
meanwhile glucose is mainly derived to aerobic glycolysis. From this aerobic
glycolysis, a high amount of lactate is produced. Lactate exported through MCT1 can be
uptake by T-cells only in presence of acidic medium by MCT]1. Lactate intake lead to
changes in LDH activity leading to a decrease in lactate synthesis and consequently to a
decrease in glycolytic flux and glucose intake. Also, lactate can be oxidized through
mitochondria and be derived to citrate. This citrate can also regulate negatively
glycolysis by reducing PFK-1 activity. On the other hand, changes in glycolytic
metabolism can affect AMPK activity leading to an inhibition of mTORI, favoring
mitophagy. In consequence inhibition of NOX activity and mitochondrial ROS
production lead to a reduced ROS formation. Also the decreased LDH activity and
NAD" synthesis can lead to a reduced activity of GAPDH. GAPDH can then be
translocated to the nucleus and inhibits Ifng transcription. On the other hand, the
decreased LDH activity also can lead to a decrease in citrate to acetyl-CoA synthesis in
cytoplasm and in consequence impair hystone acetylation at the Ifng promoter. Finally,
Lactate can be sensed by Gpr81. The signaling through this receptor reduces cAMP and
lead to an impairment of c-myc expression and an increase in Foxp3 and Tgfb
expression. On the other hand, Gpr81 is associated to lipolysis inhibition. We propose
that Gpr81 signalling can be related to effector T-cell impairment and Treg induction

through a decrease in general metabolism supported by lactic acid oxidation.
Therapeutic interest

Tumour microenvironment is able to induce regulatory cells that sustain tumour
survival and at the same time is able to inhibit directly anti-tumour response. Despite
that lactate is not the only molecule secreted by tumour cells, there are the more and
more evidences that make incontestable his contribution in tumour survival. In fact, the
inhibition of LDH in several cancer cell lines with small molecules or genetic
modification results in a decreased cancer growing and an increase in anti-tumoral
response. Considering tumours as dependent tissues with extraordinary abilities to
survive and avoid immune response, we contemplate the possibility that cells

mimicking tumour mechanisms can be a potent strategy for autoimmune diseases or
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transplantation. In this work we demonstrated that hATDC are able to migrate and reach
lymphoid organs such as the spleen and to secrete high amounts of lactate in vitro and
in vivo without the requierement of pro-inflammatory signals. Additionally, we
demonstrated that hATDC supernatant, similarly to lactic acid, was able to inhibit T-cell
proliferation and to induce regulatory T-cells. Importantly, in order to disambiguate
with tumour cells, we demonstrated in pre-clinical tests that hATDC do not display
teratogenic potential and they are not proliferating cells. In conclusion, we consider that
this new approach of tumour microenvironment-mimicking cell therapy can be a potent

therapeutic strategy to treat autoimmune diseases and to use in transplantation.
Perspectives

The perspectives of this work will try to respond the following questions; Why hATDC
are able to produce high amounts of lactate in steady state? Which types of molecules
under 3KDa with immunosuppressive activity are released by hATDC apart from
lactate? How T-cells and other immune cells can be affected functionally by hATDC
immunoregulatory molecules (Lactate and unknown molecules) and through which
mechanisms? Can lactate and these unknown molecules be beneficial in vivo in

transplantation? Which is the role of Gpr81 in T-cells and regulatory T-cells in humans?
Possible experiments to answer these questions are detailed below:
Why hATDC are able to produce high amounts of lactate in steady state?

e To identify the expression of TCA enzymes and TCA metabolites with MS in
order to verfy the integrity or the truncation of TCA.

e To identify potential constitutively activated signaling pathways related to
metabolism such as AMPK, Akt, mTORI1, PPAR family, among others.
Activation by phosphorylation of these pathways can be detected with western
blot or flow cytometry.

e To check mitochondrial architecture and proximity to cytoplasmic membrane
and test how fission, fussion, mitochondriogenic and mitophagic stimuli can
affect oxidative glycolysis and lipid oxidation. These experiments can be
performed using mitotracker and confocal microscopy. To check the role of

mitochondria in hATDC can be performed by Seahorse experiments.
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e To verify the presence of macropinocytic vesicles and their potential role in lipid
oxidation and oxidative glycolysis. Presence of macropinocytic vesicles must be
detected by electronic microscopy and confocal microscopy. To check the
contribution of this endocytic pathway, endocytosis inhibitors can be used

during Seahorse experiments

Which types of molecules under 3KDa with immunosuppressive activity are released by

hATDC apart from lactate?

e To fraction and test hypostimulatory activity of hATDC supernatant in MLR
context.

e To perform MS in positive fractions of hATDC supernatant

How T-cells and other immune cells can be affected functionally by hATDC
immunoregulatory molecules (Lactate and unknown molecules) and through which

mechanisms?

e To check the effect of hATDC, lactic acid and lactate in different immune
population. The effects can be identified by cytokines secretion, cytotoxicity,
mobility, apoptosis, etc...

e To analyze with RNAseq the differential gene expression between different
immune populations stimulated in presence of hATDC supernatant, lactic acid
and lactate. In this way, we can identify which genes are related to lactate, lactic
acid acid and which are related to other potential immunosuppressive molecules.

e To identify signaling pathways in different immune population activated or
inhibited in presence of hATDC supernatant, lactate and lactic acid. In this way
we can identify which signaling pathways are related to lactate, lactic acid and
which are related to other immunosuppressive molecules.

e To identify metabolites from glycolysis and TCA in different immune
population stimulated in presence of hATDC supernatant, lactate and lactic acid.
In this way we can identify how metabolism can be affected by lactate, lactic

acid or other immunosuppressive molecules.
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Can lactate and these unknown molecules be beneficial in vivo in transplantation?

As immunosuppressive molecules from ATDC-SN are not known and his effect was
only observed in vitro, it is primordial to evaluate his effects and safety in animal
models. However, as well as ATDC-SN is obtained from human cells cultured in RPMI
medium supplemented with fetal calf serum, several details must be considered. The
following experiments will allow validating molecular candidates for human

perspectives.

*In order to avoid the injection of fetal calf serum (of unknown composition) it is
primordial to detect positive immunosuppressive fractions (previous perspectives) and

then to lyophilize.

*It is also essential verfy the hATDC supernatant activity in different types of immune

murine cells.

e To check the safety of lactate and fractioned supernatant in untreated mice with
different doses and injection route.

e To evaluate the effect of lactate and fractioned supernatant in different models of
transplantation in mice (Minor mismatch and allogeneic skin transplantation).
The effects can be evaluated by allograft survival, pro-inflammatory cytokines
expression in the allograft, skin and lymphnodes, lymphocyte infiltration in the

allograft, among other assays.

Which is the role of Gpr81 in T-cells and regulatory T-cells in humans?

e To transfect CD4"T-cells and regulatory T-cells with shRNA anti Gpr81 and to
perform functional tests.

e To determine the contribution of Gpr81 in T-cells stimulated with lactate, lactic
acid and hATDC supernatant. In these experiments, mRNA, ROS, mitochondrial
mass and activation of signaling pathways can be performed. Metabolites and

metabolism analysis can be interesting too.
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Abstract Dendritic cells (DC) are the most important subset
of antigen presenting cells (APC) that are able to polarize the
immune response to pro-inflammatory or anti-inflammatory
response. This duality places DC in the axis between tolerance
and immunogenicity. The regulation of polarization is the key
point in autoimmune diseases and organ transplantation. In
order to manipulate this duality, DC have been generated ex
vivo with a tolerogenic or immunogenic profile since several
years. During the last decade, cell therapy using tolerogenic DC
(TolDC) has been shown to be safe and effective both in auto-
immune diseases and transplantation models in animals. Since
2011, recipient TolDC has been tested in clinical trials in type 1
diabetes, rheumatoid arthritis and Crohn’s diseases with
favourable results in terms of safety. Indeed, other clinical trials
are ongoing including a phase I/l clinical assay in kidney
transplantation. In this review, we will discuss the potential of
TolDC that has been demonstrated in animal models and used
in clinical trials.
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Abbreviations
GM-CSF  Granulocyte-macrophage colony-
stimulating factor

IL Interleukin

TGF-3 Transforming growth factor-beta

CD Cluster of differentiation

DEC Dendritic and epithelial cells

MHC Major histocompatibility complex

NF-kB Nuclear factor kappa-light-chain-
enhancer of activated B-cells

AAV Adeno-associated virus

PD-1 Programmed cell death protein-1

PDL-1 Programmed cell death ligand-1

IFN-y Interferon gamma

HLA Human leukocyte antigen

CTLA-4  Cytotoxic T-lymphocyte associated protein 4

LAG-3 lymphocyte-activation gene-3

Th T-cell helper
MOG Myelin oligodendrocyte glycoprotein

Introduction

The identification in 1973 by Steinman and Cohn of an unusual
immune cell in mouse spleen called dendritic cells (DC), dem-
onstrated an essential link between innate and adaptive immu-
nity [1, 2]. This revolutionary finding brought a new perspec-
tive to the clearer understanding of immunology. Over follow-
ing decades, the enormous interest generated by DC led to the
identification of different DC subsets with different pheno-
types, functionality and ontogeny that can be classified as con-
ventional DC (cDC), plasmacytoid DC (pDC), Langerhans
cells and monocyte derived-DC (MoDC) [3]. Despite specific
features of each cell, several subsets are potential candidates for
cell therapies. This is not only because they link the innate and
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adaptive response but they also have the capacity to induce
tolerance or immunogenicity for a specific antigen [4]. This
duality is essential for the correct regulation of immune re-
sponse [5]. In fact, it has been demonstrated that ablation of
¢DC and pDC in the murine model leads to severe autoimmu-
nity [6]. This characteristic to prime the T-cell response or
generate tolerance for a specific antigen bestows a special in-
terest on DC for cell therapy in cancer (immunogenicity induc-
tion for a cancer antigen) [7], allergy (tolerance induction to
harmless substances) 8], autoimmunity (tolerance induction to
a self-antigen) [3] and transplantation (tolerance induction to
allograft) [5]. Among the different subtypes of DC, autoimmu-
nity and transplantation research are focused on tolerogenic DC
(TolDC) as a potential tool for cell therapy [9].

From Tolerance to Autologous Tolerogenic Dendritic
Cells

Immune tolerance is understood as a reduction or complete
inhibition of immunogenic response against a specific antigen
in order to delimit the immune response to foreign and possi-
bly pathogenic organisms or toxins. Tolerance mechanisms
depend on the lymphocyte maturation state and could be dis-
tinguished in terms of central tolerance and peripheral toler-
ance. Central tolerance mechanisms occur in the thymus and
involve mainly clonal deletion of self-reactive thymocytes and
natural regulatory T-cell (nTreg) generation. Peripheral toler-
ance acts on naive self-reactive T-cells in peripheral tissues by
mechanisms such as anergy and apoptosis induction, suppres-
sion and induced regulatory T-cell (iTreg) generation [10]. In
both cases, tolerance is directed through antigen presentation
to the T-cell by an antigen presenting cells (APC) [11].
Several approaches describe different DC populations with
tolerogenic characteristics in vivo [12, 13]. In fact, the main-
tained tolerance in immune-privileged and mucosal sites har-
bours DC with tolerogenic characteristics. DC regulation is
essential to avoid continuous inflammation generated by con-
stant exposure to foreign molecules and peptides [14].
Furthermore, it has been shown that cDC could be manipulat-
ed in vivo to induce tolerance. A study performed in NOD
(non-obese diabetic) mice models treated with GM-CSF dem-
onstrated diabetes prevention. In this study, the authors
showed an increase in splenic CD8« CD1lc" DC in GM-
CSF treated mice. After purification, these cells were less
immunogenic than the CD8oc'CD11c¢ population to induce
proliferation of diabetogenic CD&" T-cells [15]. However,
the interest in medical research is centred on TolDC generated
ex vivo. There is no general consensus for a unique TolDC
generation protocol neither in animal models nor in human
derived cells. Conceptually, TolDC are defined by several
characteristics such as resistance to maturation, production
of anti-inflammatory cytokines such as IL-10 and reduced
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induction of alloantigen T-cell proliferation in mixed lympho-
cyte reactions (MLR) [16, 17].

Despite obvious differences between autoimmunity and
organ transplantation, the strategy to treat both diseases con-
verges in the induction of tolerance. In order to bring ToIDC to
clinical trials, experimental models demonstrated the efficacy
of these cells in autoimmune diseases and transplantation.

Generation of Tolerogenic Dendritic Cells

Several protocols to generate TolDC have been tested in animal
models in recent years and have led to similar conclusions.
Most of these protocols begin with bone marrow cells (in ani-
mals) or monocytes (in humans) cultured with GM-CSF and
IL-4. At this point, cytokine cocktails such as IL-10 or TGF-f3
or drugs are used to generate TolDC. IL-10 stimulated DC
(DC10) has been shown to expand Treg in OVA-asthmatic
mice [18]. Stimulation with IL-10 or in combination with
TGF-3 in human monocyte cultures generates TolDC that are
able to induce anergy of allogeneic CD4+ memory T-cells [19].
Moreover, immunomodulatory agents such as Vit-D3 [20],
rapamycin [21] or dexametasone [16] have been used. In the
same way, genetic tools have been used to induce tolerogenic
characteristics to DC such as antisense-oligonucleotides or
gene transfer. DC treated with CD40, CD80 and CD86
antisense-oligonucleotides (AS-ODN) have been used in the
NOD mouse model. Results showed a delaying diabetes onset
following DC injection [22]. Another strategy used in the small
intestine transplantation model in rats focused on the transfec-
tion of human IL-10 gene in GM-CSF/IL-4-induced splenic
DC. The results of this study showed prolonged small intestine
allograft survival [23]. Our group has adopted a low dose GM-
CSF protocol without any other cytokine or drug to generate
TolDC in murine models and human cell culture. This protocol
was previously described by Lutz in 2000. In this study, the
authors showed that CBA mice receiving fully allogeneic B10
fully vascularized heterotropic cardiac allograft and pre-treated
with donor low dose GM-CSF-DC induced allograft prolonga-
tion. This protocol leads to the generation of immature/
maturation-resistant DC with reduced major histocompatibility
complex (MHC)II, CD40, CD80, CD86 and absence of
DEC205. These TolDC also induce an unresponsiveness of
alloantigen-specific T-cell in vitro [24].

Tolerogenic Dendritic Cells in Transplantation

Donor and Recipient Tolerogenic Dendritic Cells
in Transplantation Models

Immunosuppression by immunosuppressive drugs (IS) is es-
sential to avoid graft-versus-host and host-versus-graft
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diseases. Nevertheless, the immune system in the immunosup-
pressive state is more prone to develop cancer and infections
[25]. This is where more specific therapies are required, such as
the use of TolDC therapy to minimize IS therapy and conse-
quently to minimize the risk of IS derived-diseases.

The aim in organ transplantation is to avoid allograft rejec-
tion due to donor antigen allorecognition. Allorecognition
could take place via three pathways, direct, indirect and semi-
direct. On the direct pathway, donor DC presents MHC mole-
cules to recipient T-cells leading to an acute rejection. On the
indirect pathway, recipient DC presents donor peptides to T-
cells leading to chronic rejection. On the semi-direct pathway,
recipient DC presents MHC donor molecules to T-cells [26].
TolDC origin for tolerance induction has been discussed for
several years. Additionally, another essential point to evaluate
the safety of donor/recipient TolDC therapy is the specificity of
tolerance. Tolerance could be induced non-specifically (i.e.
inhibiting the expansion of all recipient T-cells) or specifically
(i.e. inhibiting the expansion of concrete clones of recipient T-
cells). Several approaches have been adopted in order to deter-
mine the specificity of donor and recipient TolDC.

In transplantation models, it has been demonstrated over
several years that intravenously unpulsed donor-DC injection
with deficient costimulatory molecules (CD80 and CD86),
similar to TolDC, prolongs cardiac allograft survival in mice.
In addition, MLR performed using T-cells from recipient mice
with syngeneic, allogeneic and third party alloantigens
showed a hyporesponsiveness in a donor-specific manner
[27]. Nonetheless, in the absence of immunosuppressive ther-
apy, the injected DC upregulated CD80 and CD86 molecule in
lymphoid tissues and the cardiac allograft was finally rejected
[27]. Years later, donor TolDC generated with low dose GM-
CSF has been seen to prolong cardiac allograft survival and
even induce tolerance in the 50 % ofrecipients in the rat model
treated 7 days before transplantation. In this study, CD4" T-
cells purified from the spleen of recipient mice with perma-
nent allograft tolerance showed hyporesponsiveness to the
donor antigens [28]. In both cases, donor DC injection was
seen to lead to donor-specific tolerance. Furthermore, it has
been shown in the murine model that after being injected,
donor TolDC have a low viability but tolerance still occurs.
In fact, apoptotic bodies are scavenged by recipient DC, proc-
essed and peptides presented in a tolerance context to CD4
cells [29]. These results could explain improve graft survival
after donor-specific transfusion (DST) still used in clinical
kidney transplants [30]. In contrast, the use of donor TolDC
increases the risk of injecting slightly contaminant donor cell
products. These contaminants could lead to sensitization
against donor antigens and consequently to an anti-allograft
immune response. Also, donor DC may be recognized by the
recipient immune system and deleted by NK cells [31].

Conceptually, the injection of autologous cells has a greater
safety profile. The use of TolDC derived from recipient

monocytes circumvents the allorecognition problem. In addi-
tion to the relevance for minimizing the allorecognition risk, we
have demonstrated that the adherent population of recipient DC
generated ex vivo with 1L-4 and GM-CSF injected the day
before transplantation induce longer graft survival compared
to donor-DC injection in rats. Two essential facts were retained
from this study. Firstly, the clinical relevance of this study is the
option to inject DC the day before transplantation. The waiting
time between kidney availability and transplantation procedure
is only a matter of hours; hence, preventive therapy must be
administered as soon as possible. Secondly, these results
showed that the use of recipient TolDC could minimize the
allorecognition risk without losing the tolerogenic potential
[32]. Moreover, in order to consider a possible combined im-
munosuppressive post-transplantation therapy to align this
model with the clinical setting, another study was performed
with low doses of the immunosuppressive drug. A suboptimal
dose of LF15-0195, an NF-kB blocking agent that inhibits DC
maturation, was tested in the transplantation model in rats treat-
ed with recipient immature DC. Total allograft acceptance was
achieved in 92 % of recipients. This model showed that toler-
ance induced by recipient TolDC was donor-specific. To dem-
onstrate this fact, tolerant rats received skin grafts from synge-
neic, allogeneic and third party donors at 100 days post-heart
transplantation. Third party skin was the only rejected graft
[33]. More recently, our group demonstrated prolonged graft
survival in minor mismatch skin allografts and fully mis-
matched pancreatic islet transplantations in mice models fol-
lowing the administration of recipient TolDC combined with
anti-CD?3 treatment. In fact anti-CD3 treatment acts in synergy
with ToIDC. This concomitantly response enhances CD4 ™ Treg
proliferation in pancreatic islets and CD8" Treg in skin [34].

For a clearer understanding as to how recipient-TolDC in-
duce specific tolerance, several approaches using pulsed and
unpulsed recipient TolDC were performed in mice. The use of
rapamycin-induced TolDC pulsed with splenocytes lysate has
been seen to induce specific tolerance in the heart allograft
transplantation model. In this model, the authors observed that,
after adoptive transfer, DC migrate to splenic T-cell areas and
suppress AlloAg-specific response leading to survival and even
heart allograft tolerance [35]. Strategies using donor-pulsed and
unpulsed TolDC have been seen to share similar results.
Nevertheless, the use of unpulsed recipient TolDC is enough
to induce specific tolerance in transplantation models [32].

Finally, in order to promote the safety of these therapies in
humans, TolDC injections were performed in non-human pri-
mates. This study demonstrated the tolerance and safety of
intradermal and intravenous bone marrow-derived DC injec-
tion. At the same time, both administration routes showed a
different modulation of host immunity against an immunogen-
ic protein expressed by the rAAV-derived vector. In more con-
crete terms, [V was shown to be less overwhelming than ID
injection [36, 37].
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Therefore, studies performed on animal models have dem-
onstrated that TolDC therapy is safe and efficient.

Tolerogenic Dendritic Cells Mechanisms
in Transplantation Models

In order to characterize the efficacy of TolDC, several mech-
anisms have been proposed. To summarize, these mechanisms
involve the induction of T-cell anergy, deletion, suppression
and the enhancing of regulatory populations. T-cell anergy
could be induced directly by DC through the surface molecule
PDL-1 in contact with the PD-1 surface molecule in activated
T-cells [38, 39]. Mechanisms based on T-cell deletion are me-
diated through the expression of FasL in the TolDC membrane
in contact with the activated T-cell Fas receptor [40]. Several
soluble factors secreted by TolDC have been described in
relation to maintaining tolerance such as IL-10, TGF-f3, IFN
—y [41] and IL-27 [42]. These cytokines have an essential role
to play in the expansion of Treg and IL-10-producing T-cells.
Other soluble factors are more associated with effector T-cells
such as the enzyme indoleamine 2,3-dioxygenase (IDO) and
heme-oxygenase-1 (HO-1). IDO is a soluble factor that leads
to deletion of L-triptophane in the microenvironment neces-
sary for T-cell proliferation [43]. HO-1 degrades the heme-
group to carbon monoxide (CO) leading to inhibition of the
effector T-cell [44]. Moreover, it has been shown that TolDC
express the Epstein-Barr virus-induced gene 3, a member of
1L-12 family essential for the expression of IFN-y by double
negative Treg that plays an important role in avoiding allograft
rejection [45, 46]. In addition, TolDC surface proteins in-
volved in alloresponse inhibition could be linked to the gen-
eration of regulatory populations. ILT3/4 in relation with
HLA-G has been shown to decrease T-cell alloproliferation,
T-cell and natural killer cell (NK) functions and to increase the
Trl population [47]. Tolerance could be induced directly by
TolDC through surface molecules or soluble factors but also
indirectly by enhancing regulatory populations [48].

The most important role of TolDC in graft tolerance in the
long term is its role in expanding regulatory T-cells (Treg) [49,
50]. Moreover, a tolerogenic feedback is generated between
TolDC and Treg. In fact, expanded Treg deliver signals to
DC to maintain the tolerogenic state [51]. Several subtypes of
TolDC-stimulated regulatory lymphocytes have been described
such as classical CD4'CD25 FoxP3" Treg [18], regulatory T-
cell type 1 (Tr-1) [47], CD8 Treg [52] as well as regulatory B-
cells [53]. The more documented Treg populations induced by
TolDC are natural or induced Treg CD4 CD25 FoxP3" and
Tr-1. In transplantation model, it has been showed that DC
producing TGF-f and IL-2 induce naive CD4" differentiation
to alloantigen specific-CD4"CD25 FoxP3" Treg [54]. These
populations have a protective role in graft-versus-host-disease
[55]. Another widely described regulatory population induced
by TolDC is LAG-3"CD49b"'CD25 FoxP3 " Tr-1 [56]. Tr-1
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have been shown to express IL-10, IL-4, 1L-13 and IFN-y and
display suppressive activity in MLR [56, 57]. Tr-1 have been
linked to long term-tolerance in pancreatic islet transplantation
[58]. Other lesser described DC-induced regulatory popula-
tions are CD8 Treg and Breg. DC-induced CD8 Treg have been
described in vivo over several years. In a study published in
2002, two healthy volunteers were injected with DC pulsed
with influenza matrix peptide (MP). Samples obtained 7 days
after the injection showed a CD8™ T-cell fraction with specific
suppressive activity for MP-specific effectors cells [59]. A
more recent study performed in non-human primates has
highlighted an increase in Eomesodermin'°CTLA4™ CD8"
alloreactive memory T-cells that is, in fact, a population with
a specific suppressive profile. This CD8" population is associ-
ated with renal transplant survival [60]. Otherwise, much less is
known about the TolDC-Breg axis in transplantation. In the
first clinical trial with TolDC in type 1 diabetes, the authors
showed that TolDC are able to regulate B-cell functions and
expand the regulatory B220"CD11c™ B-cells population [61¢].
This Breg corresponds to a population characterized by the
production of anti-inflammatory cytokines as IL-10, increased
phagocytic activity and are effective in MLR suppression [53].

Tolerogenic Dendritic Cells in Autoimmune Diseases

Autoimmune disease models support the results observed in
transplantation models. In the collagen-induced arthritis mod-
el, the administration of TolDC generated with dexametasone
and Vit-D3 and pulsed with type II collagen has been seen to
significantly reduce disease severity and progression in mice.
The authors also observed an increase in 1L-10-producing T-
cells and a decrease in Th17 T-cells in treated mice. In contrast
to other studies, they did not find an increase in CD4 FoxP3"
Treg [62]. In hypercholesterolemic mice, treatment with
TolDC generated with GM-CSF, IL-10 and pulsed with the
apolipoprotein B-100 has been shown to inhibit the autoim-
mune T-cell response against ApoB100 and leads to a reduc-
tion in the size of atherosclerotic lesion. Moreover, they ob-
served a reduction in IFN-y in plasma, a decrease in CD4
infiltration in the atherosclerotic lesion and an increase in
CD4'FoxP3" Treg [63]. In experimental immune myasthenia
gravis, the administration of TolDC has been seen to lead to
disease alleviation with an increase in Treg and Breg. For this
study, TolDC were generated from bone marrow cultured with
GM-CSF, IL-4 and atorvastatin [64]. Recently, a study report-
ed the beneficial effect of TolDC in the experimental autoim-
mune encephalomyelitis (EAE) model. In this study, TolDC
were generated from murine bone marrow cultured with GM-
CSF, stimulated with 1o,25-dihidroxyvitamin D3 (Vit D3)
and pulsed with MOG peptide. An evaluation of the preven-
tive, pre-clinical and therapeutic use of TolDC in EAE-
induced mice showed that the preventive treatment revokes
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EAE induction in 75 % of treated mice and pre-clinical and
therapeutic treatments improves the clinical course and clini-
cal signs [20].

Clinical Trials with Autologous Tolerogenic
Dendritic Cells

DC vaccines are not new to clinical trials. The first study using
DC in humans dates back to 1995. In this study, three immu-
nocompetent patients with advanced melanoma were injected
intradermally with autologous DC pulsed with MAGE-1
nonapeptide. The results did not revealed any therapeutic re-
sponse but it seemed reasonably safe [65]. The first evidence of
DC-generated biological effect was observed in 1999. In this
study, nine healthy subjects were injected subcutaneously with
DC pulsed with keyhole limpet hemocyanin (KLH), HLA-
A*0201-positive restricted influenza matrix peptide (MP) and
tetanus toxoid (TT). The results showed a CD4 response to
KLH and TT and CD8 response to MP in most subjects [66].
These data led to the first study using TolDC. In 2001, two
subjects were injected with immature DC pulsed with MP and
KLH. The results demonstrated MP-specific CD8 inhibition
and an increase in MP-specific IL-10 producing cells [67]. In
subsequent years, DC therapies were mainly focused on cancer
research [7, 68] and anti-viral immunotherapy [69]. Although
clinical trials for these conditions have not always led to ben-
eficial treatments for the disease, a lack of severe adverse re-
actions has been established. Nevertheless, TolDC therapy is
now being tested in clinical trials. At present, data have been
published from three phase I clinical trials in type 1 diabetes,
rheumatoid arthritis and Crohn’s disease. Moreover, other clin-
ical trials are ongoing (Table 1). The first phase I clinical trial
using TolDC therapy in type 1 diabetic patients was conducted
at the University of Pittsburg Medical and Translational
Research Center. In this double-blind study, 10 healthy
insulin-requiring type I diabetic patients were monitored for
1 year following intradermal injection of ten million cells in
the abdomen once every 2 weeks for a total of four adminis-
trations. Three of the 10 patients were injected with recipient
DC without manipulation meanwhile the other seven patients
received autologous DC treated ex vivo with antisense oligo-
nucleotides targeting CD40, CD80 and CD86 primary tran-
scripts. Any adverse effect was recorded. Autologous DC in-
jection was safe and well tolerated. During the study, the
unique parameter with a statistically significant variation was
the percentage of B220" CD11c™ B-cells during the first
6 weeks of treatment [61+]. This corresponds to a regulatory
B-cell population [70]. The second phase 1 clinical trial with
TolDC was performed in rheumatoid arthritis (RA) patients. In
this study, 18 human leukocyte antigen (HLA)-positive RA
patients with minimal disease activity were treated with a sin-
gle dose of DC. Patients were treated with two doses of DC (1

million or 5 million cells) modified with Bay11-7082, an NF-
kB inhibitor and pulsed and exposed to four citrulinated pep-
tide antigens named “‘rheumavax”. The results of this study
demonstrated the safety of DC injection and a significant bio-
logical activity. The authors described an increase in circulat-
ing regulatory T-cells, a decrease in serum cytokines IL-15, 1L-
29, CX3CL1 and CXCL11 and a decrease in T-cell IL-6 re-
sponse against vimentingy;_4ss-Cit450 [71++]. The third pub-
lished phase I study was performed in refractory Crohn’s dis-
ease patients. In this clinical trial, 12 patients were divided into
six cohorts (two patients per cohort) [72+]. Three cohorts re-
ceived a single injection of TolDC administrated by
sonography-guided intraperitoneal injection at escalating doses
(2, 5 or 10 million cells) and the other three received biweekly
injections. During the study, three patients withdrew due to a
disease worsening. The TolDC used for this study were stim-
ulated with dexamethasone [73]. The study was followed up
for 1 year. During the study, the authors described an increase
in circulating regulatory T-cells and a decrease in [FN-y pro-
duction. Nevertheless, no correlation with the clinical response
was found. The study demonstrated the safety of TolDC injec-
tion [72++]. Apart from these three clinical trials, TolDC were
also studied in patients with multiple sclerosis. In this report,
TolDC were generated from monocytes of relapsing-remitting
multiple sclerosis (RR-MS) or healthy patients cultured with
GM-CSF, IL-4, VitD3 and loaded with myelin peptides.
Results showed that both healthy and RR-MS TolDC are
maturation-resistant and induce hyporesponsiveness to alloge-
neic T-cells. Furthermore, the authors described hyporespon-
siveness to autologous memory T-cells in RR-MS patients in
an antigen-specific manner [74].

At present, these are the only clinical trials with published
data. Nevertheless, other clinical trials are ongoing, and others
are about to begin, asthma studies in Massachusetts General
Hospital (NCT01711593), multiple sclerosis and neuromyeli-
tis optica at the Hospital Clinic of Barcelona (NCT02283671)
and University Hospital, Antwerp (NCT02618902), rheuma-
toid and inflammatory arthritis at the Newcastle University
(NCT01352858) and kidney transplantation, the first phase
I/TI clinical trial in transplantations in humans, at the Nantes
University Hospital (NCT02252055) as part of the ONE
Study consortum [75].

Tolerogenic Dendritic Cells in Kidney
Transplantation

The ONE study project aims to develop and trial various im-
munoregulatory cell products in organ transplantation recipi-
ents such as Treg, regulatory macrophages (Mreg), Trl and
TolDC. The results of all these studies will allow direct com-
parison of the safety, clinical practicality and therapeutic effi-
cacy of each immunoregulatory cell type (www.onestudy.org)
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Fig. 1 Recipient TolDC therapy
in kidney transplantation. DC
therapy used in ongoing kidney
transplantation clinical trial.
TolDC are generated ex vivo with

low dose GM-CSF and injected 6 day culture in

the day before the transplantation. W.;;N;\;Or:‘eg ci)as e
After the procedure, patients are of GM-CSF
treated with IS drugs

TolDC

[76]. As part of this international project (ONE study), we
developed a phase I/II clinical trial in kidney transplantation.
The clinical protocol for this trial consists in the intravenous
injection of 10°TolDC/kg body weight to patients the day be-
fore kidney transplantation. Individuals enrolled for this study
are patients with renal insufficiency receiving as a first trans-
plantation a kidney transplant from a living donor. The trans-
plantation patients are subsequently treated with IS therapy,
prednisolone, mycophenolate mofetil and tacrolimus (Fig. 1).
The TolDC used for this phase VIl clinical trial was generated
from monocytes elutriated from the recipient blood. Monocytes
are cultured for 6 days in AIMV media with low dose of GM-
CSF. We expect the results of this ongoing clinical trial to
corroborate safety observed in the autoimmune disease clinical
trials.

Conclusion

There is a vast evidence to demonstrate the potential of TolDC in
cell therapy. Animal models have shown that TolDC injection
suppresses the development of several autoimmune diseases and
leads to tolerance in allograft transplantation. In humans, only
three phase I clinical trials have reported results in TolDC ther-
apy, and several others are ongoing. At present, despite the small
number of clinical trials, all of them have confirmed the safety of
TolDC. Furthermore, increased populations of regulatory cells
have also been highlighted in blood of RA patients and type-1
diabetes. Other clinical trials are required in order to investigate
the potency of TolDC. Moreover, future clinical trials must focus
on identifying the mechanisms used by TolDC therapy in
humans.
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Over the past century, solid organ transplantation has been improved both at a surgical
and postoperative level. However, despite the improvement in efficiency, safety, and
survival, we are still far from obtaining full acceptance of all kinds of allograft in the
absence of concomitant treatments. Today, transplanted patients are treated with
immunosuppressive drugs (IS) to minimize immunological response in order to prevent
graft rejection. Nevertheless, the lack of specificity of IS leads to an increase in the
risk of cancer and infections. At this point, cell therapies have been shown as a novel
promising resource to minimize the use of IS in transplantation. The main strength of
cell therapy is the opportunity to generate allograft-specific tolerance, promoting in this
way long-term allograft survival. Among several other regulatory cell types, tolerogenic
monocyte-derived dendritic cells (Tol-MoDCs) appear to be an interesting candidate for
cell therapy due to their ability to perform specific antigen presentation and to polarize
immune response to immunotolerance. In this review, we describe the characteristics
and the mechanisms of action of both human Tol-MoDCs and rodent tolerogenic bone
marrow-derived DCs (Tol-BMDCs). Furthermore, studies performed in transplantation
models in rodents and non-human primates corrcborate the potential of Tol-BMDCs for
immunoregulation. In consequence, Tol-MoDCs have been recently evaluated in sundry
clinical trials in autoimmune diseases and shown to be safe. In addition to autoimmune
diseases clinical trials, Tol-MoDC is currently used in the first phase I/1l clinical trials in
transplantation. Translation of Tol-MoDCs to clinical application in transplantation will
also be discussed in this review.

Keywords: autologous tolerogenic dendritic cells, transplantation, cell therapy, clinical trial, safety, mechanisms

INTRODUCTION

More than half a century has passed since the first successful renal transplantation at the Peter
Bent Brigham Hospital in Boston. The procedure performed by Joseph Murray’s team showed for
the first time the surgical feasibility of solid organ transplantation, at least between identical twins
(1). Parallel to this achievement, research on immunosuppressive drugs (IS) demonstrated that
6-mercaptopurine (6-MP), a drug already used to treat acute lymphocytic leukemia, was able to
impair immune response (2). These novel concepts of feasibility of solid organ transplantation and
immunosuppressive treatment to avoid graft-versus host disease opened the doors for unrelated
organ transplantation. Over the following years, advances in IS research led to the replacement of

Frontiers in Immunology | www.frontiersin.org 1

February 2018 | Volume 9 | Article 274

206



Marin et al.

Tolerogenic DCs in Organ Transplantation

6-MP, which is highly toxic, by cyclosporine, leading to an increase
in one-year graft survival (3). Nowadays, more specific IS are
being used to treat post-transplanted patients, such as mophetil
mycophenolate, a B and T-cell proliferation inhibitor; tacrolimus,
a B and T-cell activation inhibitor (4), and monoclonal antibod-
ies, such as basiliximab, an IL2R« (CD25) blocking antibody (5).
However, although IS treatments favor allograft survival, these
treatments are also associated with an increased risk of cancer
and infections associated to the immunosuppressive state (6).
Moreover, IS primarily prevents the acute rejection of allografts,
whereas their efficacy in chronic rejection remains difficult to
predict (7). A novel and promising strategy to minimize drugs
treatment and control of chronic rejection is to combine reduced
amounts of IS with immunoregulatory cell therapy in solid organ
transplantation.

Cell therapy for solid organ transplantation could be per-
formed with mesenchymal stem cells (MSC), regulatory mac-
rophages (Mreg), tolerogenic monocyte-derived dendritic cells
(Tol-MoDCs), and regulatory T ('Ireg) and B (Breg) cells (8). The
common characteristic between these different cells is that they
have been already tested in transplantation models in animals
showing a benefit in terms of safety and graft survival. For exam-
ple, MSC have been shown to delay heart allograft rejection (9).
In humans, several clinical trials with MSC have been performed
in kidney and liver transplantation (10). Among them, a large
trial was carried out to compare MSC to anti-IL2Ra therapy.
In this study, the authors showed a lower incidence of acute rejec-
tion and a better estimated renal function at 1 year compared to
the anti-IL2R« receiving cohort (11). On the other hand, Mreg
have been shown to increase fully allogeneic allograft survival
in non-immunosuppressed mice (12). Additionally, Mreg were
tested in a clinical trial in living donor renal transplantation.
In this study, two patients were treated with Mreg prior to trans-
plantation followed by low doses of tacrolimus. The outcomes of
this trial showed that Mreg-treated patients displayed a stable
graft function after tacrolimus weaning (13). Tolerogenic bone
marrow-derived DCs (Tol-BMDCs) have demonstrated to
increase heart, skin, and pancreatic islet allograft survival in
combination with IS (14-16). Regarding lymphoid cells, Treg
therapy has been shown to be safe and effective in a pilot study
in living donor liver transplantation. Indeed, 6 from 10 initial
patients in this study were able to stop the immunosuppressive
therapy (17). In the context of the ONE study consortium, clini-
cal trials with Treg, Mreg, type 1 Treg cells (Tr1), and Tol-MoDCs
are currently performed in living donor kidney transplantation
in order to evaluate and compare the safety of these cells in
transplantation (www.onestudy.org) (18). In this review, we will
focus on both Tol-MoDCs and Tol-BMDCs and their translation
to the clinical trial with an emphasis on their characteristics,
mechanisms, and safety.

DENDRITIC CELLS

Dendritic cells were discovered by Steinman and Cohn back in
1973 (19, 20). However, the first clinical trial with DC therapy
was carried out in 1995 in advanced melanoma patients (21). The
reason to use these cells in cell therapy resides in their capacity to

present antigens to T cells and to polarize the immune response;
in other words, to link the innate and adaptive response (22).
DCs are potent antigen presenting cells (APC), able to induce
either immunity or tolerance. The first studies about the functions
and characteristics of DCs demonstrated that DCs were strong
stimulators of T cell response in allogeneic MLR. Additionally,
the authors demonstrated the capacity of these cells to induce
antigen-specific proliferation (23). Over the following years,
different subsets with different ontogenies and functions have
been characterized in DCs, such as conventional DC (¢DC),
plasmacytoid DC (pDC), Langerhans cells (LC), and inflam-
matory DCs. ¢cDC commonly located in lymphoid tissues and
nonlymphoid tissues are able to present antigen through major
histocompatibility complex class II (MHC class II) in rodent and
humans. Moreover, cDC can cross-present antigens via MHC
class I (24). pDC, located usually in peripheral organs, are able to
induce T-cell proliferation. However, pDCs are usually known to
secrete high amounts of type I interferon (IFN) upon viral infec-
tion. Inflammatory DCs, also named MoDCs are derived from
monocytes that infiltrate lymphoid and nonlymphoid organs as
a consequence of inflammation or infection. Finally, LCs are DC
skin-resident cells with the capacity to migrate to skin-draining
lymph nodes. Unlike cDC, pDC, and MoDC that share the same
precursor (monocyte-DC common precursor), the ontogeny of
LC go back to the prenatal origin (25).

Nowadays, it has been demonstrated that the orchestration
of all these DC subsets is essential for an adequate physiological
response against threats, but also for the preservation of self-
tolerance. In fact, it has been demonstrated that the ablation of
<DC, pDC, and LCs in a model of transgenic CD11c-CRE mice,
leads to a spontaneous autoimmunity (26).

Ex Vivo Generated Tolerogenic DCs
Nowadays, rodent DCs are derived from bone marrow cells,
whereas human DCs are derived from monocytes for both
immunosuppressive and other therapies. Monocytes are used in
humans for convenient reasons as they are more abundant than
other DC precursors, and can be also manipulated ex vivo. From
a pragmatic point of view, DCs can be differentiated in vitro as
immunogenic or tolerogenic cells depending on the protocol.
Immunogenic DCs are characterized by a high expression of
costimulatory molecules, such as CD80 and CD86, a produc-
tion of pro-inflammatory cytokines, such as IL1f, IL-12, and
tumor necrosis factor-o (TNFa) and the ability to stimulate
T-cell proliferation. In counterpart, tolerogenic DCs weakly
express costimulatory molecules, are resistant to maturation,
produce immunomodulatory cytokines, such as IL-10 and
transforming growth factor-f (TGFp) and impair T-cell pro-
liferation (Figure 1). Both DCs are known to express common
markers, such as CD11¢, CD11b, or MHC Class I and Class 11
molecules (27).

As it has been previously mentioned, in vifro derived DC
can be manipulated ex vivo in order to design more accurate
therapies. For example, these cells can be loaded with target
peptides, such as synthetic nanopeptides of MAGE-1 protein
in order to direct immune response against human melanoma
cells (21). On the other hand, they can be treated with inhibiting
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Pro-inflammatory DC

Expression of costimulatory molecules
CD80, CD86, CD40

Production of pro-inflammatory cytokines
IL-18, IL-12, TNFa

Induction of T-cell proliferation

Tolerogenic DC

Low expression of costimulatory molecules

Production of immunomodulatory molecules
IL-10, TGF-B, IDO, HO-1

Maturation resistance

Regulatory cell induction

Suppressive activity toward T cells

FIGURE 1 | Pro-inflammatory and tolerogenic dendritic cell profile. Pro-inflammatory dendritic cells (DCs) are characterized by a high expression of costimulatory
molecules (CD80 and CD86) and pro-inflammatory cytokines and by an ability to stimulate T-cell proliferation. Tolerogenic DCs display a low expression of
costimulatory molecules, which are resistant to maturation, and express immunomodulatory molecules. Tolerogenic DCs have also suppressive activity toward

T cells and promote regulatory T cells. Both pro-inflammatory and tolerogenic DCs express CD11b, CD11c, and MHCI.

molecules associated to antigen presentation, in order to prevent
pro-inflammatory response (28).

Due to this versatility and functional duality, in vitro derived
DCs have already been used in immunogenic therapy, such as in
infections (29) and cancer therapy (30), and immunosuppressive
therapy, such as in allergy (31), autoimmunity (32), immuniza-
tion (33), and more recently in transplantation (34).

GM-CSF is a growth factor related with bone marrow precur-
sor mobilization and DC differentiation (35). However, the role
of GM-CSF in tolerance remains unclear as its administration
improves some diseases, such as myasthenia gravis, type 1 dia-
betes (T1D), and colitis, but its depletion improves experimental
autoimmune encephalomyelitis (EAE), arthritis, nephritis,
and psoriasis in rodent models (36). GM-CSF is a cytokine
indispensable for in vitro DC generation, which is used both for
immunogenic or tolerogenic DC differentiation. This dual role of
GM-CSF is dichotomized by the concentration of the cytokine.
Indeed, low doses of GM-CSF are associated to tolerogenic phe-
notypes, whereas high amounts of GM-CSF lead to immunogenic
phenotypes (37).

Moreover, there is not a single standardized method to gener-
ate Tol-MoDC from monocytes in humans or Tol-BMDCs in
rodents apart from GM-CSF and IL-4. Protocols to induce human
and rodent tolerogenic DCs usually include several other factors,
such as cytokine cocktails, organic molecules, or even clinically
approved and experimental drugs (38). For example, IL-10 and
TGF-B, two well-known immunomodulatory molecules, have
been shown to maintain the immature phenotype of DCs (39, 40).
Human Tol-MoDCs generated with IL-10 spontaneously secrete
high amounts of IL-10 and are able to impair T-cell prolifera-
tion and induce Trl cells (41). Similarly, Tol-MoDCs generated
with IL-10 and TGF-p from monocytes obtained from T1D
patients was able to induce tolerance to insulin antigens. These
cells express several DC markers, such as CD83, CD1a, MHCII,
but not CD14 (42). Regarding small organic molecules, such as
la,25-dihydroxyvitamin D3 (1,25(OH).Ds Vit D3), and prosta-
glandin E2 (PGE2) have been shown to induce Tol-MoDCs (38).
Immature DCs treated with Vit D3 are resistant to maturation

upon lipopolysaccharide (LPS) stimulation and impair allogeneic
T-cell proliferation. In this study, the authors showed that Vit D3
treated MoDCs downregulated CD1a and CD14 markers (43).
However, another study demonstrated that Vit D3 differentiated
Tol-MoDCs express DC-SIGN (CD209), CD14, but not CDla
(44). PGE2 induces the expression of indoleamine 2,3 dioxyge-
nase (IDO) by DC leading to a production of kynurenine that
plays a role in Treg generation and allogeneic response inhibition
(45). Tol-MoDCs can also be differentiated in the presence of
dexamethasone (Dex) and rapamycin (Rapa). A comparative
study determined that both Dex-DCs and Rapa-DCs were able
to impair T-cell proliferation, but unlike Dex-DCs, Rapa-DCs
displayed a mature DCs phenotype and were not able to produce
IL-10 upon LPS stimulation (46). Phenotypically, it has been
shown that Dex-DCs have a low expression of CDla and CD14
and they express CD209 (44). On the other hand, it has been
shown that Tol-BMDCs differentiated with Rapa are phenotypi-
cally characterized by the expression of CD11b, CD11¢, CCR7,
and have a low expression of MHC ClassII (47). Furthermore
Dex-DCs stimulated with a cytokine cocktail (IL-6, TNFaq,
IL-1p, and PGE2) have been administered in patients suffering
from refractory Crohn’s disease. An increase of Treg cells and a
decrease of interferon-y (IFN-v) in blood were observed following
DC injection (48). Other protocols to generate TolDCs, include
genetic tools, concretely antisense oligonucleotides (AS-ODN).
A study performed in nonobese diabetic (NOD)-mice showed
that the injection of TolDCs modified using AS-ODN anti-CD40,
CD80, and CD86 delayed diabetes onset (28).

Among these different methods, our group has adopted a
protocol to generate tolerogenic DCs from mouse bone mar-
row cells with low doses of GM-CSE excluding IL-4 from the
classic protocol (16). This protocol, previously described by Lutz
et al. (49), allowed obtaining Tol-BMDCs expressing low levels
of MHCII, CD40, CD80, and CD86, and displaying resistance
to maturation upon LPS stimulation. Furthermore, these Tol-
BMDCs impaired allogeneic T-cell proliferation. Lutz et al.
demonstrated that these cells were able to increase graft survival
following a fully allogeneic vascularized heterotopic cardiac
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allograft, whereas we highlighted the potential of Tol-BMDCs in
minor antigen skin graft survival. Alternatively, this protocol was
adopted in human to generate Tol-MoDCs from blood mono-
cytes, resulting in an equivalent profile (49). Nowadays, we are
performing a first phase I/II clinical trial in kidney transplanta-
tion using Tol-MoDCs generated with low doses of GM-CSF as
described previously (50). Altogether, the common phenotypical
observation after tolerogenic DC differentiation showed that due
to the heterogeneity of differentiation protocols it is not possible
to describe a unique phenotype for these cells. However, the most
common markers observed on tolerogenic DCs are CD11c¢ and
low expression of MHCIL On the other hand the expression of
DC markers CD209 and CD1a, monocyte/macrophage marker
CD14, and macrophage marker CD11c are variable.

TOLEROGENIC DC SOURCE

Unlike other diseases or conditions, transplantation involves the
allorecognition between the two parts, the graft and the host.
Allorecognition refers to an immune response against allogeneic
peptides or against MHC molecules (51). The alloresponse could
be differentiated depending on the nature of the interaction by
direct, indirect, and semi-direct pathways. In the direct pathway,
recipient T cells are activated following presentation of allogeneic
MHC molecules by donor DCs and this pathway is associated
with acute rejection. Indirect pathway refers to the processed
allopeptides presentation by recipient DCs to autologous T cells
and is usually associated to chronic rejection. On the semi-
direct pathway, intact donor MHC molecules are transferred
to recipient DCs through cell-to-cell contacts; the cells are then
able to stimulate autologous T cells (52). Therefore, in order to
avoid these types of rejection two strategies were considered:
the infusion of donor-specific antigens in order to generate
antigen-specific regulatory cells or in contrast, the minimiza-
tion of the risk of transfer allogeneic molecules in order to avoid
sensitization.

The first alternative is currently used clinically in kidney
transplantation. Indeed, donor-specific transfusion (DST) is
a procedure in which recipients receive a donor-specific blood
transfusion in order to generate tolerance to donor antigens.
A study performed in living donor kidney transplantation com-
paring recipients receiving DST or not, in addition to immuno-
suppressive therapy, showed a reduction in patients with acute
rejection and an increase in patients with optimal renal function
at 1 and 10 years after transplantation in the DST group (53).
On the other hand, the presence of allogeneic molecules in trans-
plantation is unavoidable and even if the efficacy of DST has been
demonstrated, sensitization against HLA can occur and appears
as a risk for allograft rejection (54). For this reason, the safety
and efficiency of donor and recipient DCs have been discussed in
DC-based therapy in transplantation.

As it has been previously mentioned, the work performed by
Lutz et al. showed that Tol-BMDCs generated with low dose of
GM-CSF induced an increase in allograft survival in recipient
CBA mice receiving a cardiac allograft from donor B10 mice and
pretreated with donor Tol-BMDCs for 7 days before the trans-
plantation. This prolongation of allograft survival was achieved

until day 100 for 70% of mice, meanwhile the mice pretreated
with donor Tol-BMDCs receiving a third-party allograft from
NZW mice or DC generated with GM-CSF and IL-4 increased
graft survival only in 20% of mice. Moreover, in this study the
authors showed that T cells cultured with allogeneic Tol-BMDCs
remained unresponsive after polyclonal restimulation. These
results implied that this unresponsiveness was specific (55).
Another study performed by DePaz et al. in rats using donor
BMDCs generated with low doses of GM-CSF showed that
Tol-BMDC therapy in combination with antilymphocyte serum
(ALS) was able to increase rat cardiac allograft survival in 50%
of rats up to 200 days. In the same way as the previous work,
the authors showed that T cells purified from transplanted mice
receiving Tol-BMDCs therapy and ALS were unresponsive to
donor antigens, indicating an induction of antigen-specific toler-
ance (56). Nevertheless, a later study using donor Tol-BMDCs or
apoptotic bodies from donor Tol-BMDCs, showed that tolerance
was mediated by the presentation of donor peptides (from donor
cells or apoptotic bodies) by recipient DC, that inhibits CD4"T-
cell activation and favors Treg expansion (57). Altogether these
studies demonstrate the similarities of donor Tol-BMDC therapy
with DST therapy. Both therapies have been shown to be partly
efficient, but on the other hand, the risk of sensitization (including
the development of alloantibodies) still remains. Therefore, the
use of autologous tolerogenic DCs appears as a better alternative
atleast in terms of safety because it avoids the risk of sensitization.

In order to determine if autologous tolerogenic DCs shared
a closer efficacy with donor tolerogenic DCs in transplantation,
several studies have been performed. In 2005, a study performed
by our team demonstrated that rat Tol-BMDCs (corresponding
to the adherent fraction of rat BMDCs generated with GM-CSF
and IL-4) displayed an immature phenotype were maturation
resistant and were able to prolong cardiac allograft survival.
Interestingly, autologous Tol-BMDCs were more efficient than
donor DCs in delaying graft rejection. In this study, autologous
Tol-BMDCs were injected the day before the transplantation
suggesting that this time of administration was sufficient to
pre-treat patients before the intervention (58). We then dem-
onstrated that rats receiving heart allograft and treated with
autologous Tol-BMDCs in combination with suboptimal doses
of LF15-0195, an nuclear factor-xkB (NF-kB) inhibitor, achieved
definitive allograft acceptance. Moreover, we demonstrated that
this tolerance was donor-specific (59). These results combined
demonstrated that autologous Tol-BMDCs are even more effi-
cient than donor Tol-BMDCs and due to its source, conceptually
safer.

PROFILING TOLEROGENIC DC THERAPY
Combined Therapy

Previous results have shown that tolerogenic DC therapy could
be improved by the addition of a complementary treatment such
as ALS. However, more specific drugs have been used showing an
improvement of tolerogenic DC therapy.

LF15-0195 is a NF-xB blocking agent that was previ-
ously reported to increase cardiac allograft survival in rats in
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short-term treatment (60). Moreover, this compound impairs
the maturation of DCs (31). In combination, autologous Tol-
BMDCs with a suboptimal dose of LF15-0195 induced tolerance
to cardiac allograft in 92% of treated rats compared to autologous
Tol-BMDCs alone, LF15-0195 alone, or rats treated with Rapa
with or without autologous Tol-BMDCs. In order to determine
whether this tolerance was specific, donor, recipient, and third-
party skin transplantations were performed in tolerant rats. Our
results showed that tolerant rats do not reject donor skin graft,
but reject third-party skin graft for 16-18 days after transplanta-
tion (59). Another efficient combined therapy in transplantation
was anti-CD3 antibody. Indeed, it has been demonstrated that
the use of monoclonal antibody anti-CD3 leads to an increase
of pancreatic islet, skin, and cardiac allograft survival in trans-
plantation models and led to remission in T1D in autoimmune
disease models (61, 62). Our results show that the combination
of anti-CD3 antibody and autologous Tol-BMDCs therapy led to
an increase of pancreatic islet allograft survival, associated with a
decrease in CD4*/CD8" T cell frequency, and an increase in Treg
frequency. The relevance of this increased CD4CD25FoxP3*
Treg frequency and its contribution to allograft survival in this
model was demonstrated by the depletion of CD25" T cells
with anti-CD25 antibody (15). We then confirmed the strong
potential of autologous Tol-BMDCs and anti-CD3 therapy to
prolong allograft survival in a model of minor antigen mis-
match skin transplantation. In this model, our group found an
increase in regulatory CD8 CD11c™ T cells associated with this
combined therapy (16). Rapa is another drug that demonstrated
an improvement of efficacy in collaboration with Tol-BMDCs
in transplantation. Indeed, the injection of donor Tol-BMDCs
generated with Rapa and pulsed with donor antigens followed by
post-operative low doses of Rapa in heart transplantation mouse
model demonstrated an increase of allograft survival. This
allograft survival was related to an increase in donor-specific
CD4°CD25"FoxP3* Treg in the graft. To ensure the specific
regulatory activity of these induced Treg, the authors performed
an adoptive transfer of purified CD4* T cells from treated mice
to naive mice receiving heart allograft. Adoptive Treg transfer
resulted in an increase in allograft survival, indicating that toler-
ance was induced by this combined therapy (47). These results
altogether demonstrated that autologous Tol-BMDC therapy in
combination with specific drugs increased its potency.

Administration Route and Efficacy in

Non-Human Primates (NHP)

In terms of therapeutic effects, Tol-BMDCs have been shown
to be efficient and safe in rodents. To ensure its safety profile
for clinical trial, several works have been performed in NHP.
The first study using tolerogenic DCs therapy, performed in a
kidney transplantation model in NHP, showed an increase of
median graft survival compared to the control group. In this
study, rhesus macaques were co-treated with CTLA4-Ig and
donor Tol-BMDCs generated with Vit D3 and IL-10, 7 days
before the transplantation. This study demonstrated for the first
time the safety and the efficiency of intravenously (IV) injected
Tol-MoDCs in transplantation in NHP (63). More recently, the

same authors demonstrated similar results in kidney transplan-
tation models in NHP using autologous Tol-MoDCs pulsed with
allogeneic cell membranes from donor monocytes. In this study,
the authors showed an increase of graft median survival in the
group treated with pulsed Tol-MoDCs compared to unpulsed
Tol-MoDCs group. This improvement in allograft survival was
associated with the hyporesponsiveness of T cells to donor
antigens resulting in a decrease in systemic IL-17 (64). In addi-
tion, other studies have demonstrated the safety and efficacy of
Tol-BMDCs in NHP notably in gene therapy. Indeed, we demon-
strated the benefits of autologous Tol-BMDCs therapy to reduce
immune response against a transgene product in NHP. In this
study, autologous Tol-BMDCs were injected IV or intradermally
(ID) in order to determine the best administration route. Qur
results highlighted the superiority of IV route to favor immune
tolerance (65). Furthermore, several clinical trials have already
been performed, confirming that ID (32, 66), intraperitoneal
(48), and IV administration routes were safe and well tolerated
in humans.

TOLEROGENIC DC CELLULAR AND
MOLECULAR MECHANISMS

Once it has been confirmed that tolerogenic DCs improve
allograft survival in rodent models and are safe in humans, the
remaining question is to determine the cellular and molecular
mechanisms of these cells in transplantation. To understand
tolerogenic DC mechanisms (in Tol-BMDC and Tol-MoDC), it
is first crucial to define the complexity of solid organ transplan-
tation. Due to the invasiveness of the surgical procedure and
the implantation of a foreign organ, even from a close source,
different types of immune and non-immune cells are involved
in the physiological response following transplantation. This
physiological response against allograft will lead in some cases,
to three expected types of rejection. The earliest one is the
hyperacute rejection, in which, pre-existing recipient antidonor
antibodies will react against allograft over the hours following
the transplantation. This type of rejection is rare thanks to the
control of HLA donor/recipient compatibility. The acute rejec-
tion is led by cellular and humoral response against allograft.
This type of rejection is usually bypassed by the use of IS. Finally,
the chronic rejection is led by cellular and humoral response and
associated with memory cells. Chronic rejection is nowadays
the main cause of rejection (67). Due to the complexity of the
different types of rejection, TolDC therapy in transplantation
has been evaluated on these different parameters: the migration
to graft and lymphoid organs, the capacity to induce specific
regulatory cells, and the ability to impair cellular and humoral
response.

Migration

It is well known that DCs have migratory skills that allow reach-
ing different organs in order to exert different functions, depend-
ing on the maturation state. At the immature state, DCs express
chemokine receptors, such as CCR2, CCR5, CCR6, CXCR4,
and CXCR3 and are attracted by inflamed tissues expressing
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chemokines, such as CCL2, CCL5, and CCL20. At the inflam-
mation site, DCs become mature due to the stimuli provided by
the microenvironment and the antigen intake. Following their
maturation, DCs overexpress CCR7 allowing them to migrate
to the lymphatic system and reach the lymph nodes through
CCL19 and CCL21 chemoattraction, where they present antigens
to T cells. In the lymph nodes, a certain percentage of DCs will
migrate to other lymphoid organs, such as spleen, thymus, and
bone marrow (68). In a recent study performed in an EAE model,
in vivo imaging of pulsed Tol-BMDCs generated with GM-CSF
and VitD3 showed that these cells reached the liver and the spleen
at 24 h after IV injection and remain stable for 7 days. A small
amount of cells were also found in lymph nodes, thymus, and
bone marrow (69). In order to support the importance of migra-
tion, DCs transduced with lentiviral vectors coding for CCR7
and IL-10 genes, prolonged cardiac allograft survival in mice, but
this delay of rejection did not occur when DCs were transduced
with IL-10 or CCR7 only. In this study, the authors also showed
that DC transduced with CCR7 were able to migrate to LN and
spleen (70). Additionally, in order to expose donor and recipient
DC dynamics, a study was performed using intravital imaging in
ear skin graft model in mice. In this work, authors showed that
after transplantation donor dermal DCs migrate from allograft
and are replaced by host DC. After donor antigen intake, these
recipient DCs migrate to lymph nodes in order to present anti-
gens to CD8"T cells and prime anti-allograft response. This work
suggested the dynamics of DC immunotherapy in vivo (71).

T Cell Inhibition

Even if tolerogenic DCs are able to migrate to lymphoid organs,
the goal is to avoid the exacerbated proliferation of T cells in
those organs and in the long term, the memory, and humoral
responses. Conveniently, two common effects between the differ-
ent works performed with tolerogenic DC therapy in transplanta-
tion have been observed: a decrease in the frequency of T cells
in spleen, lymph nodes, and graft and an unresponsiveness of
splenic T cells in contact to alloantigens (15, 58). This decrease
of T-cell proliferation could be related to several tolerogenic DC
molecules that lead to apoptosis, anergy, or hyporesponsivenes.
There are many proposed mechanisms used by tolerogenic DCs
to explain their tolerogenic activity, including contact-dependent
and contact-independent mechanisms. Contact-dependent
mechanisms include molecules, such as programmed-
death-ligand 1 (PD-L1), Fas-Ligand (Fas-L), inducible T-cell
costimulator-ligand (ICOS-L), but also other molecules, such as
immunoglobulin-like transcript-2 (ILT-2), ILT-3, ILT4, HLA-G,
and others. Contact-independent mechanisms could be classified
into immunomodulatory cytokines, such as IL-10 and TGF-p, or
enzymes that generate immunomodulatory molecules or related
to nutrient deprivation, such as IDO, heme-oxygenase-1 (HO-1),
inducible nitric oxide synthase (iNOS), and arginase 1 (Argl)
(Figure 2) (72).

Contact-Dependent Mechanisms

Contact-dependent mechanisms refer to those mechanisms that
need contact between lymphocyte and DCs. The inhibition of
proliferation through anergy, hyporesponsiveness, or apoptosis

and the differentiation of regulatory cells depend in part of the
combination of surface molecules and signal integration between
both cells (73). As the different types of tolerogenic DCs have
different combinations of inhibitory molecules, the following
description is based uniquely on contact-dependent mechanisms
observed in transplantation models no matter of tolerogenic DCs
type.

Inducible T-cell costimulator-ligand, expressed in immature
DC, could interact with ICOS expressed by T cells in order to
induce a hyporesponse which is not recovered after restimulation
(74). However, a recent study in NHP in kidney transplantation
using a combinatorial therapy with belatacept and ICOS-Ig
human Fc fusion protein, showed no improvement of allograft
survival (75).

Another well-known immunomodulatory molecule related to
allograft survival and present in DCs is PD-L1. The blockade of
PD-L1 accelerates skin allograft rejection in a similar way to that
of anti-CTLA4 treatment (76). Similarly, the use of anti-PD-L1
antibody accelerates heterotropic cardiac allograft rejection,
abrogating the effect of cytotoxic T-lymphocyte associated
protein-4 (CTLA-4)-Ig (77). Moreover, a recent study showed
that DCs transfected with adenovirus coding for PD-L1 was able
to induce an increase of kidney allograft survival in fully mis-
matched rats. This improvement was associated with impairment
in CD8" T-cell proliferation and a decrease in pro-inflammatory
cytokine production (78).

Interaction between ILT-2/ILT-4 and HLA-G in tolerogenic
DC, has been shown to impair allogeneic T-cell proliferation.
Nevertheless, ILT4-HLA-G pathway is more related to Treg
generation (79).

Fas-ligand is another contact-dependent molecule that
impairs T cell response via the induction of apoptosis. A study
using BMDCs transfected with pBK-CMV coding for Fas-L
demonstrated that these cells were able to improve cardiac allo-
graft survival in a mouse model and to inhibit allogeneic MLR
proliferation through apoptosis induction (80).

Immunomodulatory Cytokines

Cytokines related to tolerogenic DCs, such as IL-10, TGF-f3, and
others have been associated with several immunomodulatory
functions, such as DCs impairment of maturation, inhibition of
T-cell proliferation, and regulatory cell induction.

IL-10 is a well-known immunomodulatory cytokine that
has been shown to be essential for the differentiation of several
regulatory populations. IL-10 activates the tyrosine kinase IL-10
receptor leading to an activation of signal transducer and activa-
tor of transcription 3. This allows an activation of the suppressor
of cytokine signaling 3 that inhibits NF-xB translocation lead-
ing to a hyporesponsiveness to pro-inflammatory stimuli (81).
IL-10 is expressed by tolerogenic DCs under different dynamics
depending on the type of tolerogenic DCs. For example, it has
been shown that MoDCs generated with IL-10 spontaneously
secrete IL-10 (82). However, other Tol-MoDCs require pro-
inflammatory stimulation to produce IL-10, such as Dex- and
VitD3- generated TolDCs (44). IL-10 leads to a state of anergy of
human CD4*T cells in allogeneic MLR and also after polyclonal
stimulation with anti-CD3 antibody (83).
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TGEF-p, for its part, is a pleiotropic cytokine related to immu-
nosuppression. In one hand, TGF-p impairs both CD4" and
CD8" T cell differentiation, activation, and proliferation, and in
the other hand, it promotes Treg expansion. In fact, it has been
shown that the lack of TGF-f signaling leads to the development of
autoimmune inflammatory disease due to an uncontrolled CD4*
activation (84). Moreover, it has been shown that Tol-BMDCs
secrete TGF-f and this expression plays a crucial role in tolerance
induction tolerance in several models (85). In cardiac allograft
model in rat, the induction of tolerance by LF15-0195 is associ-
ated with an increase in tgfb expression in allograft of tolerant
rats. Moreover, the adoptive transfer of splenocytes from tolerant
rats to syngeneic rats receiving cardiac allograft and treated with
Rapa in the presence or absence of anti-TGF-B blocking Ab
showed that the tolerance was transferred and partially mediated
through TGF-p (86).

Apart from classical immunomodulatory molecules, some
other cytokines are potentially involved in tolerogenic DCs
mechanisms. Among these cytokines, two of them share the
Epstein—Barr virus-induced gene 3 (EBI3) monomer, IL-35, and
IL-27. IL-35, a heterodimer of EBI3 and IL12p35, is related to

3-hydroxyanthranilic acid
co

Fe?*
Biliverdin

L-Arg

FIGURE 2 | Tolerogenic dendritic cells (DC) mechanisms. Tolerogenic DCs display different mechanisms of action to impair T-cell proliferation and stimulate
regulatory cell induction. These mechanisms can be differentiated in contact-dependent and contact-independent mechanisms. Contact-dependent mechanisms
include Inducible T-cell costimulator-ligand, Fas, programmed death-ligand 1, and human leukocyte antigen-G. Contact-independent mechanisms include the
expression of immunomodulatory cytokines and the production of small molecules, such as carbon monoxide and nitric oxide. TolDC can also act indirectly through

immunosuppressive activity, I1-35 is mainly secreted by Treg
although several studies demonstrated that APCs are also able
to produce this cytokine. In fact, it has been shown that IL-35,
but not other IL-12 members, is produced by Tol-BMDCs
generated with Dex. In this study, the authors showed that the
silencing of Il12a (IL-12p35) partially impaired the inhibitory
effect of Tol-BMDC toward CD4* T cells (87). On the other
hand, IL-27 is a heterodimer composed by EBI3 and IL27p28 that
acts through IL-27R (gp130 and WSXI1). IL-27 impaired several
pro-inflammatory functions leading to a reduced effector T-cell
response, a control of neutrophil migration, and an impairment
of oxidative burst (88). Nevertheless, it has been suggested a dual
role for IL-27 as it displayed a suppressive role in EAE model
(89), but enhanced CD8" T cell anti-tumor activity in other
models (90). In transplantation, IL-27 has an important relevance
combined with TGF-f1. It has been demonstrated that the over-
expression of IL-27 through injection of AAV-IL27 combined
with Rapa improved cardiac allograft survival (86). However,
monomeric function of EBI3 has been related also with tolero-
genic potential in Tol-BMDCs. In fact, in heart allograft rodent
model, our work highlighted that mice treated with autologous
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Tol-BMDCs and low dose of IS displayed an increase of splenic
TCRup"CD3-CD4 NKRP1-DN T cells expressing high amounts
of IFNY. The increase of this double-negative regulatory popula-
tion and the allograft survival were related to the EBI3-expressing
autologous Tol-DCs. We showed that in vive blockade of either
EBI3 or IFN-y leads to allograft rejection, demonstrating that
these molecules are playing a critical immunoregulatory role in
this model of allograft tolerance (14).

Nutrient Deprivation and Other
Mechanisms

On the other side, other mechanisms involving interaction
between cells or nutrient competition have been observed in
transplantation models for several years. These mechanisms open
a new perspective on the understanding of graft microenviron-
ment. Among these distinct mechanisms, IDO, iNOS, Argl, and
HO-1 have been related to the impairment of T-cell proliferation.
Inducible nitric oxide synthase and Argl are two enzymes
commonly associated with macrophages. iNOS is an enzyme
that metabolizes arginine and produce nitric oxide (NO) and
citrulline, while arginase metabolizes arginine to ornithine and
urea. Usually iNOS is known as a M1 macrophage marker and
it is induced by pro-inflammatory stimuli, such as IFN-y. The
production of NO by macrophages is usually associated with
pro-inflammatory response because this molecule belongs to the
Reactive Nitrogen Species (RNS) family that is able to peroxidize
membrane lipids in order to eliminate the inflammatory agent.
On the other hand, the production of ornithine by M2 mac-
rophages leads to the synthesis of L-Proline, which is essential
for collagen production in the resolution of the inflammation
(91, 92). However, it has been shown in DCs that these molecules
are related to the inhibition of T-cell proliferation. To verify the
implication of L-arginine in tolerance and transplantation, several
studies were performed. In transplantation, a study demonstrated
that the hypoproliferation of T cells isolated from grafted rats
treated with Tol-BMDCs was induced by iNOS. Indeed, the
use of an iNOS inhibitor (L-NMMA) allowed recovery of T-cell
proliferation in treated mice (58). These results showed that iNOS
was involved in allograft survival in this model. Similarly, another
study demonstrated the relevance of L-arginine metabolism
through iNOS and Argl in Tol-BMDCs. In this work, tolerogenic
DCs were differentiated with retinoic acid (RA) and pulsed with
OVA peptide in order to induce in vivo lymphoproliferation. The
authors showed that Inos™~ RA do not display tolerogenic poten-
tial in vivo in the presence of OT-1I cells. This study corroborated
the results observed in transplantation models (93).
Indoleamine 2,3 dioxygenase and tryptophan metabolism,
have been suggested as essential factors to inhibit T, B, and NK
proliferation and to induce regulatory cells. Paradoxically, it has
been shown that IDO is also essential for pro-inflammatory
differentiation of DCs (94). A study performed by transfecting
human DCs with adenovirus coding for IDO demonstrated that
these cells were able to impair T-cell proliferation. Moreover,
the study showed that this effect was led by the production of
several metabolites of the Kynurenine pathway including kynure-
nine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, but not

anthranilic acid nor quinolinic acid (95). Similarly, recent find-
ings demonstrated that IDO*BMDCs improved heart allograft
survival in rodent models associated with an impairment of CD4*
response and an increase of apoptosis (96).

Heme-oxygenase-1 is an enzyme that catalyzes the conversion
of Fe-Protoporphyrin-IX (Heme group) to biliverdin, ferrous ion,
and carbon monoxide (CO) (97). CO is usually associated with
protective anti-apoptotic effect in a large range of cells, but in
lymphocytes, it is usually associated with impaired proliferation
and impaired production of inflammatory cytokines (98, 99).
The use of a HO-1 inductor (cobalt protoporphyrin, CoPP) or
HO-1 product CO, was already tested in pancreatic islet allograft
in mice. Both, the pretreatment of allograft or the pretreatment of
recipient with CO or CoPP result in an improvement of allograft
survival. Moreover, the delay of graft rejection was even more
significant when both recipient and allograft were treated (100).
Like IDO, HO-1 expression is associated to DC maturation.
Indeed, HO-1 is expressed in immature DCs, but not in mature
DC. Our group demonstrated that immature DCs stimulated
with the HO-1 inductor CoPP preserve an immature phenotype
with a low production of IL-12p70, a high expression of IL-10,
and were able to impair allogeneic T-cell proliferation in humans
and rats (101). Based on these results and the observation that
Tol-BMDCs expressed HO-1, we then investigated the role of
HO-1 in the protective effect of Tol-BMDCs in our transplan-
tation model of heart allograft in rats. Our results highlighted
that the co-treatment of grafted rats with ATDC and an HO-1
inhibitor (tin protoporphyrin IX, SnPP), impaired the beneficial
effect of autologous Tol-BMDC treatment. These results suggest
that HO-1 is involved in the improvement of allograft tolerance
mediated by autologous Tol-BMDCs in this model (102).

Other molecules, such as thrombospondin-1 (TSP-1), PGE2,
and adenosine could also influence the tolerogenic potential of
tolerogenic DCs in transplantation. To test the role of these mol-
ecules in tolerance, a study was performed to compare human Tol-
MoDCs differentiated with IL10, ILL0/TGF-p, and IL10/IL-6. The
results demonstrated that only Tol-MoDCs generated with IL10/
TGE-p lost the suppressive potential in vitro in the presence of
ARL67156 (CD39 inhibitor) or Indomethacin (PG inhibitor syn-
thesis). However, IL-10 and TSP-1 inhibitors impaired tolerogenic
potential in IL10 differentiated-DCs and IL10/IL6-DCs (103).

In conclusion, different types of tolerogenic DCs have dif-
ferent types of immunosuppressive mechanisms to elicit T-cell
hypoproliferation.

REGULATORY CELL INDUCTION
Induction of CD4* Treg Cells

Nowadays, the main goal in post-transplantation therapy is to
avoid chronic rejection. To be efficient in the long term, it is
essential to induce regulatory cells. Different types of regulatory
cells induced or expanded by tolerogenic DCs were described
in several animal models and were also observed in the first
clinical trials. Among them, the main ones are Tr1 cells, induced
CD4*CD25"FoxP3" Treg, CD8'Treg, CD3*CD4-CD8 Treg
(104) and Breg (Figure 3) (32).
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FIGURE 3 | Regulatory cells induced by tolerogenic dendritic cells (DC). Tolerogenic DCs are able to induce different populations of regulatory T and B cells. Each
population has different immunomodulatory mechanisms to prevent allogeneic proliferation. CD4+*CD25-FoxP3" regulatory T (Treg) display contact-independent
mechanisms, such as cytotoxic T-lymphocyte associated protein-4 and lymphocyte-activation gene 3 and contact-independent mechanisms by their secretion of
IL-10, TGF-B, and IL-35. They are also able to produce adenosine by the degradation of ATP. Tr1 cells and CD8+*Treg are known to produce IL-10. Breg express

The important role of CD4*CD25*FoxP3" T cells has already
been demonstrated in transplantation. Indeed, it was highlighted
that the transplantation of skin allografts from tolerant mice
onto new recipients, receiving donor or third-party skin allo-
grafts leads to the transfer of tolerance. In this study, the authors
demonstrated that the donor allograft was not rejected while the
third-party one was, meaning that tolerance was led by specific
mechanisms (105). CD4*CD25*FoxP3" Treg are usually associ-
ated with several suppressive molecules, such as CTLA-4 and
lymphocyte-activation gene 3 (Lag3) that trigger a signal to DCs
in order to impair antigen presentation. CD4*CD25 FoxP3"
Treg are also associated with the production of granzyme B and
immunomodulatory molecules such as IL-10, TGF-f3, and IL-35.
Apart from classical contact mechanisms, CD4*CD25 FoxP3"
Treg also compete with effector T cells for IL-2. The depriva-
tion of IL-2 leads to an inhibition of proliferation and apoptosis
in effector CD4 T cells (106, 107). Other mechanisms such as
the production of adenosine through CD39 and CD73 have
also been described (108). In transplantation models, several
groups showed that tolerogenic DCs lead to the induction
of CD4°CD25'FoxP3" Treg. For example, a study using
Tol-BMDCs generated with Rapa have been shown to favor
CD47CD25%FoxP3" Treg population. In this study, the injection
of syngeneic Rapa-DCs pulsed with donor antigens induced
tolerance to heart allograft. The adoptive transfer of T cells from
tolerant mice to syngeneic mice transplanted with heart allograft
from the same source promote an increase in allograft survival

due to the transfer of CD4*CD25"FoxP3" Treg (47). Moreover,
our recent studies in pancreatic islet allograft transplantation
demonstrated that CD4*CD25 FoxP3" Treg were increased in
spleen, lymph nodes and graft of mice treated with autologous
Tol-BMDCs and anti-CD3. As mentioned above, this Treg
induction was essential for graft prolongation (15).

Other Treg-cell types commonly observed in tolerogenic
DC therapy are Trl and Trl-like cells (104). Trl are associated
with a high expression of IL-10 after specific stimulation and the
expression of Lag3 and CD49b markers (109). These Trl cells
could be induced by Tol-MoDCs generated with IL-10 through
the HLA-G/ILT4 pathway (41). Furthermore, it has been shown
that Tol-MoDC generated with VitD3 stimulate the generation
of Trl-like cells with a high expression of IL-10 and are able to
impair allogeneic T-cell proliferation (110). Interestingly, these
Tr1-like cells are induced by contact with Tol-MoDCs notably
by PDL-1/PD1 interaction (44). Trl have been shown to play
an important role sustaining graft CD4 CD25"FoxP3" Treg
from the spleen through the expression of IL-10 in pancreatic
islet allograft (111). These results indicated a network between
different tolerogenic populations in order to prolong allograft
survival. Another study demonstrated that Trl-like cells
(IL-10"FoxP3"CTLA-4"CD25"Egr2* cells) could be differenti-
ated from anergic IL-10"FoxP3-CTLA-4"CD25"Egr2*T cells fol-
lowing their interaction with immature DCs (112). These Tr1-like
cells were able to inhibit T-cell proliferation in vive and in vitro in
an antigen-specific manner (112).
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Another CD4 T cell regulatory population potentially
associated with tolerogenic DCs are the iTR35 cells. iTR35 are
regulatory cells that suppress through IL-35 production but
not through IL-10 nor TGF-f3. Interestingly, these cells do not
express FoxP3. iTR35 are generated in vitro with IL-10 and IL-35
but in vivo they are present in models such as intestine infec-
tion and cancer (113). IL-35 is highly expressed on human Dex
induced-tolerogenic DCs after pro-inflammatory stimulation
with TFN-y, CD40-L, or LPS (87). However, the role of IL-35
secreting tolerogenic DCs and iTr35 differentiation in vivo
remains a conjecture today.

Induction of Non-CD4+ Regulatory Cells
Apart from CD4 regulatory cells, there are other regulatory popu-
lations involved in TolDC therapy in transplantation such as CD8
Treg and Breg. CD8 Treg cells are less characterized than CD4*
regulatory cells but they are known to express IL-10 and TGF-p
(114). In mice and humans, splenic CD8*CD122*PD-1* popula-
tion is associated to an increased allograft survival (115) and also
to an anti-inflammatory and suppressive function in other models
(116). Moreover, there are several works that have demonstrated
a link between tolerogenic DCs and CD8 Treg induction. In
humans, a study performed in 2002 showed that antigen-specific
CD8 T cells with suppressive activity are generated in healthy
volunteers treated with immature DCs pulsed with influenza
matrix peptide (117). Another study performed in NHP showed
that animals treated with CTLA4-Ig and donor Tol-BMDCs
prior to kidney transplantation developed an increased propor-
tion of donor-specific Eomesodermin®CTLA4"CD8" T cells.
This population is associated with an improvement in allograft
survival (118). In our experiments, an increase of CD8*CD11c¢*
T cells was observed in a model of allograft skin transplantation
in mice treated with autologous Tol-BMDCs and low doses of
anti-CD3 antibody. The adoptive transfer of CD8* T cells purified
from these animals was able to prolong allograft survival in new
transplanted mice. These results suggest that CD8*CD11c" T cells
induced by autologous Tol-BMDCs could be regulatory cells (16).
Although B cells are well known to promote allograft
responses, there is growing evidence that in some circumstances

B cells also contribute to the maintenance of transplant toler-
ance (119). Different populations of regulatory B cells have been
described from immature state to plasma cells. Breg effects were
described to be mediated by immunomodulatory cytokines such
as IL-10, IL-35, and TGF-f, contact-dependent mechanisms,
cytotoxic activity mediated by Granzyme B and also by immu-
noglobulin secretion (120). In transplantation, the ability of
B cells to delay graft rejection has already been demonstrated in
different rodent transplantation models (121, 122) Furthermore,
studies from our team and others demonstrated that the adop-
tive transfers of splenic B cells from tolerant animals (either
total B cells or B cell subsets) were able to delay graft rejection
both in heart transplantation in rats and in a mouse model of
skin transplantation (123, 124). Other reports highlighted the
induction of Breg following Tol-MoDC therapy. Interestingly, in
the first phase I clinical trial with Tol-MoDC therapy in type 1
diabetic patients, an increase of B220"CD11¢™ population was
observed in the blood of patients treated with Tol-MoDCs modi-
fied with ODN anti-CD40/CD80/CD86 during the first 6 weeks.
This phenotype coincides with a regulatory population (32).
Additionally, the same authors demonstrated the contribution
of suppressive B cells to control the development of T1D in NOD
mice after Tol-BMDC treatment. In this study, the authors sug-
gested that the expansion of pre-existing IL-10* B cells and the
“de novo” generation from CD19" B cells could be mediated by
the secretion of RA-DCs from Tol-BMDCs (125). However, the
link between tolerogenic DCs, regulatory B cells, and allograft
tolerance remains unclear.

Altogether these results show that tolerogenic DCs are able to
induce regulatory cells leading to a regulatory network that could
improve the allograft acceptance.

WHERE DO WE STAND?

From the first DCs vaccines back in 1995 (33) until today, the
expectation on DCs therapy have increased due to the safety
and potential demonstrated in animal models and in humans.
Nowadays, four clinical trials using Tol-MoDCs in autoimmune
diseases have already been completed (32, 48, 66, 126) (Table 1).

TABLE 1 | Completed clinical trials.

Differentiation protocol Disease Patients Cohorts Biological effect/safety
Tolerogenic monocyte-derived dendritic Type 1 diabetes 10 * Unmodified Tol-MoDC * Increase in B220 B cells in
cells (Tol-MoDC) modified with * ODN Tol-MoDC blood
oligonuclectides (ODN) anti-CD40/80/86 * No adverse effects
Tol-MoDC treated with nuclear factor-xB Rheumatoid arthritis 18 * Low dose (1 million cells) * Increase in Treg in blood
inhibitor and pulsed with citrullinated peptides * High dose (5 millions cells) * Decrease in T-cell response
to vimentin 447-455 Cit450
* No adverse effects
Tol-MoDC differentiated with Refractory Crohn's 12 e 2 5 0r 10 millions cells * Increase in Treg in blood
dexamethasone (Dex) and IL-6, disease * Single dose or biweekly * Decrease in interferon-y (IFN-y)
TNF-q, IL-1p, and prostaglandin E2 in blood
* Three patients withdrew due
to disease worsening
Tol-MoDC differentiated with Dex and Rheumatoid and 13 * 1,3, 10 milions cells * No biological effect in blood
loaded with autologous synovial fluid inflammatory arthritis ¢ No adverse effects
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First clinical trial was performed in insulin-requiring T1D
patients. In this clinical trial, seven patients received Tol-MoDCs
modified with ODN anti-CD40/80/86 and three were treated
with unmodified Tol-MoDCs. An increase in B220 B cells and no
adverse effects were observed (32). The second clinical trial using
Tol-MoDCs was performed in rheumatoid arthritis patients. In
this study, 18 HLA-positive RA patients were divided into two
cohorts, patients from the first one received a low dose of Tol-
MoDC (one million cells) and the others received high dose (five
million cells). Tol-MoDCs used in this study were modified with
an NF-kB inhibitor and pulsed with four citrullinated peptides.
No adverse effects were observed. Additionally, the authors
observed an increase in circulating Treg cells and a decrease in
IL-6 expression in T cells in response to vimentings; sss Cit450
(66). The third clinical trial using Tol-MoDCs was performed
in patients suffering from refractory Crohn’s disease. In this
clinical trial, 12 patients were divided in 6 cohorts, receiving 2,
5, or 10 million Tol-MoDCs in a single dose or biweekly. Despite
that no adverse effects were observed in most patients, three
of them withdrew the study due to worsening of the disease.
Additionally, the authors found an increase in Treg cells and a
decrease in IFN-y in blood (48). Finally, the most recent clini-
cal trial using Tol-MoDCs was performed in rheumatoid and
inflammatory arthritis. In this study, 13 patients were divided
in four cohorts, receiving 1, 3, or 10 millions cells and three
patients receiving saline solution. Tol-MoDCs used in this clini-
cal trial were differentiated using Dex and vitD3 and loaded with
autologous synovial fluid. The outcome of this study showed
that the treatment was safe and feasible. Moreover hypertro-
phy, vascularity and synovitis were stable in all cohorts and in
placebo-treated patients. Nevertheless, two patients that have
received 10 millions cells showed a decrease in synovitis score
(126). Apart from these studies, there are many other ongoing
clinical trials focused on other pathologies, such as allergy or
multiple sclerosis. Among the ongoing clinical trials using
Tol-MoDCs, we supervise a phase I/II clinical trial in kidney
transplantation at Nantes university hospital (NCT02252055).
This trial will evaluate the safety of autologous Tol-MoDCs in
patients receiving living donor kidney transplantation and a
minimized immunosuppression. In this trial, autologous Tol-
MoDCs are generated in the presence of low-dose GM-CSF as
the only cytokine used. These Tol-MoDCs are characterized by
a weak capacity to stimulate allogenic T cells and a suppression
of the proliferation of stimulated T cells. Furthermore, they are
resistant to maturation stimuli. Patients receive their Tol-MoDCs
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Nouveaux mécanismes utilisés parles cellules dendritiques tolérogénes

Mots clés : Tol-DC, Lactate, Immunosuppression, Metabolisme, Terapie cellulaire

Résumé : Les recherches menées sur les cellules
dendritiques tolérogenes au cours des 20 dernieres
années ont abouti a leur application thérapeutique
dans plusieurs essais cliniques. Parmi ces essais, notre
équipe est pionniere en transplantation rénale en
réalisant de la thérapie cellulaire a I'aide des cellules
dendritiques tolérogénes autologues générées avec
une faible dose de GM-CSF (ATDC). Nos études
précliniques ont démontré que ces cellules sont
capables d’augmenter la survie de différentes
allogreffes chez les rongeurs et n'induisent pas d'effets
indésirables chez les primates. Lors de ma these, j'ai
montré que les ATDC humaines présentent une faible
expression de molécules co-stimulatrices, ne maturent
pas et inhibent la prolifération des cellules T. De plus,
les ATDC présentent un phénotype, un profil
transcriptomique et un métabolisme particuliers qui
les dissocient de d’autres cellules myéloides.

Afin de déterminer les mécanismes suppressifs de ces
cellules, j’ai réalisé différents tests démontrant que
les ATDC sont capables d’inhiber la prolifération des
cellules T CD4", d’altérer la production d'IFNy et IL-
17A et d’induire la différenciation
CD4'CD25*FoxP3"Treg  par des  mécanismes
indépendants du contact cellulaire. L'analyse du
surnageant des ATDC (ATDC-SN) a révélé que ces
cellules produisent une forte concentration de
lactate,qui est en partie responsable de leur effet
immunosuppresseur. Cette étude a permis de
démontrer que la sécrétion d’acide lactique est un
nouveau mécanisme des ATDCs et ouvre une
nouvelle perspective de thérapie cellulaire associée a
la production de petites molécules..

Novel mechanisms in tolerogenic dendritic cells

Keywords : Tol-DC, Lactate, Immunosuppression, Metabolism, Cell Therapy

Abstract The research focused on tolerogenic
dendritic cells during the last 20 years has culminated
on their therapeutic application in several clinical trials.
Among these trials, our team is currently conducting
the first trial in the context of kidney transplantation
using tolerogenic dendritic cells generated with low
dose of GM-CSF (ATDC). We previously reported that
Tol-BMDC generated with this protocol prolong
thesurvival of different allografts in rodent models and
do not induce adverse effects in nonhuman primates.
In this work | demonstrated that ATDC derived from
human monocytes, similarly to their bone marrow
equivalent, display a low expression of costimulatory
molecules, do not maturate and impair T-cell
proliferation. Interestingly, ATDC display a particular
phenotype, transcriptomic profile and metabolism
comparing to other myeloid cells.

In order to determine the suppressive mechanisms of
these cells, | performed different assays
demonstrating that ATDC impaired CD4'T-cells
proliferation and IFNy and IL-17A production, and
induced de novo CD4'CD25'FoxP3"Treg by contact-
independent mechanisms. The analysis of ATDC
supernatant (ATDC-SN) revealed a high concentration
of lactate. | demonstrated that this lactate
production is in part responsible of ATDC
immunosuppressive effects. This study allowed to
demonstrate that lactic acid secretion is a novel
mechanisms displayed by ATDC and opens a new
perspective of cell therapy based on the production
of small molecules.
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