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Abstract

Over the past decade, regulatory T cells (Tregs) have received a tremendous amount of attention
due to their ability to suppress the function of multiple types of immune cells restraining excessive
immune responses and ensuring peripheral tolerance and overall maintenance of immune
homeostasis. Recently, mounting evidence has revealed the presence of Treg cells in non-lymphoid
tissues of both mice and humans where they control non immunological processes and contribute
to a plethora of diseases. In the present study, we focused on Bone Marrow (BM) Tregs which until
now remain poorly explored and their role in tumor development and anti-tumor immunity is really
underestimated. By performing an extensive phenotyping and some functional experiments, we
unraveled that BM Tregs exhibit a differential phenotypic and functional profile compared with the
well-studied Tregs of lymph nodes upon tumor induction indicating that they constitute a special
and distinct population of the Treg cell lineage which possibly affects the immune responses during
tumor growth.



NepiAnyn

Tnv teAeutaia dekaetia, ta T pUBULOTIKA KUTTAOPO BPLOKOVTAL OTO EMIKEVTPO TNG TPOCOXNG TNG
ETILOTNMOVLIKAG KOLVOTNTAG AOYW TNG LKAVOTNTAG TOUG VA KATAOTEAAOUV TN Asltoupyia mMoAAwY
KUTTAPWYV TOU AVOOOTIOLNTLKOU CUOTAHATOC KAl VO TIEPLOPLIOUV TIG AVEEEAEYKTEG OVOCOAOYIKEG
anavtnoelg, e€aodalilovrag £toL TV mepLdEPLKN avoxr Kal Tn ouvoAlkn dlatripnon tng
OVOOOAOYIKNG opolootaonG. TeAeutaia, OAO KoL TEPLOCOTEPQ OTOLXELQ TTOU UTtooTnpilouv TNV
umopén T pUBULOTIKWY KUTTAPWYV O€ N AeUPLKA Opyava TOCO OTO MOVTIKL 600 Kol 0ToV AvBpwto
€pxovtal oTo dwe Kal avadelkvUoUV TN CUUPBOAN TWV KUTTAPWY QUTWYV OTOV EAEYXO HN
avoooloykwv Stadikaclwyv aAAd kot oe MANBwpa acBevelwy. H moapouoa HEAETN ETUKEVIPWVETAL
ota T puBuiotika kUTtapa mou e5palovial oTo HUEAO TWV OCTWV TO OTOLa LEXPL OAUEPQL
TIOPAPEVOUV EAAXLOTA PLEAETNUEVA KL O pOAOC TOUC OTNV AVATITUEN TOU OYKOU KL OTNV
QVTLKOPKLVLKI AVOOOAOYLKN OIAVTN O €XEL UTOTLUNOEL. MPayUaTONMOLWVTAG LA EKTEVN
davotunnon Kal KAToLa AELTOUPYLKA TTELPAUATO, SLATILOTWOAUE OTLTA T pUBLILOTIKA KUTTAPA TOU
HUEAOU TwV 00TWV ULOBETOUV €va SLadopeTIKO PALVOTUTILKO KOl AELTOUPYLKO TIPOdIA o oxéon Ue
TA KOAQ peAeTnpéva T pubuLoTIKG KUTTApO TwV Aepdpadévwy EMeLta amnod TNV ENaywyr Tou 0yKou,
UTOSNAWVOVTOG OTL ATTOTEAOUV €va LOLALTEPO Kal SLaKPLTO MANBUGHO TNG KUTTOPLKAG YEVEQAOYLAC
TwV T pUBULOTIKWY KUTTAPWVY O OTol0G HAALoTA BavVA eMNPEALEL TIG OVOOOAOYIKEC ATIOKPLOELG
KQTA TNV avVAnTuén Tou OyKou.
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Introduction

Definition, incidence and hallmarks of cancer

Cancer is not a single disease. It is a group of more than 100 diseases which all share a common
characteristic, the abnormal and uncontrolled growth of body's cells that have the potential to
invade or spread almost anywhere in the body. Most types of cancer form a tumor, a lump or mass
of cancerous cells with exception of leukemias, most types of lymphoma and myeloma. A tumor
can be benign or malignant and the fundamental difference of these two categories is the ability of
the latter to grow and metastasize to other parts of the body.

Although cancer is the second leading cause of death worldwide behind ischemic heart disease, it is
estimated that in high-income countries, deaths from cancer are now more than those related to
cardiovascular diseases. More specifically, it is expected that the higher a country's gross domestic
product, the lower the incidence of deaths from cardiovascular disease compared with those from
cancer, despite the public health initiatives in high-income countries such as cancer screening which
have a positive effect on some cancers mortality rate. This could be possibly partially explained by
the Western lifestyle choices such as the tobacco use, alcohol consumption, obesity, low-nutrient/
high-fat diet and lack of physical activity which seem to drive many of the trends seen in cancer
incidence levels (1,2).

Hence, taking into consideration the high incidence and mortality rate of cancer, it is not surprising
that scientists have been focused on studying this complex disease for decades now and try to
delineate its generative causes as well as to find new more effective treatments. Indeed, all these
years of intense research have made it clear that during the multistep process of tumorigenesis,
cancer cells acquire some functional capabilities that allow them to survive, proliferate rapidly and
disseminate. These functional capabilities include their self-sufficiency in growth signals, their
insensitivity to anti-growth factors, their replicative immortality, their ability to sustain angiogenesis
and metastasize as well as their ability to evade immune destruction and to reprogram their energy
metabolism in order to meet their increased energy needs as a consequence of their continuous
growth and division.

More analytically, one of the main characteristics of cancer cells is their ability to sustain chronic
proliferation. In contrast to normal cells which require mitogenic growth signals from their
microenvironment in order to activate their cell cycle and move from a quiescent state into mitosis,
cancer cells are much less dependent on exogenous growth stimulation for starting their division
and this acquired autonomy is responsible for the disruption of a critically important homeostatic
mechanism that ensures the maintenance of normal tissue architecture and function. There are
four common molecular strategies for achieving liberation from dependence on exogenously
derived signals. Firstly, cancer cells may produce growth factor ligands themselves to which they
are responsive via the expression of cognate receptors, creating in this way a positive feedback
signaling loop often termed as autocrine proliferative stimulation. Alternatively, they can send
signals to stimulate the adjacent normal cells within the supporting tumor-associated stroma to
supply them with various growth factors (3). Additionally, they may deregulate receptor signaling



by elevating the levels of receptor proteins displayed on their cell surface in order to hyperresponse
even to limiting amounts of growth factor ligands. The same outcome can be achieved from
structural alterations in the receptor molecules that facilitate ligand-independent firing.

Moreover, cancer cells apart from their ability to sustain proliferation through their continuous
activation by growth-stimulatory signals, they are also able to resist to antigrowth factors which like
their positively activating counterparts are received by transmembrane cell surface receptors
coupled to intracellular signaling circuits (4-7). Apart from that, cancer cells have also defects in
negative feedback mechanisms which act as loops that normally dampen various types of signaling
ensuring homeostatic regulation of the flux of signals coursing through the intracellular circuitry. A
prominent example involves the PTEN phosphatase, which counteracts PI3-kinase by degrading its
product, phosphatidylinositol (3,4,5) trisphosphate (PIP3). Loss-of-function mutations in PTEN
amplify PI3K signaling and promote tumorigenesis in a variety of experimental models of cancer as
well as in human tumors (8,9). Another mechanism that ensures normal tissue homeostasis is
"contact inhibition". Contact inhibition is a process of arresting cell growth when normal cells that
propagate in two dimensional culture, form a confluent-monolayer. This cell-to-cell inhibition of
proliferation is lost when cells undergo malignant transformation, leading to their uncontrolled
division and to the formation of solid tumors.

Additionally, the ability of tumor cell populations to expand in number is determined not only by
the rate of cell proliferation but also by the rate of cell attrition. Programmed cell death or in other
words apoptosis represents a major source of this attrition. The evidence is mounting, principally
from studies in mouse models and cultured cells, as well as from descriptive analysis of biopsied
stages in human carcinogenesis, that acquired resistance toward apoptosis is a hallmark of almost
all types of cancer. Elucidation of the signaling circuitry governing the apoptotic program has
revealed how apoptosis is triggered in response to various physiologic stresses that cancer cells
experience during the course of tumorigenesis or as a result of anticancer therapy as well as how
malignant cells manage to prolong their survival and evade apoptosis (10). More analytically, the
resistance to apoptosis can be acquired through a variety of strategies. The most common among
them, as it is seen in a greater than 50% of human cancers, is the loss of function mutation of p53
tumor suppressor gene which causes the inactivation of its product and results in the removal of a
key component of the DNA damage sensing machinery that induces the apoptotic effector cascade
when is needed (11). Moreover, apart from p53, the PI3K-AKT/PKB pathway which transmits
antiapoptotic survival signals is likely involved in mitigating apoptosis in a substantial fraction of
human tumors. This survival signaling circuit can be activated by extracellular factors such as IGF-
1/2 or IL-3 (12) by intracellular signals emanating from Ras (13) or by the loss of PTEN tumor
suppressor which has been already mentioned. Finally, another mechanism that enables evasion of
apoptosis relies on the upregulation of a decoy receptor for FAS ligand which is observed in a high
fraction of lung and colon carcinoma cell lines and abrogates the FAS death signal. Furthermore, by
2000, it was widely accepted that cancer cells require unlimited replicative potential in order to
generate macroscopic tumors. This capability stands in marked contrast to the behavior of most
normal cell lineages in the body, which are able to pass through only a limited number of successive
cell divisions. More analytically, once a cell population has progressed through a certain number of
doublings, it stops growing and enters into a viable but nonreplicative state called senescence. In



some cases, normal cells can circumvent senescence by disabling their pRb and p53 tumor
suppressor proteins and thus they are able to continue multiplying for some additional generations
until they enter into a second state termed crisis. This state is characterized by massive cell death
and karyotypic disarray associated with end-to-end fusion of chromosomes (14). Multiple lines of
evidence have defined the telomeres as the counting device for cell generation. Telomeres which
are composed by multiple tandem hexanucleotide repeats, play undoubtedly a central role in the
immortalization of cancer cells. To explain it further, replicative generations are counted by the 50-
100bp loss of telomeric DNA from the ends of every chromosome each cell cycle. This progressive
shortening has attributed to the inability of DNA polymerases to completely replicate the 3' ends of
chromosomal DNA. The progressive erosion of telomeres through successive cycles of replication
eventually results to their inability to protect the ends of chromosomal DNA. These unprotective
parts of DNA form end-to-end fusions that inevitably lead to cell death (15). Telomerase, the
specialized DNA polymerase that adds telomere repeat segments to the ends of telomeric DNA, is
almost absent in nonimmortalized cells but expressed at functionally significant levels in the vast
majority of human cancer cells. By extending telomeric DNA, telomerase is able to counter the
progressive telomere erosion that would otherwise occur in its absence offering in this way
resistance to the induction of both senescence and apoptosis to the malignant cells that express it.

Lastly, malignant cells similarly to their normal counterparts, require oxygen, nutrients, growth
factors as well as an ability to evacuate their metabolic wastes and carbon dioxide. For this reason,
they need to reside in close proximity to blood vessels to access the blood circulation system. The
early observation that rabidly growing tumors were heavily vascularized, while dormant ones were
not, led Judah Folkman to propose that initiation of tumor angiogenesis was required for tumor
progression and dissemination to distant sites. A compelling body of evidence indicates that
angiogenic switch which occurs almost always during neoplastic growth, is controlled by a complex
biological rheostat that involves both the cancer cells and the associated stromal microenvironment
(16). It is now clear that a repertoire of cell types originating from the bone marrow play crucial
roles in pathological angiogenesis (17—19). This repertoire includes cells of the innate immune
system notably macrophages, neutrophils, mast cells, and myeloid progenitors that infiltrate
premalignant lesions and progressed tumors and help primarily to the activation of angiogenesis in
previously quiescent tissues sustaining on this way the ongoing tumor growth and secondly, to the
protection of the vasculature from the effects of drugs targeting endothelial cell signaling.

Tumor Microenvironment and anti-tumor immunity

Tumor mass constitutes a highly complex and heterogenous ecosystem also known as tumor
microenvironment (TME). TME contains not only malignant cells but also endothelial cells,
pericytes, stromal fibroblasts and a variety of immune cells that control tumor growth and invasion.

As far as the non-immune cells within the TME are concerned, recent evidence which highlights the
clonal heterogeneity of many human tumors, has given rise to a new subclass of neoplastic cells
named as cancer stem cells (CSCs). CSCs may represent a double-threat for the majority of cancer
patients as they are more resistant to therapeutic killing and at the same time endowed with the
ability to regenerate a tumor once therapy has been halted (20,21). Alarmingly, the origin of these



cells has not been clarified yet. However, two possible scenarios arise. According to the first
hypothesis, in some tumors, normal tissue stem cells may serve as the cells of origin that undergo
oncogenic transformation to yield CSCs. On the other hand, some scientists support that CSCs could
originate from partially differentiated cells also termed progenitor cells, that may suffer the initial
oncogenic transformation thereafter assuming a more stem-like character. Apart from CSCs, much
of the cellular heterogeneity within tumors is found in their stromal compartment. Prominent
among the stromal constituents are the endothelial cells which once been activated, they gradually
start constructing new blood vessels that form the tumor-associated vasculature (22,23). In
collaboration with endothelial cells, pericytes ,a specialized mesenchymal cell type, wrap around
the endothelial tubing of blood vessels and help the vessel wall to withstand the hydrostatic
pressure of blood flow. Indeed, their importance in supporting the tumor endothelium is pointed
up by the pharmacological perturbation of their recruitment. Finally, cancer-associated fibroblasts
are a group of activated fibroblasts with significant heterogeneity and plasticity in the TME that
secrete a variety of active factors to regulate tumor occurrence, development, metastasis and
therapeutic resistance, nevertheless the full spectrum of their functions remains to be elucidated
(24).

As far as the immune compartment of the TME is concerned, a large variety of immune cells can
infiltrate tumor tissues, and their composition and organization within them are tightly associated
with the clinical outcome of cancer patients. More specifically, almost all types of immune cells can
infiltrate the TME including macrophages, polymorphonuclear cells, mast cells, natural killer (NK)
cells, dendritic cells (DCs), T and B lymphocytes(25). The role of these immune cell types in tumour
evolution and growth is diverse and is tightly associated with their inherent functions and with the
molecules they express and secrete.
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Since cancer cells have accumulated a number of genetic alterations and have lost the normal
cellular regulatory processes, they tend to express neoantigens, differentiation antigens or cancer
testis antigens that are bound to major histocompatibility class | (MHCI) molecules on their surface
distinguishing them from their normal counterparts. Boon et al. in 1994 showed for the first time
that CD8* T cells are able to recognize these cancer-specific peptide - MHCI complexes and kill
cancer cells (26). However, in order to a proper anti-tumor immune response take place, a series of
events should precede. Firstly, neoantigens that are released by cancer cells should be captured
and processed by DCs. Then, DCs present the captured antigens in complex with MHCI and MHCII
molecules and this antigen presentation process in combination with the proinflammatory
cytokines and factors that are released by dying tumor cells or by the gut microbiota are able to
induce the priming and activation of naive T cells and elicit an effector T cell response. Although
these interactions between naive T cells and mature DCs have traditionally been thought to take
place in secondary lymphoid organs (i.e lymph nodes) it is now clear that they can also occur within,
or adjacent to the tumoural tissue, in organized tertiary lymphoid structures (27). These specialized
structures provide an area within the TME that is protected from the immunomodulatory effects of
the tumour or stromal cells and is enriched with T cell activation cytokines. Finally, the activated
effector T cells traffic to and infiltrate the TME, recognize and bind to tumour cells through the
interaction between their T cell receptor (TCR) and its cognate antigen bound to MHCI and kill their
target cancer cell (28). Apart from T cells, cytotoxic NK cells can also exert anti-tumor killing
independently of any previous interaction with DCs, notably in case of a loss of MHCI from the
surface of tumour cells.

However, although immune cells are able to recognize and kill malignant cells, it has been widely
recognized that cancer cells are capable of escaping immune surveillance and antitumor immunity.
There are several factors that contribute to tumor persistence despite a normal host immune
system, including intrinsic mechanisms of carcinogenesis or extrinsic immunosuppressive
characteristics of the TME. More analytically, as it has been already described, tumour cells must
release immunogenic tumour antigens for the priming and activation of tumour specific T cells.
Tumour-reactive T cells must then infiltrate tumor tissue and recognize cancer cells in the context
of a peptide-MHC complex to induce cancer cell death. As a consequence, to evade immune-
mediated elimination, tumours should develop strategies that disrupt this cycle. It is known that
cancer cells can express a variety of non mutated and mutated antigens that have the potential to
elicit tumor-specificimmune responses (29). However, in order to avoid immune-mediated
elimination, malignant cells may lose their antigenicity. Loss of antigenicity can arise due to the
immune selection of cancer cells that lack or mutate immunogenic tumor antigens as well as
through the acquisition of defects or deficiencies in antigen presentation. More specifically, even if
a tumor expresses sufficient immunogenic antigens, immune detection is dependent on the
capacity to present antigen in the context of a peptide—MHC complex. Thus, a more effective
approach to address antigenicity is by assessing the capacity of malignant cells to present antigens.
For example, tumours that lose MHC expression or acquire defects in antigen presentation
machinery may escape immune-mediated elimination by tumor-specific T cells. To this end,
downregulation of MHC class | molecules has been found in approximately 20% to 60% of common
solid malignancies, including melanoma, lung, breast, renal, prostate, and bladder cancers (30).



In addition, although many tumors retain sufficient antigenicity for immune recognition, can
escape elimination by decreasing their immunogenicity. For example, IFNy produced by tumor-
infiltrating lymphocytes (TILs) can induce the upregulation of the immunoinhibitory molecule PD-L1
on malignant cells (31) which once it binds on its receptor PD-1 on T cell surface, it inhibits T cell
proliferation, survival and effector functions such as their cytotoxicity and release of effector
cytokines (IFNy, IL-2, TNFa), inducing their apoptosis. Interestingly, T cell dysfunction in cancer
shares many features with the T cell exhaustion observed in chronic viral infections due to chronic
antigen exposure on tumour cells and the unproductive interactions of TILs with DCs present in the
TME. Similarly to PD-1/PD-L1 axis, other molecular pathways including those of LAG-3, TIM-3,
VISTA, CTLA-4 and BTLA (32,33) can act to fine-tune the cellular fate of tumor-infiltrating T cells.

Moreover, several findings suggest that some tumours may retain sufficient antigenicity and
immunogenicity for recognition by tumour-specific T cells but evade immune elimination by
orchestrating a suppressive microenvironment. The ability of tumours to orchestrate an
immunosuppressive microenvironment is dependent on reciprocal interactions between the cancer
cells and host immune cells. Numerous populations of immune cells have been reported to have
suppressive functions in the TME. Representative examples of those are the tumour-promoting M2
macrophages and immature granulocytic and monocytic myeloid-derived suppressor cells (MDSCs)
which can favor tumour progression through the induction of stromal cell proliferation,
vascularisation, extracellular matrix deposition (ECM), and cell migration (33—35) as wells asthe T
regulatory cells (Tregs) which constitute the prototypical immunosuppresive cells found in TME that
directly secrete or facilitate the formation of immunosuppressive molecules (e.g., IL-10, TGF-B, IL-
35, adenosine), modulate the APC function (e.g., via CTLA-4—CD80/86 interactions) and inhibit
effector T cell functions.

Treg origin, characterization and stability

Focusing now on T regulatory cells (Tregs), over the last two decades, strong evidence has emerged
for their dominant role in the regulation of immune homeostasis and tissue tolerance in both
human and mice (36), although the concept of self/non-self discrimination and suppression
mediated by T cells is nearly as old as the discovery of T cells as a separate lineage of lymphocytes.
Already in the early 1970s, it was proposed that suppressor T cells would be capable of inhibiting
other T cells and thereby mediate immunological tolerance(37,38). Suppressor T cells, which were
characterized by the expression of the CD8 (Lyt-2) cell surface marker, have been the topic of more
than 1000 scientific publications. However, the existence of suppressor T cells as a distinct lineage
of T cells has been very controversial []. In fact, the concept of suppressor T cells was largely
abandoned by the end of the 1980s, essentially because of the poor characterization of the cells
and the lack of specific markers (39,40). In the mid-1990s, Tregs were identified as a new
subpopulation of CD4* T cells and indeed hitherto, CD4* T cells are commonly divided into two
distinct lineages: conventional T helper (Th) cells and Tregs which although they represent a large
field of research, many central aspects of their cell biology remain obscure and hotly debated (41—
48).



Tregs comprise approximately 5-10% of peripheral CD4+ T cells and can be divided into two major
subtypes: the thymic or natural Tregs (nTregs) and the peripheral or induced Tregs (iTregs).The first
subtype arises in thymus in early life during T cell development, while the second is generated later
in the periphery upon exposure of naive CD4* T cells to specific tolerogenic stimuli (48,49). With
recent advances in the ability to distinguish these two distinct subtypes based on the expression of
unique cell surface markers and transcription factors (including Neuropilin-1 and Helios) (50),
specific differences in gene expression, epigenetic modification, stability and function are starting
to emerge. Indeed, nTregs and iTregs seem to exert different, yet complementary roles. To be
more specific, nTregs seem to have a prominent role in recognizing self-antigens, while iTregs are
implicated in establishing tolerance to non-self antigens (e.g. gut commensal bacteria and
innocuous antigens present in food) (51,52).

Addressing now analytically the function of Tregs, their primary role was originally defined as
prevention of autoimmune diseases and maintenance of tissue tolerance via inactivation of auto-
reactive T-lymphocytes which have escape elimination during their development in thymus. Over
the years, several additional functions have been suggested such as suppression of allergy and
asthma (53-55), induction of tolerance against dietary antigens (56-58), induction of maternal
tolerance to the fetus (59), suppression of pathogen-induced immunopathology (36-38), regulation
of effector responses of other classes of immune cells (43,60), suppression of T-cell activation
triggered by weak stimuli (61) as well as protection of commensal bacteria from elimination by the
immune system (46).

Concerning whether the suppressive function of Tregs is antigen specific, several in vitro
experiments have demonstrated that Tregs need to be first activated via the TCR to become
suppressive(62,63), although this has been contested by others. This implies that Treg-cell
activation is antigen-specific and that their suppressive activity is triggered in an antigen-specific
fashion. The same requirement for antigen seems to apply for Treg functions in vivo, since the
proliferation of Treg cells in lymph nodes was shown to be antigen dependent (64). Furthermore, in
the experimental autoimmune encephalomyelitis (EAE) mouse model for multiple sclerosis, myelin
basic protein (MBP)-specific Treg cells were detected and protection was associated with specificity
for MBP (65). In the non-obese diabetic mouse model for type 1 diabetes, Treg cells specific for a
pancreatic autoantigen were much more efficient at preventing diabetes than polyclonal Treg cells
(64,66). It was further shown that pancreas-specific Tregs could only prevent diabetes when their
specific antigen was present in vivo in the pancreas (67). Finally, destructive autoimmune gastritis
could be prevented by transfer of stomach-specific Treg cells, but not with polyclonal Tregs(68) .
Concerning the antigen specificity of the conventional Th cell that is suppressed by the Tregs, the
key question here is whether the Treg and the Th cell need to recognize the same antigen or not. In
vitro mixed-cultures experiments have demonstrated that Treg cells activated by their cognate
antigen can suppress the proliferation of conventional Th cells with different antigen specificities
(62,69). In vivo, there is also evidence that Treg cells may suppress Th cells with other antigen
specificities (70,71). Therefore, taken all together, suppression mediated by Treg cells is clearly
antigen-dependent. The activation of Tregs is antigen-specific, which implies that their suppressive
activity is triggered in an antigen-specific fashion. Concerning the target cell, there is evidence that
Tregs may suppress Th cells with different antigen specificities. However, it is possible that



suppression is more effective, and thereby physiologically more relevant, when the Treg cell and
the suppressed Th cell have the same antigen specificity.

Similarly to any other subpopulation of immune cells, molecular markers are essential tools for the
identification and analysis of Treg cells. The most widely used markers for defining Tregs are CD25
(72), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) (73,74), glucocorticoid-induced tumour
necrosis factor receptor family-related gene (GITR) (75), lymphocyte activation gene-3 (LAG-3) (75),
CD127 (76,77) and forkhead / winged-helix transcription factor box P3 (Foxp3) (78-80).
Unfortunately, accumulating evidence suggests that none of the above markers is strictly Treg-
specific. Upon activation, all T cells express CD25, the a-chain of the interleukin-2 (IL-2) receptor
(64,81,82) as IL-2 is a T-cell growth factor which is important for T-cell clonal expansion. Contrarily,
CTLA-4 is a negative regulator of T-cell activation, which is upregulated on all CD4* and CD8* T cells,
2— 3 days following activation. Similarly, the expression of GITR (83) and LAG-3 (84,85) is induced in
T cells upon activation. It has been suggested that CD127, the a chain of the IL-7 receptor, could be
used to discriminate between CD127low Treg cells and CD127high conventional Th cells in humans.
However, it has been recently reported that most CD4* T cells downregulate CD127 upon
activation.

Importantly, the Foxp3 transcription factor is considered the most reliable marker for Treg cells as
it represents the ‘master regulator’ or ‘lineage-specification factor’ for the development of this cell
population (86). Continuous Foxp3 expression has been reported to be essential for maintenance of
the developmentally established suppressive program in mature Treg cells in the periphery (87). It
has been also suggested that expression of Foxp3 must be stabilized by epigenetic modification
such as demethylation to allow the development of a permanent Treg cell lineage (88-90).
Although Foxp3 is a transcription factor, its exact function remains largely unknown. It has been
suggested that Foxp3 may act as a repressor of transcription with the function of regulating the
amplitude of the response of CD4* T cells to activation (91). Moreover, it has been proposed that all
human CD4* and CD8* T cells may upregulate Foxp3 and acquire suppressive properties upon
activation (92), however, the main evidence supporting Foxp3 as a critical factor for Treg functions
comes from experiments showing that naive T cells could be rendered suppressive by retroviral
gene transfer of Foxp3 (78,79). Additionally, Foxp3 was considered an important factor for Treg
functions because mutations of its gene were found to be the cause of two severe multiorgan
autoimmune syndromes in humans, namely XLAAD (X-linked autoimmunity-allergic dysregulation
syndrome) and IPEX (immunodysregulation, polyendocrinopathy, enteropathy, X-linked syndrome)
(93-95). Similarly, mutant scurfy mice with a disrupted Foxp3 gene develop a fatal
lymphoproliferative disorder and die within 4 weeks after birth (96). Thus, Foxp3 is clearly essential
for Treg-cell functions and defective Foxp3 leads to lethal immune dysregulation.
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Figure 1b: Mechanisms of Treg-mediated suppression, Haiping Wang et al., Trends in Cancer, 2017

As far as the mechanisms of suppressive function of Tregs are concerned, they preserve the
immune tolerance by a plethora of mechanisms which include both contact-dependent and
contact-independent inhibition. More specifically, Tregs are able to suppress the effector functions
of almost all cell types of the immune system including CD4* and CD8* T lymphocytes, NK cells as
well as DCs via secretion of cytokines such as interleukin 10(IL-10), interleukin 35 (IL-35), and the
transforming growth factor B (TGF-B) (97—99) , via metabolic disruption through CD39:CD73
adenosine production or interleukin 2 (IL-2) deprivation (100—102), via cytolysis through perforin
and granzyme B or through the FaslL-Fas signaling pathway upon direct cell-cell contact (103), and
via modulation of DCs maturation and function. More analytically, Tregs modulate the activity of
antigen presenting cells (APCs) by down-regulating the expression of co-stimulatory molecules on
their surface (CD80, CD86, CD40) and by engaging their inhibitory receptors to their cognate ligands
on DCs resulting in the attenuation or abolishment of signaling between APCs and T cells.
Representative examples of this mechanism is the expression of lymphocyte activation gene 3
(LAG3) and cytotoxic T lymphocyte associated antigen 4 (CTLA-4) by Tregs (104,105) which indeed
inhibits the interaction of DCs with the T effector cells and induces the expression of indoleamine
2,3-dioxygenase (IDO) that renders DCs tolerogenic respectively. Moreover, Tregs are able to
inhibit the cytotoxic activities of immune effector cells by suppressing ,for instance ,the IFN-y and
TNF-a production in CD8* T cells. Collectively, through their interactions and their secreted
mediators, Treg cells inhibit the proliferation and functions of immune effector cells, while they are
also capable of killing both APCs and T cells. However, despite excessive experimental evidence
regarding the biology and function of Tregs, the mechanisms and molecules dictating their
contribution in the shaping of diseases, such as autoimmune syndromes, inflammatory disorders
and cancer remain poorly determined.



Tregs and cancer

Studies in both mice and humans have shown that Tregs are abundantly recruited in the tumor
mass, where they mediate the formation of a tolerogenic microenvironment that hampers the anti-
tumor immunity, promotes immune evasion of cancer cells and favors tumor progression (106,107).
Indeed, Tregs were found significantly increased within the TME of various tumor types in humans
and mice (24,108). Higher Treg cell numbers in TME have been associated with reduced patient
survival, increased likelihood for metastasis and advanced-stage disease in many types of cancer,
including melanoma, pancreatic ductal adenocarcinoma (PDAC) ,non small-cell lung cancer, gastric
and ovarian cancer (109,110). Treg levels have also been noted to be significantly elevated in the
peripheral blood of patients with PDAC (111,112), gastrointestinal (113), eosophageal (114) and
breast cancer (112), outlining their potential role as clinically relevant biomarkers of poor disease
prognosis (113,114). However, the correlation of increased Treg cell numbers both in the tumor and
in the periphery with the survival and disease stage of patients remains ambiguous, as other studies
have demonstrated that a stronger Treg presence is correlated with favorable prognosis (115).

Experimentally, the role of Treg cells in tumor immunity was first demonstrated by an attempt to
determine a common basis between tumor immunity and autoimmunity (116). Removal of Treg
cells using cell-depleting anti-CD25 antibodies, either by in vivo antibody administration to mice or
transfer of cell suspension depleted in vitro of CD25+ Treg cells into histocompatible T-cell-deficient
mice, effectively eradicated a variety of inoculated syngeneic tumors (117). The mice showed an
increase of tumor-infiltrating CD8+ T cells with strong tumor-specific killing activity, and upon re-
challenge with the same tumor cells, exhibited more rapid rejection than the primary rejection,
indicating the establishment of tumor-specific immunity (36). These studies have thus
demonstrated that the removal of Treg cells is able to evoke effective anti-tumor immunity and
have made it clear that intra-tumoral Tregs affect almost all immune cells present in the TME,
besides T cells as for example, they impair presentation of tumor antigens by DCs, disrupting their
recognition and consequently the elimination of cancer cells by immune effector cells.

The mechanisms that drive the accumulation of Tregs in the TME have not been fully elucidated
yet, however, several lines of evidence associate intra-tumor Treg cell aggregation with the
competition for extracellular nutrients and other challenges that the hostile TME poses. More
analytically, it is known that cancer cells undergo a transition of OXPHOS to aerobic glycolysis,
known as the Warburg effect (118). This metabolic shift in cancer cells leads to the consumption of
environmental glucose and glutamine which is detrimental for conventional effector T cells that
adopt unresponsive or functionally exhausted states but not for Treg cells (119). Treg cells have the
metabolic advantage to respond in low-glucose and high-lactate TME (120) by reclaiming the fatty
acid pathway in order to obtain energy supply. Thus, they have augmented survival capacity, which
leads to their increased accumulation in the tumor masses. Additionally, metabolic factors other
than nutrients also contribute to heightened Treg cell accumulation and function in the TME.
Hypoxia and oxidative stress are common in some regions of tumor tissue due to lack of vascularity.
Treg cells are relatively more sensitive to oxidative stress than conventional T cells and undergo
potent apoptosis in the tumor microenvironment (121). Intriguingly, apoptotic Treg cells have been
revealed to mediate superior immunosuppression through converting a large amount of ATP to



adenosine via CD39 and CD73 (121), suggesting that tumor resident Treg cells sustain and amplify
suppressive activity by inadvertent death via oxidative stress. These observations all underscore the
importance of metabolic adaption of Treg cells in tumor microenvironment for their suppressive
activity, although the precise metabolic status of tumor Treg cells needs to be determined by single
cell metabolomics (122) or computational-based inference of metabolic gene expression in sScRNA-
seq data (123).

Aside from the metabolic causes, there are still many other triggers of the enriched Treg presence
in the TME. Experimental evidence implicate the recruitment of Tregs in tumor masses through
chemokines produced by either tumor or host cells such as CCL22, CCL5, CCL28, CCL2, and CXCL12
(109,124-129). For example, CCL22 is produced by infiltrating macrophages, DCs (124) and CD8* T
cells in various tumors (130), while cancer associated fibroblasts (CAFs) produce CCL5 in
experimental models of breast cancer (131). Furthermore, Tregs of cancer patients express CCR4,
CCR1, CCR5, CCR10, and CXCR4 receptors, the cognate receptors of the above ligands and by
blockading these chemokine receptors the migration of human Tregs in vitro is halted, while the
recruitment of Tregs is impaired in solid tumor models (109,124). Besides their generation and
accumulation in the tumor mass, the phenomenon of Treg induction is also quite expanded in the
TME. A significant percentage of CD4 * Foxp3 tumor-infiltrating T cells upregulates Foxp3 and is
converted into Tregs, possibly due to molecules secreted in abundance by cells infiltrating the TME
(132,133). For instance, cancer cells, DCs and stromal cells such as CAFs are a major source of TGFf,
a growth factor essential for the de novo formation of Tregs in the tumor stroma, while molecules
facilitating iTreg differentiation such as interleukin 10 (IL-10), indoleamine 2,3-dioxygenase (IDO),
cyclooxygenase 2 (COX-2) and prostaglandin E2 (PGE2) have been also found to be abundantly
produced by cancer cells, immune cells (DCs and B cells) and other stromal cells in human tumor
specimens.

Therefore, taking into consideration all the experimental and clinical evidence, it has been clear
that intra-tumoral Tregs boost tumor growth and progression by suppressing the anti-tumor
immune responses, promoting angiogenesis and stimulating metastasis. Thus, it is believed that by
targeting Tregs in a clinical setting, either by depletion or functional modulation, shall prove to be
an important therapeutic asset in the context of fighting cancer. For this reason, emerging
approaches aim to define appropriate targets for selective interference with tumor-specific Tregs.
Despite extensive analysis though, challenges on Tregs and their operation to cancer therapy are
still undergoing.

Tregs and cancer therapy

Since Tregs impair T cell priming in secondary lymphoid organs and restrain antitumor immunity in
the TME, it has been proposed that depleting Tregs would break this immune tolerance and

unleash host antitumor immunity. Various therapeutic regimens currently used for the treatment of
cancer have been shown to affect Tregs. First of all, low doses of cyclophosphamide eliminated
Tregs in both mouse (134,135) and human studies (136) and also attenuated Treg function by



down-regulating FoxP3 and Glucocorticoid-induced TNFR-related protein (GITR) (137). In addition,
fludarabine and gemcitabine, which inhibit DNA synthesis, have been shown to disrupt the
proliferation, increase the apoptosis, and decrease the inhibitory functions of Tregs (138), while
paclitaxel, a mitotic inhibitor, has been reported to induce their selective apoptosis (116). Finally,
tyrosine-kinase inhibitors, such as imatinib, sorafenib, and sunitinib, attenuated their numbers and
decreased CD69, CTLA-4, and FoxP3 expression on Tregs, allied with a decrease in IL-10 and TGF-8
expression and secretion.

The past decade, a revolution in cancer treatments has been taken place by moving away from
drugs that target tumors broadly (for example, chemotherapy and radiation) toward the use of
antibody-based immunotherapies that modulate immune responses against tumors. The first
generation of antibody-based immunotherapy, so-called immune-checkpoint blockade (ICB), works
by blocking the receptor and/or ligand interactions of co-inhibitory molecules that are involved in
dulling T cell activation or function. Treatment with blocking antibodies for CTLA-4 (ipilimumab,
tremelimumab), programmed death ligand 1 (PDL1) (durvalumab, avelumab, atezolizumab) and
programmed death 1 (PD1) (nivolumab, pembrolizumab, pidilizumab, atezolizumab, nivolumab) are
FDA approved and have created promising results in the therapy of melanoma, kidney cancer,
colorectal cancer, head and neck malignancies and bladder cancer. However, although ICB
therapies have shown significant clinical benefit for several cancer patients, who demonstrate
durable responses, there is still a group of patients, who do not respond. Therefore, understanding
the rationale of unresponsiveness and predicting responsiveness to ICB on the basis of high-
resolution data on the character and quality of tumor immune infiltrates is a critical next step in
improving the success of current ICB and developing next-generation immunotherapies.

New inhibitory pathways are already under investigation, and drugs blocking LAG-3, T cell
immunoglobulin mucin 3 (TIM-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT) and V-
domain Ig Suppressor of T cell Activation (VISTA) are being investigated. Similar to immune
checkpoint molecules, agonistic antibodies for co-stimulatory pathways such as 4-1BB and 0X40
that augment immunological responses against malignant cells are under clinical trials. Despite the
promising clinical efficacy of the ICI the critical cellular targets for their function remain unknown.
Tregs abundantly express both co-inhibitory (CTLA4, PD1, TIGIT,VISTA, TIM-3, LAG3) and co-
stimulatory molecules (GITR, 4-1BB, ICOS, OX40) at levels that are dependent on the TME,
indicating that antibodies targeting these proteins could affect their function. However a definite
correlation between the therapeutic efficacy and Treg frequencies and function in cancer is yet to
be determined.
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Figure 1c: Tregs express various checkpoint molecules that are targeted by ICB, T. Alissafi, et al., Journal of

Autoimmunity, 2019

More analytically, as far as CTLA-4 is concerned, it is well established that it is highly expressed by
Tregs and is generally considered to be a critical component for their suppressive function, as
described previously. In this context, ipilimumab induces antibody-dependent cell-mediated
cytotoxicity (ADCC) to decrease the Treg population (139). By contrast, tremelimumab does not
have this activity but remains effective at inducing host antitumor immunity. In clinical trials,
ipilimumab and tremelimumab induce similar patient outcomes, suggesting that Treg killing via
ADCC is not required for tumor reduction. Importantly, although Tregs are the predominant
immune population expressing CTLA-4 in tumors, the therapeutic effect of anti-CTLA-4 is not
exclusive due to Treg deletion or inhibition. When only Tregs were targeted , tumor grew normally
in a sophisticated set of experiments with melanoma-bearing immunodeficient Rag-/- mice (that
lack mature T and B cells due to the deletion of recombination activating gene - Rag) reconstituted
with different combinations of Tregs and T effector expressing the human or the murine CTLA-4
receiving GVAX vaccine and anti- CTLA-4 ICB. Thus, exclusive Treg targeting does not seem to
account for the anti-tumor effect but anti-CTLA-4 effect on T effector cells is also needed (140).
Intriguingly, conditional ablation of CTLA-4 expression in Tregs in adult mice has been recently
reported to further strengthen their immunosuppressive functions (141). Furthermore, the results
from in vitro suppression assays testing the capacity of peripheral Treg isolated from cancer
patients to suppress NK and CD8* T cell killing as well as CD4* T cell proliferation are inconclusive.
On the one hand, some studies support that anti-CTLA-4 did not alter the suppressive capacity of
Tregs isolated from patient with renal carcinoma, progressive metastatic hormone refractory
prostate cancer and melanoma (142,143) while others have shown that in vitro anti-CTLA-4
treatment results in diminished suppressive function and depletion of Tregs. Therefore, these



findings suggest that the biology of CTLA-4 in Tregs should be further examined to better harness
the CTLA -4 targeting approach in cancer immunotherapy.

As far as PD-1 is concerned, it is well established that the interaction between PD-1 and its ligand
PD-L1 inhibits antitumor T cell immunity by impairing effector T cell activation, and PD-1-PD-L1
blockade reactivates antitumor T cell response, resulting in inhibition of tumor growth (144).
Importantly, apart from the activated and exhausted CD4* and CD8* T cells found inside the TME,
PD-1 is also expressed by a fraction of Tregs, nevertheless, its exact function on them remains
unclear. It is known that Tregs suppress the function of effector CD8* T cells by direct interactions of
PD1 on Tregs with PD-L1 on CD8* cells. Thus, the disruption of this interaction with a blocking
antibody is expected to abolish this suppressive function of Tregs (145). However, several lines of
evidence have shown that PD1 can act as an inhibitor for T cell receptor (TCR) signaling. Thus, PD1
blockade may result in the reinforcement of Treg activation and suppressive function. Indeed, Tregs
lacking PD1 presented increase suppressive capacity and rescued mice with autoimmune
pancreatitis (146). Furthermore, several studies have highlighted the role of PD1 as a stabilizing
signal for Tregs. Specifically, in melanoma tumor models PDL1 binding to PD1-expressing Tregs
maintained Foxp3 expression and increased the numbers of induced Tregs. Indeed, in a clinical
study with bladder cancer patients treated with two doses of anti-PD1 mAb before surgery, the
percentages of peripheral Foxp3* Tregs increased after 3 weeks while decreased after 7 weeks
following treatment (147). Furthermore, a recent study revealed that the treatment with
monoclonal antibody to PD-1 reactivates PD-1* Treg cells found inside the TME by unleashing TCR
and CD28 signals, which can explain the role of PD-1* Treg cells as a resistance mechanism to PD-1
blockade therapies. Thus, it is proposed that PD-1 expression by CD8* effector T cells relative to
that of effector Treg cells in the TME can predict the efficacy of PD-1 blockade therapies (148)
Therefore, taken all together, although several studies have been performed for the elucidation of
the anti-PD1 effect on tumor infiltrating Tregs, the results remain inconclusive. On the one hand,
anti-PD1 mAb enhances the suppressive capacity of effector Tregs in vitro, indicating that PD1
expressed on effector Tregs is a negative regulator of Treg cell-mediated immunosuppression (148)
while on the other hand anti-PD1 treatment of peripheral blood mononuclear cells from melanoma
patient's downregulates Tregs suppressive function by inhibiting Foxp3 expression (149,150).Thus,
it is clear that further research is needed to understand the role of PD-1 receptor on Tregs as well
as the effect of anti-PD1 mAb treatment on them.

Additionally, aside from ICB, it has been proposed that inhibiting Treg trafficking into the TME may
promote cancer regression. CXCR3* Tregs accumulate in ovarian cancer, and tumor growth can be
inhibited by blocking the interaction between CXCR3 and its ligands (CXCL4, CXCL9, CXCL10, and
CXCL11) (151). Furthermore, CCR4-CCL17 and CCR4-CCL22 interactions can also promote Treg
recruitment into tumor masses. Thus, clinical trials are currently underway to investigate the use of
anti-CCR4 antibodies to interrupt the CCR4-CCL17 and CCR4-CCL22 pathways (152,153). Notably,
targeting CCR4 using a monoclonal antibody can also induce ADCC in Tregs and cancer cells that
express CCR4 (152) [186]. Moreover, the therapeutic benefits of targeting chemokine—chemokine
receptor interactions to impair intratumoral Treg recruitment can be limited, since blocking these
interactions may also suppress recruitment of effector helper and cytotoxic T cells into the TME and



other inflammatory tissues. Thus, abolishing general chemokine-receptor interactions could cause
impairment of T cell-mediated immune responses.

Finally, neutralizing the immunosuppresive cytokines such as TGF-f, IL-10 and IL-35 produced by
Tregs has been proposed to reestablish effective anti-tumor immunity. More specifically, blocking
TGFB signaling through injection of a TGF receptor recombinant protein linked to Fc also led to a
reduction in metastasis in breast cancer models. However, blocking TGFB alone may not be
sufficient to promote tumor regression in established tumors (154). Moreover, it was recently
reported that blocking IL-35, another immunosuppressive cytokine secreted by Tregs, can induce
tumor regression in various engrafted tumor models. In contrast to directly targeting
immunosuppressive molecules released by Tregs, targeting the GITR, an immunomodulatory
receptor expressed by Tregs and activated T cells, has been suggested to abrogate Treg suppressive
activities (155). Indeed, injection of an agonistic monoclonal antibody against GITR led to tumor
regression by increasing T cell function and reducing the suppressive capacity of Tregs (156). Finally,
combined treatment with an anti-CTLA4 antibody plus an anti-GITR antibody has been shown to
induce a synergistic effect, eradicating advanced tumors in mouse models (156).

Tregs in non-lymphoid organs

It is widely accepted that Treg cells are primarily found in thymus, peripheral blood and secondary
lymphoid organs such as the lymph nodes and spleen where they exert their well established
functions which were previously described. Surprisingly, a growing body of evidence has recently
come to appreciate populations of Tregs residing within non-lymphoid tissues such as visceral
adipose tissue (VAT), muscle, intestin and bone marrow, collectively termed "tissue Tregs". The
importance of these cells has been recognized not long ago, as apart from immunological
processes, they also orchestrate tissue homeostasis and regulate non-immune or parenchymal
cells.

Taking the tissues one by one, a unique population of Foxp3+CD4+ Tregs was discovered in VAT of
lean mice (191) and serves as a paradigm for the tissue-Treg concept. Murine VAT Tregs and more
specifically, those residing in the epididymal fat depot are distinct from their lymphoid counterparts
by a number of criteria. First, Treg cells are unusually highly enriched within the VAT CD4+ T cell
compartment of lean mice, in comparison with the 5-15% Treg representation typical of lymphoid
organs such as the spleen and lymph nodes (157). This augmentation is first evident at 10-15 weeks
of age in C57BL/6 mice, and a peak of 40-80% of CD4+ T cells is reached by 20-25 weeks. At even
later ages, e.g., 40 weeks, VAT Treg levels unaccountably drop (158). Secondly, VAT Tregs display a
distinct repertoire of antigen-specific receptors [T cell receptors (TCRs)]. Unlike what is seen in the
corresponding lymphoid organs, the VAT Treg population of individual lean B6 mice exhibits clonal
microexpansions (159). These two features suggest that VAT Tregs might be responding to a
specific antigen or antigens in situ. Thirdly, Tregs in VAT have a transcriptome distinct from that of
lymphoid organ Tregs. VAT Tregs, although they express the basic molecular markers of Treg
lineage like Foxp3, CD25, and GITR, they transcribe only about 65% of the canonical Treg signature.
Multiple classes of genes are differentially regulated in VAT, versus lymphoid organ Tregs, including
those encoding transcription factors, chemokines and their receptors as well as a set of molecules



implicated in lipid metabolism (e.g., LDLR, Dgat). Remarkably, VAT Tregs uniquely express
peroxisome proliferator-activated receptor y (PPARy) (160), a transcription factor usually restricted
to adipocytes to drive adipose tissue development. Conditional knockout of PPARYy in Tregs results
in a ~70% reduction of VAT Treg abundance, and the down-regulation of the VAT Treg-associated
transcripts Ccr2, Gata3, Kirgl and Cd69 (160). These findings indicate that PPARy can act as a
specific inducer and regulator of VAT Treg identity. Focusing now on their function, in vitro
suppression assays of murine VAT Tregs showed that these cells are immunosuppressive (157) and
are not functionally different from their counterparts found in typical lymphoid-organ (157) .
However, their in vivo activities render them distinct. The initial suggestion that VAT Tregs might
play a role in metabolic homeostasis came from correlative studies. First, Treg ablation by injection
of diphtheria toxin into mice expressing the diphtheria toxin receptor (DTR) under the dictates of
Foxp3 promoter/enhancer elements led to the induction of inflammatory mediators TNF-a, IL-6,
RANTES and serum amyloid A-3 within VAT (157). Similarly, anti-CD25- mediated Treg depletion in
diabetic leptin-deficient db/db mice elevated the pro-inflammatory cytokine transcripts, Ifng, 116
and Tnfa, and down-regulated the VAT Treg signature markers Gata3, Ccr2, Klrgl and Cd69.
Additionally, the loss of Tregs resulted in pro-inflammatory macrophage and monocyte
accumulation, without affecting anti-inflammatory monocytes, CD8+ T cells or B cells (160).
Nevertheless, all of the above-mentioned studies entailed manipulation of Tregs systemically, so it
was not possible to attribute the observed effects to adipose-tissue Tregs in particular. Generation
of Foxp3cre PPARYfl/fl mice which specifically lack VAT Tregs solved this problem. In the lean state,
these mice have a striking reduction in VAT, but not lymphoid-organ Tregs. As a consequence, VAT
inflammation worsens and metabolic indices degrade. In addition, injection of PPARy agonists, such
as the thiazolidinedione drug, pioglitazone, into mice fed a high-fat diet expands the VAT Treg
population and improves the local inflammatory tenor, as well as local and organismal metabolic
health. Mice lacking PPARy only within Tregs show a substantially muted metabolic response to
pioglitazone treatment, arguing that an important component of the insulin-sensitizing effect of
thiazolidinedione drugs, employed for many years as first-line agents in the treatment of type 2
diabetes, operates via VAT Tregs. Moreover, Bapat et al. by using the Foxp3cre PPARyfl/fl model,
revealed that specific loss of VAT Tregs in lean, young (12-week-old) or high-fat diet-induced obese
(24-week-old) mice does not impact glucose metabolism. In contrast, specific loss of VAT Tregs
leads to improved fasting glucose and insulin levels in aged (36-week-old) mice suggesting an
opposing role for VAT Tregs in age-associated insulin resistance (160). Nonetheless, there is an
indisputable correlation between VAT Treg abundance and insulin sensitivity, and their essential
role in maintaining metabolic homeostasis.

As far as skeletal muscles are concerned, a distinct population of CD4+ Foxp3+ T cells residing in
acutely and chronically injured skeletal muscle was uncovered in 2013 (161), serving to extend the
concept of tissue Tregs. Skeletal muscle Tregs can be distinguished from their lymphoid-organ
counterparts by the same three criteria that set VAT Tregs apart from classical Tregs: their
phenotype, TCR repertoire and transcriptome (161). A small population of Treg cells resides in
normal muscle and it rapidly expands after mild cryoinjury or subsequent to the more severe
damage induced by injecting cardiotoxin (ctx), reaching levels as high as 60% of the CD4+T cell
compartment. An elevated muscle Treg fraction and number can be detected at least a month after
acute injury. Tregs are located both within the inflammatory infiltrate of injured muscle and



between remote myofibers and it has been proven to potentiate muscle repair apart from
maintaining tissue homeostasis. The transcriptome of skeletal muscle Tregs is readily
distinguishable from that of lymphoid organ Tregs, although it is perhaps less distinct than that of
VAT Tregs (161). Again, genes encoding transcription factors, chemokines and their receptors and
cytokines and their receptors stand out as differential, certain of the same ones as seen for VAT
versus lymphoid-organ Tregs, e.g., Ccr2 and I1110.

Focusing now on intestinal Tregs, both small intestinal and colonic Tregs contribute to 35% and 25%
of residing CD4+ T cells respectively. The colonic Treg population includes two distinct components:
one of them consists of thymus derived Tregs (tTregs) and is characterized by the expression of the
transcription factors Gata3 and Helios, while the other differentiates from CD4+ Foxp3+ T cells in
the periphery (pTregs) through the expression of the nuclear hormone receptor, RORyt, but little or
no Helios [198]. The transcriptomes of RORyt+ and RORyt- Tregs residing in the large intestine differ
by hundreds of transcripts (162). Indeed, given their clearly distinguishable transcriptomes, the
RORyt*Helios'*- and Gata3*Helios* Treg subpopulations residing in colon may have distinct
functions. It has been hypothesized that the former controls local inflammatory responses whereas
the latter participates in repair processes (198) given its induction by the alarmin cytokine IL-33 and
the expression of the tissue-repair factor Areg (162). In general, intestinal Tregs are critical for oral
tolerance, for tolerance to microbial mutualists and for controlling immune responses against
enteric pathogens by regulating local APCs, CD4+ and CD8+ T cells as well as tissue resident B or
plasma cells and their production of IgAs (163,164).

As far as the bone marrow (BM) is concerned, studies in both humans and mice have demonstrated
that within the BM, the CD4* T cell compartment contains a substantially increased proportion of
Tregs compared to that of other peripheral sites including peripheral blood (PB), spleen and lymph
nodes (LN). Thus, within the BM, Tregs represent 20—60% of the CD4* T cell compartment (165), in
contrast to the 5-15% typically found in the spleen (166). To date, however, whether BM Tregs
represent pTreg or iTreg has not been elucidated. Although the majority of studies have focused on
Treg form and function in the periphery (PB in humans and spleen and LN in mice), the limited
number of studies which have investigated BM Tregs suggest that in addition to their enrichment,
Tregs at this site exhibit features distinct from Tregs in the periphery. In this regard, comparison of
the subset composition of Tregs in the BM, thymus and spleen of mice showed that 50% of BM
Tregs express the co-inhibitory molecule TIGIT in contrast to 10% or 30% in thymus or spleen,
respectively. TIGIT expression marks a highly suppressive activated/memory Treg population which
is required for the control of autoimmune disease and contributes to anti-tumour immune
responses (167). In further support of their activated/memory status, TIGIT+ Tregs express low
levels of CD62L and high levels of CD44 and CXCR4 which is commonly upregulated on Tregs upon
activation (165). Thus, it is supported that the BM appears to represent a niche for highly
suppressive activated/memory Tregs. Through their enhanced CXCR4 expression, activated Tregs
preferentially home to and are retained in the BM where stromal cells produce high levels of
CXCL12/SDF-1 (165) and the disruption of this chemotaxis mobilizes Tregs into the periphery.
Moreover, increasing evidence suggests that Tregs that reside within the BM are active and
functionally relevant at this site. In elegant in vivo imaging studies, Fujisakie et al. demonstrated
that Tregs co-localize with HSCs in the endosteal niche and are crucial for establishing an immune



privileged environment (168). In this study using non-irradiated recipients, transplanted purified
syngeneic and allogeneic HSCs were engrafted and were maintained in the niche in similar
numbers. However, Treg depletion resulted in a dramatic loss of allogeneic donor HSCs, which was
associated with increased proinflammatory cytokine expression by BM CD4+ and CD8+ T cells.
Mechanistically, IL-10 production by Tregs was shown to be critical for Treg-mediated protection of
allogenic HSC within the niche. In line with this, recently, Hirata et al. identified a Treg cell
population that localizes in the hematopoietic stem cell (HSC) niche of the BM that highly expresses
the HSC marker CD150 and maintain HSC quiescence and immune privilege through adenosine.
Furthermore, simirarly to Fujisakie et al. experiments, transfer of niche Tregs significantly improved
allogeneic HSC engraftment (169). In addition, several studies report increased Treg frequencies in
the BM of patients with metastatic prostate cancer compared to healthy donors. Thus, the
observation that changes in the resident BM Treg population are associated with pathology further
supports the importance of these cells in the regulation of disease. In the case of metastatic
prostate cancer, BM Tregs were functional, highly proliferative and found to suppress osteoclast
differentiation, in turn contributing to the osteoblastic bone lesions observed in patients with
prostate cancer. Several studies support this finding, most notably Luo et al. demonstrated in vitro
that Treg inhibit osteoclastogenesis and bone resorption through IL-10 and TGF-f secretion and
that production of these cytokines was enhanced in the presence of estrogen (170).

Aim of the study

As it has been previously mentioned, several studies have revealed that within the BM, the CD4* T
cell compartment contains substantially increased proportion of Treg cells compared to that of
other peripheral sites. However, BM Tregs remain poorly studied and surprisingly almost all the
studies that have been conducted until now have focused only on their role in the maintenance of
HSC niche by acting as regulators of HSC quiescence, abundance and engraftment as well as
controllers of graft-versus-host-disease (GVHD). Thus, it is obvious that many questions arise and
remain unanswered as far as their phenotype, function and therapeutic potential in other
pathologies such as cancer are concerned. Therefore, taking into consideration this gap of
knowledge, the present study tries to delineate the role of BM Tregs in tumor development and
anti-tumor immune response expanding the already established knowledge beyond the concept of
stem cell transplantation.



Materials and Methods

Animals

C57BL/6J and FoxP3¢FP* transgenic mice (on a C57BL/6J background) were purchased from Jackson
Laboratory and were maintained in the animal facility of IMBB. They were housed in cages under
specific pathogen-free conditions, provided with standard food and UV purified water and
maintained on a 12h light/12h dark cycle with lights on at 8:00.7. The temperature was kept at 22°C
and the humidity at 45%. All animal procedures and experiments were in accordance with
institutional guidelines and approved by the Institutional Committee of Protocol Evaluation
together with the Directorate of Agriculture and Veterinary Policy. All in vivo experiments were
performed by using female and age-matched mice aged between 8 and 12 weeks, unless otherwise
stated. Tumor bearing mice were euthanized when tumor volumes calculated as the
lenght*width?*0.5 were >1.800mm? or at day 15 after tumor inoculation.

Cell lines

B16-F10, an adherent mouse skin melanoma cancer cell line, Lewis Lung Carcinoma (LLC), a mixed
adherent and non-adherent mouse lung cancer cell line and MB49, an immunogenic semi-adherent
mouse urothelial carcinoma cell line were kindly provided by A.Eliopoulos (School of Medicine,
National and Kapodistrian University of Athens) and were negative for Mycoplasma spp., tested by
PCR.

Cell Culture

B16-F10 were maintained in T-75 Corning flasks with 20mI RPMI Glutamax culture medium
supplemented with 10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin (p/s) and 0.1% -
mercaptoethanol at 37°C, 5% CO2, 95% humidity. Subculture was performed at a ratio of 1:10 when
the flask reached its 90% confluency (every 2 days) by using 2ml Trypsin 0.25% in PBS which was
incubated for 2-3 minutes at 37°C and then was inactivated with 10ml fresh complete culture
medium in order to cells be detached.

LLC, similarly to B16-F10, were maintained in RPMI Glutamax culture medium supplemented with
10% FBS, 1%p/s and 0.1% B-mercaptoethanol. Subculture was performed at a ratio of 1:4 when the
flask reached its 90% confluency (every 2 days) by using 4ml Trypsin 0.25% diluted 1:1 in PBS sterile
(2ml Trypsin 0.25% + 2ml PBS sterile for a T-75 corning flask) without incubation in order to detach
cells. Culture supernatant with floated cells was collected and used for trypsin inactivation.

MB49 were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS
and 1% p/s and subculture was performed at a ratio of 1:5 when the flask reached its 90%
confluency (every 2 days) and both floating clumps and adherent cells were collected by using 2ml
Trypsin 0.25% in PBS similarly to B16-F10.

All washes were performed at 1650rpm for 6 minutes, RT.



Solid tumor induction

For the induction of solid tumors, cancer cells were collected at 2nd passage with Trypsin after a
PBS wash. They were centrifuged at 1650rpm for 6 minutes, RT and then pellet was resuspended in
1ml PBS sterile. Cells were counted with diluted 1:5 Trypan blue in PBS with typical cell dilution 1:10
in Trypan blue. Mice were inoculated subcutaneously on the back at the base of their tail with
3x10° B16-F10 melanoma cells or LLC cells or 7,5x10°> MB49 cells and each mouse received 100pl of
cancer cell suspension. All cancer cells were kept at RT prior to injection.

Cell isolation from tumors and lymphoid organs

Single-cell suspensions from draining inguinal lymph nodes were obtained by smashing the tissues
in 5% FBS in PBS and passing them through a 40-um cell strainer. Bone marrow cells were isolated
by flushing out with 5% FBS in PBS the 2 down legs in 15ml falcons, both femur and tibia bones.
After a wash at 1800rpm at 4°C, erythrolysis was performed by using 2ml NH4Cl/sample for 2min,
RT. TILs were isolated by dissociating tumor tissue in the presence of collagenase D (1mg/ml,
Roche) and DNAase | (0,25mg/ml, Sigma) in plain culture medium for 45 min in the waterbath at
37°C before passing through a 40-um cell strainer. Up&down with a glass pasteur pipette every
15min during waterbath incubation is recommended to facilitate the process of tissue dissociation.
All single cell suspensions were maintained at 4°C till their staining.

Flow cytometry

The antibodies that were used for extracellular staining were the following:

Antibodies Clone Isotype Source Cat#

CD45-PercPCy5.5 30-F11 Rat 1gG2b, k Biolegend | 103132
CD4-APC GK1.5 Rat 1gG2b, k Biolegend | 100412
CD25-BV510 PC61 Rat 1gG1, A Biolegend | 102042
CD73-Bv421 TY/11.8 Rat IgG1, k Biolegend | 127217
CD39-PE Duha59 Rat 1gG2a, K Biolegend | 143804
GITR (CD357)-PECy7 YGITR 765 Rat 1gG2b, k Biolegend | 120222
CTLA-4 (CD152)-PE UC10-4B9 Armenian Hamster IgG | Biolegend | 106306
PD-1 (CD279)-BV421 29F.1A12 Rat IgG2a, « Biolegend | 135217

TC15-

CD150 (SLAM)-PECy7 12F12.2 Rat 1gG2a, A Biolegend | 115914
CXCR4 (CD184)-PE L276F12 Rat 1gG2b, k Biolegend | 146506
TIM-3 (CD366)-PECy7 RMT3-23 Rat IgG2a, « Biolegend | 119716
LAG-3 (CD223)-BV421 C9B7W Rat 1gG1, k Biolegend | 125221
Nrp1 (CD304)-PECy7 3E12 Rat 1gG2a, K Biolegend | 145212

For staining of extracellular markers, 50ul of each cell suspension was added in 1.5ml eppedorfs
and incubated with 50ul of the appropriate antibody master mix for 20min at 4°C. Typical final
antibody dilution in 5% FBS in PBS for extracellular staining was 1:200 (1:100 antibody dilution in
each master mix)



The antibodies which were used for intracellular staining were the following:

Antibodies Clone Isotype Source Cat#
Armenian Hamster

Helios-APC 22F6 IgG Biolegend 137222
Foxp3-Alexa Fluor 488 FIK-16s Rat / 1gG2a, kappa eBioscience | 53-5773-82
phospho-mTOR (Ser2448)-PECy7 MRRBY Mouse / IgG2a, kappa | eBioscience | 25-9718-42
phospho-AKT1 (Ser473)-PE SDRNR Mouse / IgG2a, kappa | eBioscience | 12-9715-42
phospho-4EBP1 (Thr36, Thr4d5)-PE V3NTY24 | Mouse / 1gG2b, kappa | eBioscience | 12-9107-42
phospho-S6 (Ser235, Ser236)-PECy7 | cupk43k | Mouse / 1gG1, kappa eBioscience | 25-9007-42

For intracellular staining, cells were stained for extracellular markers and then fixed and stained
using the Foxp3 Staining Set (eBioscience) according to the vendor's instructions. Typical final
dilution of Foxp3 and Helios antibodies in permabilization buffer was 1:50 while phospho-mTOR,
phospho-AKT1, phospho-4EBP1 and phospho-S6 antibodies were used in 1:100 final dilution in
permabilization buffer. All washes were performed in 1800rpm for 6min at 4°C and BM, LN and
Tumor cell pellets were typically resuspended in 400ul, 200ul and 400ul of 5% FBS in PBS
respectively for acquisition. All samples were filtered before being analyzed using FACSCanto Il (BD)
and flow cytometry data were analyzed with FlowJo V10.

Serum and supernatant isolation from tumors and bone marrow

Both naive and immunized mice were anesthetized and blood was collected by retro-orbital
bleeding. Then blood samples rested at RT for at least 2 hours for blood starting to clot.
Centrifugation at 2500rpm for 15min at 4°C was performed and serums were isolated and stored at
-80°C in new 1,5ml eppedorfs till their use.

Tumors from immunized mice were isolated and weighed and tumor homogenates were generated
in PBS containing a cocktail of protease inhibitors (Pls) (Roche) using a pestle. The volume of Pls in
which the homogenization occurred was adjusted according to tumor weight. If tumor weight was
lower than 0,25gr, homogenization was performed in 250ul of Pls as the minimum volume of
homogenate which is required for ELISA is 200l (each sample for ELISA is added in a 96-well plate
in duplicates, 100ul/well). The homogenates were centrifuged at 13.000rpm for 10min, at 4°C and
the supernatants were collected in new 1,5ml eppedorfs and stored at -80°C till their use.

For the generation of bone marrow supernatants, the 2 down legs of both naive and immunized
mice were isolated and flush out of each femur bone was performed by using 300ul of Pls per
femur bone (600ul Pls/mouse). Flush out was performed only once for each bone. All samples were
centrifuged at 1800rpm for 10min at 4°C and the supernatants were collected and stored at -80°C
in new 1,5ml eppedorfs till their use.

ELISA

Serums, tumor homogenates and BM supernatants were used for CXCL12/SDF-1 sandwich Elisa. In
this assay, the detection of the cytokine of interest was a two-step process. The first day, the Elisa

plate was coated with the capture antibody at the working concentration and overnight incubation
at RT was occurred. The next day, samples were added undiluted in the appropriate wells followed



by the addition of the detection antibody. Each antibody which was used was specific for a different
and non-overlapping region or epitope of CXCL12/SDF-1 and the whole assay procedure was
performed according to the manufacturer's guidelines.

Suppression Assay

For the suppression assay, male FoxP3°" mice immunized with B16-F10 cancer cells were used.
Mice were sacrificed at day 15 after tumor inoculation or when tumor volume was > 1800mm?3 and
CD4*FoxP3*Treg cells and CD4*FoxP3 Teff cells were sorted from their Bone Marrow (BM) as well as
from their draining inguinal lymph nodes (LNs). Then, the CD4*FoxP3 Teff cells were labeled with
the division-tracking dye CellTrace Violet (CTV, Invitrogen, #C34557) according to the manufacture's
protocol and co-cultured with beads coated with monoclonal antibody (mAb) to the invariant
signaling protein CD3 plus mAb to CD28, which were prior washed with PBS sterile using a magnet,
at a ratio 1 bead per 1 CD4*FoxP3Teff cell as well as with CD4*FoxP3*Treg cells at different
concentrations (ratio Teff/Tregs: 1:1, 2:1, 4:1). To be more specific, typically, 5¥*10* LN CD4*FoxP3"
Teff cells were plated in each well in a 96-well round bottom plate and cultured with 5%10%, 2.5*10%
and 1.25*10% BM and LN CD4*FoxP3*Treg cells respectively in the presence of the previously
described T-Activator aCD3/aCD28 beads. As controls, CD4*FoxP3 CTV" Teff cells, CD4*Foxp3 CTV*
Teff cells and CD4*Foxp3 CTV* Teff cells plus aCD3/aCD28 beads were used. For all experiments,
cells were cultured in RPMI Glutamax supplemented with 10% FBS, 1% p/s, 0.1% B-
mercaptoethanol. The plate was incubated at 37°C, 5% CO. for 96h. After 96h, cells were collected,
washed once with PBS and stained with anti-CD4 APC and anti-CD25 PE as indicator of activation
and subjected to FACs.

Data analysis and statistics

Results are presented as mean # s.d or as frequencies of parent (frequency of a cell population in
the previous gating). Data were analyzed using the two-tailed, Student’s t-test while multiple-group
comparisons were performed using one-way analysis of variance (ANOVA test). All statistical
analyses were performed on GraphPad Prism 7 and P values < 0.05 were considered to be
statistically significant.



Results

Although poorly studied, the experimental data that have been collected so far support that BM
Tregs appear phenotypically and functionally unique to Tregs in the periphery. As a result, in order
to better characterize them, we decided to compare them with the well studied Tregs of lymphoid
organs (e.g LN Tregs).

I) LN Tregs express abundantly the molecular markers that characterize the Treg cell lineage

First of all, we investigated the expression of 8 immunomodulatory receptors characteristic of Treg
cell lineage (CD25, CD73, CD39, GITR, CTLA-4, PD-1, TIM-3, LAG-3), of CD150 hematopoietic marker
as well as of CXCR4 chemokine receptor by LN CD4* Foxp3* Tregs at their steady state and we
compared it with the corresponding expression of these molecular markers by LN CD4* Foxp3" Teff
cells. In particular, we found that LN Tregs express more abundantly all the studied immune
checkpoint mediators (CD73, CD39, CTLA-4, PD-1, TIM-3, LAG-3) as well as the activation markers
CD25 and GITR compared with Teff cells [Figure 1]indicating that Tregs that reside in lymph nodes
exhibit all the well established phenotypic traits of Treg cell lineage. Interestingly, although the
difference is not statistically significant, LN Tregs seem to also express higher levels of CD150 and
CXCR4 compared with LN Teffs [Figure 1], which possibly denotes that CXCR4 receptor is more
important for Treg than Teff cell homing to the lymph nodes.
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Figure 1: LN Tregs exhibit the phenotypic signature of Treg cell lineage. LN gating strategy and flow
cytometry analysis of CD25, CD73, CD39, GITR, PD-1, CTLA-4, TIM-3, LAG-3, CD150, CXCR4 expression levels.
MFI, mean fluorescence intensity. These results were reproducible in two independent experiments (total 7
mice). A representative figure from one experiment (3 mice) is shown here. Data are presented as mean + SD

and analyzed by t-test. p value<0.05 is considered statistically significant.

Il) The expression profile of LN Tregs remains almost unmodified after tumor induction

Next, we examined whether the expression of the above molecules by LN Tregs is changed after

tumor induction. In order to do that, we compared the expression profile of LN Tregs from naive

animals with that of Tregs isolated from the tumor-draining lymph nodes (tdLNs) of B16-F10

melanoma cell inoculated mice. Of note, the expression of CD73 and CD25 was significantly

enhanced while no important differences were observed in the expression levels of the other

molecular markers after tumor inoculation [Figure 2]. The augmented expression of CD25 by LN

Tregs isolated from tumor bearing mice may partially explain their activated state upon recognition

of cancer-associated antigens.

MFI CD25

1100+

1000+

900+

800

700+

600-

CD25

%

2200+
2000
m 1800
~
[m]
O 16001
i
= 1400+

12004

1000-

CcD73

600 1

MFI CD39
&
o

[}

(=1

=3
M

CD39

ns

A% A8

e@

o &

MFI GITR

GITR CTLA-4
7000+ ns 807 M5
a
6000 { 60
T
2l
§000 . 5 40 l
i "
=
4000+ 20+ ‘t
]
3000 0
& & ] &
& & & <&
S NS
S g S



PD-1 CD150 CXCR4 TIM-3 LAG-3
4000+ - 80 = 207 50
1000 ns o .
500. n 50 2004 T 404
, 30001 . i o o .
E 6004 g G 404 = 1501 g 304
a O 20004 o F 3
= | —_ = 20 w1004 i 204
00 z z L T .
00 1000 o) 504 0 104
0 0 20 0 0
] ol & o & & & Q"ﬁ ] q@
& & & & & & & & «& &€
© &o‘ & &o‘ & <°o" o® & @ &
e’b ‘Q) ‘xé‘b ‘\‘> “‘x@ «‘} %%0 «‘) ‘\e@ &Q
RO SR RN S & SR

Figure 2: Tumor induction does not impact significantly LN Treg phenotype. Flow cytometry analysis of CD25,
CD73, CD39, GITR, PD-1, CTLA-4, TIM-3, LAG-3, CD150, CXCR4 expression levels. MFl, mean fluorescence
intensity. The results for CD25, CD73, CD39, GITR, CTLA-4 ,PD-1 and CD150 were reproducible in two
independent experiments (total 14 mice). The data for CXCR4, TIM-3 and LAG-3 are representative of 1
experiment due to variation, therefore further investigation is required for conclusive results. A
representative figure from one experiment (7 mice) is shown here. Data are presented as mean + SD and
analyzed by t-test. p value<0.05 is considered statistically significant.

11l) BM Tregs express higher levels of all the studied molecular markers compared with LN Tregs
both at steady state and during tumor development

Focusing now on BM Tregs, as it has been already mentioned, the precise phenotype of these cells
remains ill defined. For this reason, firstly, we examined whether this distinctive Treg population
shares the same phenotypic signature with its well defined counterparts found in lymph nodes at
its steady state. Notably, we found that BM Tregs not only express all the above molecular markers
but also they express almost all of them at higher levels that LN Tregs. No important differences
were observed at the expression levels of CD150 and PD-1 [Figure 3]. Additionally, consistent with
what Hirata et al. had demonstrated, BM Tregs express significantly elevated levels of CD73 and
CD39 [Figure 3], the two cell-surface ectoenzymes that are required for the generation of
extracellular adenosine, which according to their experiments , mediates the allo-HSC engraftment
and maintains HSC quiescence and number in the hematopoietic niche [Hirata et al].
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Figure 3: BM Tregs express intensively at steady state all the molecular markers that characterize the Treg
cell lineage. BM gating strategy and flow cytometry analysis of CD25, CD73, CD39, GITR, PD-1, CTLA-4, TIM-3,
LAG-3, CD150, CXCR4 expression levels. MFI, mean fluorescence intensity. The results for CD73, CD39,
CTLA-4, CD150, CXCR4, TIM-3 and LAG-3 were reproducible in two independent experiments (total 7 mice).



The data for CD25, GITR and PD1 are representative of 1 experiment therefore at least one more revision of
the experiment is required for conclusive results. A representative figure from one experiment (3 mice) is
shown here. Data are presented as mean  SD and analyzed by t-test. p value<0.05 is considered statistically
significant.

To assess now the expression profile of the above molecular markers in the context of tumor
induction, we compared the BM Tregs with LN Tregs isolated from B16-F10 melanoma bearing
mice. Surprisingly, we observed again that even in the case of cancer, BM Tregs express markedly
increased levels of almost all the above surface molecules compared with LN Tregs [Figure 4]. This
finding indicates that upon tumor development, the suppressive function of BM Tregs may relies
more on the utilization of the co-inhibitory receptors CTLA-4, PD-1, TIM-3 and LAG-3 as well as on
the metabolic perturbation through CD39 and CD73 ectoenzymes compared with their
counterparts found in lymph nodes [Figure 4]. In fact, although CD25 and CD150 did not
demonstrate any significant difference, there is a trend of increasing expression toward BM Tregs
[Figure 4].
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Figure 4: BM Tregs exhibit a similar but also a more enhanced phenotypic profile compared with LN Tregs
during tumor development. Flow cytometry analysis of CD25, CD73, CD39, GITR, PD-1, CTLA-4, TIM-3, LAG-3,
CD150, CXCR4 expression levels. MFI, mean fluorescence intensity. These results were reproducible in two
independent experiments (total 7 mice). A representative figure from one experiment (4 mice) is shown
here. Data are presented as mean + SD and analyzed by t-test. p value<0.05 is considered statistically
significant.



IV) The phenotypic traits of BM Tregs remain almost the same before and after tumor induction

Next we sought to unravel whether BM Tregs alter the expression profile of the studied molecular
markers during tumor development. In order to do that, we compared the expression of each
molecule by BM Tregs isolated from naive mice with its corresponding expression by BM Tregs
isolated from B16-F10 melanoma bearing mice. Interestingly, the expression of cell surface
molecules LAG-3 and TIM-3 is markedly reduced in tumor inoculated mice [Figure 5] indicating that
the suppressive function of BM Tregs is possibly mediated mainly by other mechanisms apart from
these two co-inhibitory receptors. A similar reduction is observed for CXCR4 receptor which is
known to play a critical role for Treg homing to the BM but not to the spleen and lymph nodes
[Figure 5]. The other studied markers do not demonstrate any notable alteration after tumor
induction [Figure 5].
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Figure 5: Tumor induction does not change extremely the phenotypic traits of BM Tregs. Flow cytometry

analysis of CD25, CD73, CD39, GITR, PD-1, CTLA-4, TIM-3, LAG-3, CD150, CXCR4 expression levels. MFI, mean
fluorescence intensity. The results for CD73, CD39, CXCR4 and LAG-3 were reproducible in two independent
experiments (total 14 mice). The data for CD25, GITR, CTLA-4, PD1, CD150 and TIM-3 are representative of 1
experiment therefore at least one more revision of the experiment is required for conclusive results. A
representative figure from one experiment (7 mice) is shown here. Data are presented as mean = SD and
analyzed by t-test. p value<0.05 is considered statistically significant.



V) BM Tregs phenotypically more closely resemble intratumoral than LN Tregs during tumor
development

To further elucidate the phenotypic traits of BM Tregs after tumor induction, we compared them
with the activated and cancer-antigen specific intratumoral Tregs. More specifically, we compared
the expression profile of BM Tregs with that of LN Tregs as well as of intratumoral Tregs all isolated
from B16-F10 melanoma bearing mice. As it is shown in the figure below, BM Tregs express almost
similar levels of the activation marker CD25 and of the immune checkpoint molecules CTLA-4, PD-1,
TIM-3 and LAG-3 with the intratumoral Tregs [Figure 6] indicating that possibly the previous
mentioned co-inhibitory receptors represent a common immunosuppressive mechanism that BM
and Tumor resident Tregs share during tumor growth. Additionally, BM Tregs on the one hand
demonstrate an enhanced expression of CD73 while on the other hand exhibit a downregulation of
the co-stimulatory receptor GITR compared with the intratumoral Tregs [Figure 6].
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Figure 6: BM Tregs share more common phenotypic traits with intratumor Tregs than with LN Tregs during
tumor development. Tumor gating strategy and flow cytometry analysis of CD25, CD73, CD39, GITR, PD-1,
CTLA-4, TIM-3, LAG-3, CD150, CXCR4 expression levels. MFI, mean fluorescence intensity. The results for
CD73, CD39, CTLA-4, PD-1,CXCR4 and LAG-3 were reproducible in two independent experiments (total 7
mice). The data for CD25, GITR, CD150 and TIM-3 are representative of 1 experiment therefore further
investigation is required for conclusive results. A representative figure from one experiment (4 mice) is
shown here. Data are presented as mean  SD and analyzed by one-way ANOVA. p value<0.05 is considered
statistically significant.

VI) The relative frequencies of several BM Treg subpopulations differ compared with their
corresponding of LN Tregs.

Additionally, we assessed apart from the intensity of expression, the relative frequency of Tregs
that express each marker separately in the total population of BM Tregs both at steady state and
after tumor inoculation and we compared it with its corresponding frequency of Tregs found in
lymph nodes. Interestingly, the frequencies of CD25* and GITR* Tregs in the total Treg population
are significantly reduced in the BM compared with the LNs of both naive and tumor bearing mice
[Figure 7] indicating that based on these two activation markers, BM compartment may contains a
remarkably smaller proportion of activated Tregs at both states. In contrast, an increase in CD150*,
GITR* and CD73"* Tregs is observed in the BM of mice after tumor induction [Figure 7]. Similarly, BM
is more enriched in CXCR4* Tregs at both steady and activated state of mice compared with LNs
[Figure 7] denoting probably that the CXCR4* Treg subpopulation preferentially home in BM than in
LNs . Finally, the frequency of TIM-3* Tregs in the BM of tumor inoculated mice is markedly reduced
compared with that of naive BM while mice at their steady state have more LAG-3* Tregs in their
BM compared with their LNs [Figure 7]. This finding reveals that in the BM, Tregs not only express
higher levels of LAG-3 [Figure 3] but also a larger number of the total BM resident Treg cells
expresses this co-inhibitory receptor [Figure 7]indicating that LAG-3 may play an important role in
the regulatory function of this distinct Treg population.



CD25+ Tregs (% frequency in Tregs)  ¢p73+ Tregs (% frequency in Tregs)  CD39+ Tregs (% frequency in Tregs)

Kk

=

=]

(=]
1

Y
=
[=]

CD25+ Tregs (% of parent)
[ -
=] (=] =]
CD73+ Tregs (% of parent)
- o w
f=] =] f=]
Sl
=
(=]

e e

1 M
5

ns

[--]
(=]
M
w
(=]
M

=
(=]

[=]

*

[-1]
(=1
M

o
=1
M

-
(=1

CD39+ Tregs (% of parent)

[-:]
(=1

& & & &
& & & y & (& «@c, &

S0
3 oS
\k'b ,\\) é@' /\0

GITR+ Tregs (% frequency in Tregs)  CTLA-4+ Tregs (% frequency in Tregs)  PD-1+ Tregs (% frequency in Tregs)
ns

= 105 £ 20, ~ 80 '

£ s o 3

o o a o

© \ a @ 701

2 100+ * PPN - s a

o ° 20+ 5

g > 2%

= 95 ) ~

0w o)} 0

o @ Iy o 901

£ O F 104 @

= 904 + i

I:-E T + 404

= < £

O 85 E o o 3p

& @ @ ) e & &

«“’Q’ «& «'«"’q «*°°) & & «*”’q &‘°Q «<°Q’ @ &‘“q &@Q
N @k & 6‘ 3 @D‘ é"‘\a <° @4 @ & 6‘

@’* & P f N &I
S v ¢ & <o ) %\“ v

CD150+ Tregs (% frequency in Tregs) ~ CXCR4+ Tregs (% frequency in Tregs)  TIM-3+ Tregs (% frequency in Tregs)

hkn

E 150+ rhis E 60 - had g 30- . .
el T e o
® ® I'&I J =
o a v
S 100 » 3 401 5 20 {i
[ o -
S 2 o
£ 504 ): 20+ E 10-
+ < v +
e 14
22 "'.‘ X g
[a] * =
o 0 oo F 0
2 & & & o & & & &
S & & 3 S S 3 O
m‘\" ‘&‘0 '\*B ‘:ﬁ@ «@Q a\iﬁ & &E m&@’b Y a&@ é&
) 0 4 R 3) o ) K\ 5}
i‘b \§p Qﬁ} ‘¢§& Q:} \§P Qé} ASS} Qﬂ? ‘:§P Qé} ‘C§&

& Q;\‘\ NERS & ,b\"‘ VR & N & >



LAG-3+ Tregs (% frequency in Tregs)

*

._I_.

[
(32
1

[X]
[=]

-
o
1

o
1

LAG-3+ Tregs (% of parent)
=
[ ]

(=]

& W& o &
& &
$

()

Figure 7: BM Tregs are differentially distributed to distinct subpopulations compared with LN Tregs at both
steady state and after tumor induction. Frequencies of CD25+, CD73+, CD39+ GITR+, CTLA-4+, PD-
1+,CD150+, CXCR4+, TIM-3+ and LAG-3+ Tregs in total Tregs. The results for CD25+, GITR+, CTLA-4+,
CD150+, CXCR4+, TIM-3+ and LAG-3+ Tregs were reproducible in two independent experiments (total 14
mice). The data for CD73+, CD39+ and PD-1+ Tregs are representative of 1 experiment therefore further
investigation is required for conclusive results. A representative figure from one experiment (7 mice) is
shown here. Data are presented as mean  SD and analyzed by one-way ANOVA. p value<0.05 is
considered statistically significant.

Finally, we sought to determine how the tumor inoculation influences the frequencies of BM Tregs
in the total population of CD4* T cells. Of note, a remarkable increase in BM Tregs was observed in
B16-F10 melanoma bearing compared with naive mice [Figure 8] which indicates that either the
endogenous BM Tregs proliferate or Tregs migrate from other sites of the periphery and home the
BM after tumor induction. Interestingly, whatever happens, this finding denotes that BM Tregs may
play a role in tumor development and anti-tumor immunity.
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Figure 8: Treg compartment of BM is more enriched after tumor induction than at naive state. Frequencies
of Tregs in CD4" T cells. These results were reproducible in two independent experiments (total 14 mice). A



representative figure from one experiment (7 mice) is shown here. Data are presented as mean + SD and
analyzed by one-way ANOVA. p value<0.05 is considered statistically significant.

VII)BM Tregs are less depended on mTOR metabolic pathway compared with LN Tregs during
tumor development

It is known that Treg cells adopt the mechanistic target of rapamicin (mTOR) signalling pathway to
link immunological signals from T-cell receptor (TCR) and IL-2 to metabolic activity and functional
fitness, rendering this pathway a fundamental "rheostat" that programs Treg-cell suppressive
activity through a non-conventional mechanism [210]. Thus, having that in mind, we assessed the
metabolic profile of BM Tregs of tumor inoculated mice as far as the utilization of the mTOR
pathway is concerned by measuring the expression of its main downstream components
[phosporylated AKT1, mTOR, S6 and eukaryotic translation initiation factor 4E-binding protein 1
(4EBP1)]. Importantly, we found that BM Tregs demonstrate a significant downregulation of all the
components of the mTOR pathway compared with the LN Tregs of tumor bearing mice [Figure 9],
indicating that these cells are metabolically less depended on this pathway during tumor
development for meeting their energy needs. Thus, taking into consideration that mTOR is the
master regulator of glycolysis, we could hypothesize that BM Tregs may rely more on lipid
metabolism and oxidative phosphorylation for their functional fitness and stability during tumor
growth.
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Figure 9: BM Tregs utilize less intensively the mTOR metabolic pathway compared with LN Tregs during
tumor development. Flow cytometry analysis of pAKT1, pmTOR, pS6, p4EBP1 expression levels. MFI, mean
fluorescence intensity. These results were reproducible in two independent experiments (total 6 mice). A
representative figure from one experiment (3 mice) is shown here. Data are presented as mean + SD and
analyzed by one-way ANOVA. p value<0.05 is considered statistically significant.

VIII) Tumor induction reduces the CXCL12 levels in the BM of B16-F10 melanoma bearing mice
while tumors with different immunogenicity afford different CXCL12 levels in their TME.

As it has been already mentioned the CXCR4-CXCL12 axis is critical for Treg homing to the BM [Zou
et al. 2004]. In 2018, Hirata et al. showed that the deletion of CXCR4 receptor in Tregs reduced the
Treg frequencies and numbers in the BM but not in the spleen and LNs indicating that the
disruption of the above mentioned axis affects selectively the Treg homing in the BM [Hirata et al.
2018]. Paradoxically, until now, it is not known whether alterations of CXCL12 levels, the chemokine
ligand of CXCR4 receptor, could affect the homing of Tregs in different tissues. For this reason, first
of all, we sought to assess whether tumor induction alters the CXCL12 levels in the BM. In order to
do that, we compared the BM CXCL12 levels between naive and B16-F10 melanoma bearing mice.
Interestingly we found that CXCL12 concentration is significantly reduced in the BM of B16-F10
melanoma inoculated mice and a negative correlation between the tumor volume and CXCL12
levels exist. In particular, we observed that the higher the tumor mass, the lower the CXCL12
concentration and vice versa [Figure 10]. The effect of tumor inoculation on BM CXCL12 levels was
also examined by using two additional ectopic tumor models, the less immunogenic Lewis Lung
Carcinoma (LLC) model and the more immunogenic Mouse Bladder Carcinoma (MB49) model. In
the case of LLC bearing mice, we observed the same trend, although is not statistically significant,
with that of B16-F10 melanoma bearing mice, however the previously mentioned correlation is not
confirmed [Figure 10]. Notably, no differences in CXCL12 levels were observed in the BM of mice
following their inoculation with MB49 cancer cells, yet the same correlation between tumor mass
and CXCL12 concentration with B16-F10 melanoma bearing mice is observed [Figure 10]. Therefore,
taken all together, these findings indicate that possibly the tumor induction alters the levels of
CXCL12 in the BM which in turn may affect the Treg homing in this tissue. Next, having in mind that



CXCL12 chemokine attracts Tregs to different tissues, we examined whether the different
immunogenicity of the above mentioned tumor models is accompanied by different concentrations
of CXCL12 in the TME. Indeed, we found that the more immunogenic cell line among the three
(MB49) affords the higher levels of CXCL12 in the tumor mass [Figure 10] indicating that MB49
tumors may attract more intensively Tregs in the tumor mass compared with the other two.
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Figure 10: Tumor induction affects the BM CXCL12 chemokine levels of B16-F10 and LLC tumor bearing mice
and MB49 tumors afford the higher levels of CXCL12 in their TME compared with the other two. CXCL12
levels (pg*ml?) in BM and tumor homogenates from B16-F10, MB49 and LLC inoculated mice. These data are
representative of one experiment. Two independent experiments with B16-F10 inoculated mice (total 8
mice) have been performed, however due to conflicting results further investigation is required. Experiments
using LLC and MB49 tumor bearing mice were performed once and thus at least one more revision is
obligatory. Data are presented as mean + SD. pvalue<0.05 is considered statistically significant.

IX) BM Tregs do not suppress the proliferation of Teff cells upon stimulation

Finally, we sought to investigate the suppressive function of BM Tregs isolated from B16-F10 tumor
bearing mice by addressing their effect on the proliferation of CD4* Foxp3- Teff cells. Thus, we
performed in vitro T cell suppression assays by co-culturing CellTrace Violet (CTV) labeled Teff cells
which were activated by monoclonal antibodies to CD3 and CD28, with different ratios (1:1 or 2:1)
of either LN or BM Tregs. Interestingly, we observed that when Teff cells were co-cultured with
different ratios of BM Tregs, their proliferation was much less strongly inhibited compared with the
corresponding ratios of LN Tregs where Teff proliferation was almost abolished. Therefore, this
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Figure 11: LN Tregs suppress the proliferation of Teff cells much stronger than BM Tregs. Representative
flow cytometry gatings and histograms of CTV dilution for CTV-labeled Teff cells co-cultured with different
ratios of LN and BM Tregs in the presence of anti-CD3/anti-CD28 beads. These results were reproducible in
two independent experiments (total 3 B16-F10 tumor bearing mice). A representative figure from one

experiment is shown here.




Discussion

The majority of the published Treg cell studies from the past decade described Treg cells residing in
the spleen and lymph nodes. Only recently, the presence of Treg cells has been documented in
various non-lymphoid tissues of both mice and humans such as adipose tissue, atherosclerotic
plaques, injured muscle, intestinal mucosa, skin, lung, liver and bone marrow (171). These
discoveries broadened the realms of the Treg family and highlighted some insightful biological
implications concerning their functional relationships with local tissues. Recent evidence suggests
that environmental signals found in peripheral non-lymphoid tissues are responsible for the
development of tissue-specific Treg cell subsets, nevertheless their exact proportion within tissues
is difficult to be determined due to differences between inflammatory and steady state conditions
as well as the presence of both long-term resident and short-term migratory Treg cells. In addition,
mounting evidence has revealed that tissue-resident Tregs regulate also non-immunological
processes, thereby expanding the scope of Treg-related functions. Furthermore, recent reports
have shown that tissue resident Tregs may possess unique tissue-specific characteristics in terms of
phenotype and function compared with their counterparts in lymphoid organs.

The present study is focused on BM Tregs which until now remain poorly explored and their role in
tumor development and anti-tumor immunity is really underestimated. By performing an extensive
phenotyping, we revealed that BM Tregs, similarly to skin and liver Tregs (172,173), exhibit a unique
surface expression profile compared with the well-studied Tregs of lymph nodes as they express
higher levels of all the examined markers (CD25, GITR, CD39, CD73, CTLA-4, PD-1, TIM-3, LAG-3,
CXCR4, CD150) at both steady state and during tumor development indicating that they constitute a
uniqgue more activated (based on CD25 and GITR expression) Treg subpopulation which utilizes all
the "typical" Treg cell immunomodulatory receptors (CD39, CD73, CTLA-4, PD-1, TIM-3, LAG-3) for
its suppressive function. Indeed, this enhanced expression of CTLA-4, PD-1, TIM-3 and LAG-3 co-
inhibitory receptors indicates that BM Tregs represent a direct target of the best described and
FDA-approved immune checkpoint inhibitors (ICIs) (CTLA-4 and PD-1) which have become a
cornerstone in the management of malignancies but also of the upcoming new generation of
immune checkpoint blockade (TIM-3, LAG-3), however the effect of their targeting, their role in the
efficacy of ICl treatment as well as their implication in the "on target-off tumor" toxicity remains
largely unknown, highlighting the necessity of further research in the field.

Next, having in mind that mTOR is a major sensor of environmental cue including immune signals
and nutrient availability as well as a major orchestrator of the glycolytic-lipogenic switch required
for the transition of Tregs from a hyporesponsive into a proliferative status and for the support of
their suppressive function via mitochondrial activation, we assessed the metabolic profile of BM
Tregs as far as the utilization of the mTOR pathway is concerned. Interestingly, we observed that
BM Tregs metabolically rely less on this pathway for meeting their energy needs after tumor
induction compared with the Tregs found in the lymph nodes. Thus, we could speculate that on the
one hand BM Tregs are less dependent on the mTOR-mediated glycolysis-lipogenesis and on the
other hand they probably activate other metabolic pathways such as the oxidative phosphorylation
for meeting the needs of their distinct activities during tumor growth. Hence, this finding
constitutes a first indication of the distinct metabolic signature that BM Tregs probably adopt for
their homeostasis and function in the context of cancer. This metabolic differentiation of a Treg cell



subpopulation is not observed for the first time. There are for example scientific evidence which
demonstrate that Treg cells isolated from tumors are often in an activated state with metabolic
signature that is distinct from lymphoid tissue Treg cells while their transcriptome shares high
similarities with that of Tregs which reside in other non-lymphoid tissues (174). Therefore, it
remains to be determined whether this altered metabolic profile is indicative of their further
differentiation in their tissues of residence as well as whether is representative of the additional
functions that they may serve there.

Afterwards, taking into consideration that CXCL12 chemokine attracts Tregs to different tissues, we
investigated whether tumor induction affects its concentration in the BM of mice which were
inoculated with 3 distinct cancer cell lines that differ in their immunogenicity (B16-F10-partially
immunogenic, LLC-poorly immunogenic, MB49-highly immunogenic). Interestingly, we found that
the CXCL12 concentration in the BM of B16-F10 melanoma and LLC tumor bearing mice was
reduced compared with that of naive mice while the levels of the BM CXCL12 remained unaltered
after inoculation with MB49 cancer cells. Next, we assessed whether the different immunogenicity
of the above mentioned tumor models is associated with differences in the CXCL12 concentration
inside the tumor mass. Notably, we observed that the more immunogenic tumor (MB49) among
the three affords the higher levels of CXCL12 in its TME indicating that the more immunogenic
tumors may attract more strongly the Treg cells in their tumor mass creating a highly
immunosuppressive microenvironment that dampens anti-tumor immunity and favors tumor
growth. Until now, several studies have shown that the highly immunogenic tumors show
significantly greater presence of T-cell co-stimulatory molecules compared with the less
immunogenic, that facilitate the effector T cell cytotoxic function (175).Thus, we could speculate
that the enhanced Treg chemotaxis that they exhibit, may represent a desperate effort to escape
the immune-mediated eradication as an effective anti-tumor immune response requires
overcoming the inhibitory effects of Tregs.

Lastly, we investigated the suppressive potential of BM Tregs of tumor inoculated mice and
surprisingly we found that BM Tregs were unable to suppress the proliferation of Teff cells upon
anti-CD3/anti-CD28 stimulation. This finding constitutes a first indication of the fragile phenotype
that BM Tregs possibly adopt during tumor development. Importantly, several studies have
correlated Treg fragility which is characterized by retention of Foxp3 expression but also by loss of
suppressive function and increased production of IFNy, with the responsiveness to immune
checkpoint blockade, as patients who respond to immunotherapy exhibit a more fragile
intratumoral Treg phenotype. Notably, an increasing body of evidence highlights that Treg fragility
possibly serves as a prerequisite of response to anti—PD-1 treatment in murine tumor models. More
specifically, in an adenocarcinoma mouse model that is sensitive to PD-1 blockade, treatment of WT
mice with anti—PD-1 led to the upregulation of IFNy* Tregs, consistent with an increased fragile
phenotype. When Tregs were insensitive to IFNy through the conditional deletion of their IFNy
receptor (Foxp3'FPCelFNyR™"f mouse model), mice were completely resistant to PD-1 blockade in
comparison with 40% response in WT mice, suggesting a role of Treg fragility in responsiveness to
immunotherapy. Therefore, we could speculate that the loss of BM Treg suppressive function may
affect directly or indirectly the effectiveness of ICl treatment. However, it remains to be determined
whether this impaired BM Treg functionality is accompanied with the other characteristics of



fragility such as the increased production of IFNy and reduced secretion of IL-10 as well as whether
BM Tregs play indeed a role in the responsiveness to immunotherapy.

Future Directions

Taken all together, the data that have been collected so far, have given us some first indications
about the phenotype and the suppressive potential of BM Tregs in the context of cancer. In short,
we have shown that BM Tregs exhibit a differential phenotypic and functional profile compared
with LN Tregs under the condition of tumor induction indicating that they constitute a special and
distinct population of the Treg cell lineage. However, it is obvious that more experiments are
required in order to delineate their exact role in tumor development and anti-tumor immunity.
Below, some representative examples of them are presented.

I)How do BM Tregs affect tumor growth?

First of all, in order to assess how BM Tregs affect tumor growth, we could use the mouse model
that Hirata et al. used for the first time which is characterized by specific reduction of BM Tregs due
to the conditional deletion of CXCR4 receptor in Tregs (FoxP3¢CXCR4™"f mice). The comparison of
tumor volume as well as of the frequencies of immune cell types (CD4*, CD8* T cells, NK cells, DCs,
Tregs, MDSCs etc) found inside the TME, between the Foxp3YFP¢re CXCR4"f and Foxp3YFP¢re tumor
bearing mice could give us an idea about how the presence or absence of Tregs from the BM affects
the tumor development and the immune cell infiltrates in the TME which will be indicative about
whether the tumor mass is turning more "hot" or "cold". In addition to that, in order to investigate
whether BM Tregs directly impact tumor development, we could create an experimental system in
which only BM Tregs would be present and able to regulate the anti-tumor immune response by
using a Rag -/- reconstitution model. More specifically, tumor bearing Rag-/- mice on a Thy1.1
background which lack mature B and T cells could be reconstituted with either WT Thy1.2
splenocytes containing splenic Tregs (Tregs from a lymphoid organ) or with WT Treg-depleted
Thy1.2* splenocytes supplemented with BM Tregs. The measurement of tumor volume as well as
the assessment of BM Treg distribution in BM and TME would show us whether BM Tregs directly
affect tumor growth. The measurement of frequencies of immune cell populations of myeloid
lineage in BM and TME would give us a first indication about how myelopoiesis is affected.

Il)How do BM Tregs affect hematopoiesis during tumor development? Which is the mechanism
through which they regulate HSCs maturation and differentiation?

Based on Hirata et al. experiments which show that Tregs in the BM are in close proximity with
HSCs maintaining their quiescence and number during steady state, we could speculate that BM
Tregs may also interact with HSCs during tumor development and play a role in regulating their
differentiation and maturation affecting in this way indirectly the anti-tumor immune response. In
order to examine whether this hypothesis is true, we could compare the frequencies of myeloid
and lymphoid progenitors in the BM, in the presence or absence of BM Tregs under the condition of
tumor induction by using Foxp3YFP¢e CXCR4Yf and Foxp3YFP¢"e tumor bearing mice. Additionally, we



could also sort HSCs from the above mentioned immunized mouse models on a CD45.1 background
and transplant them to NBSGW host mice on a CD45.2 background which are highly
immunodeficient, carry a c-kit mutation and represent an appropriate model for studying BM
transplantation. The comparison of the generation and maturation of lymphocytic, myeloid and
granulocytic lineages between the two groups of recipient mice could give us an answer about
whether the presence or absence of Tregs from the BM affects the process of hematopoiesis during
tumor growth. If we observe that indeed BM Tregs regulate hematopoiesis during tumor
development by promoting for example the differentiation and maturation of HSCs towards the
generation of pro-inflammatory myeloid cells, we would also try to delineate the mechanism that
controls this effect. Thus, having in mind that BM Tregs abundantly express PD-1 and CTLA-4 while
HSCs constitutively express low levels of PD-L1 and CD86, the ligands of PD-1 and CTLA-4 receptor
respectively, we could hypothesize that the interaction of these molecules may be responsible for
the above mentioned phenomenon. In order to elucidate whether this hypothesis is true, we
should disrupt this interaction by using anti-PD1 or anti-PD-L1 or anti-CTLA-4 Abs. More specifically,
we could use tumor bearing Foxp3"fR¢¢ mice treated either with anti-PD1 or anti-CTLA-4 Abs and
the study of frequencies of lymphoid, myeloid and granulocytic progenitors in the BM, would give
us a first indication about the role of PD1-PDL1 or CTLA-4-CD86 axis in the regulation of HSCs
differentiation and maturation during tumor growth. Moreover, in order to assess directly the
effect of BM Tregs on the process of hematopoiesis in the context of cancer, we could sort Tregs
from the BM of tumor bearing Foxp3°f” mice and co-culture them in vitro with naive HSCs in the
presence or absence of anti-PD1 or anti-CTLA-4 Abs. The comparison of the colony forming
potential of HSCs would give us the answer about whether BM Tregs regulate HSCs through PD1 or
CTLA-4 receptor.

Ill) How do BM Tregs influence the responsiveness to ICl treatment?

It is well established that anti-PD1 and anti-CTLA-4 Abs, also known as immune checkpoint
inhibitors (ICl), constitute a real breakthrough in the field of immunotherapy. Thus, taking into
consideration that Treg cells represent a direct target of ICl immunotherapy, it would be nice to
estimate how BM Tregs are affected by this therapy as well as how their presence or absence
impacts the responsiveness to it. More analytically, in order to assess how ICl treatment affects BM
Treg cells, we could perform an extensive phenotyping of Tregs that reside in the BM of Foxp3°®
tumor inoculated mice which would be treated either with ICl or simply injected with PBS. The
alteration of the phenotypic profile of these cells would be indicative of their targeting by this type
of treatment and the upregulation of specificimmunomodulatory receptors may represent a
compensatory mechanism that these cells would activate in order to maintain their suppressive
function upon the inhibition of their PD-1 and CTLA-4 receptors. Finally, to elucidate how the
presence or absence of BM Tregs influence the responsiveness to ICl treatment, we could compare
the tumor volumes of Foxp3'FP¢re CXCR4M and Foxp3'FP¢"e tumor bearing mice both treated with
ICI. If the tumor volume of Foxp3YFP¢re CXCR4M mice is diminished compared with that of
Foxp3YFP¢'e mice, we could speculate that BM Tregs impede the effectiveness of ICl treatment.



IV) Do BM Tregs exhibit a "fragile" phenotype?

We have already revealed that BM Tregs exhibit an impaired suppressive potential during tumor
growth. It is known that the loss of suppressive function is a characteristic of fragile Tregs. However
fragility is not identified only by diminished suppressive activity but also by increased IFNy
production and reduced secretion of anti-infammatory cytokines without loss of Foxp3 expression.
Therefore in order to determine whether BM Tregs indeed adopt a fragile phenotype upon tumor
induction, we could measure and compare the levels of the secreted IFNy and IL-10 in the
supernatants isolated from the co-culture of BM and LN Tregs with Teff cells of the in vitro
suppression assay which has been already performed. An increase in the production of IFNy and a
reduction in the secretion of IL-10 by BM Tregs compared with LN Tregs both isolated from tumor
bearing mice would be indicative of their fragility. Next, in order to determine whether fragility is
an inherent or tumor-induced characteristic of BM Tregs, we could perform the same in vitro
suppression and ELISA assay and the only difference would lie in that BM and LN Tregs would be
isolated from naive mice. If BM Tregs of naive mice exhibit the same functional profile with those
isolated from tumor inoculated mice , we could support that fragility is an inherent trait of BM
Tregs. Of note, the fact that Treg fragility is a key component that determines the response to
immunotherapy, underlines the necessity of understanding how fragile BM Tregs contribute to the
effectiveness of immunotherapy as this knowledge may open new doors in the evaluation of BM
Treg frequencies as predictors of patient responsiveness to ICI.

To conclude, all the above experiments represent only a small sample of those that should be
performed in order to further elucidate the characteristics and function of Tregs that reside in the
hematopoietic niche during tumor development. In vivo experiments in combination with high-
throughput sequencing technologies will give answers about the mechanisms that BM Tregs utilize
for regulating the immune response during tumor development and will also elucidate their
potential utility as new therapeutic targets in the context of cancer.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Dagenais GR, Leong DP, Rangarajan S, Lanas F, Lopez-Jaramillo P, Gupta R, et al. Variations in
common diseases, hospital admissions, and deaths in middle-aged adults in 21 countries
from five continents (PURE): a prospective cohort study. www.thelancet.com [Internet].
[cited 2021 Jul 7];785. Available from: http://dx.doi.org/10.1016/

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68(6):394—-424.

Cheng N, Chytil A, Shyr Y, Joly A, Moses HL. Transforming growth factor-f signaling-deficient
fibroblasts enhance hepatocyte growth factor signaling in mammary carcinoma cells to
promote scattering and invasion. Mol Cancer Res. 2008;6(10):1521-33.

Wertz IE, Dixit VM. Regulation of death receptor signaling by the ubiquitin system. Cell Death
Differ. 2010;17(1):14-24.

Amit |, Citri A, Shay T, Lu Y, Katz M, Zhang F, et al. A module of negative feedback regulators
defines growth factor signaling. Nat Genet. 2007;39(4):503-12.

Cabrita MA, Christofori G. Sprouty proteins, masterminds of receptor tyrosine kinase
signaling. Angiogenesis. 2008;11(1):53-62.

Mosesson Y, Mills GB, Yarden Y. Derailed endocytosis: An emerging feature of cancer. Nat
Rev Cancer. 2008;8(11):835-50.

Jiang BH, Liu LZ. Chapter 2 PI3K/PTEN Signaling in Angiogenesis and Tumorigenesis. Adv
Cancer Res. 2009;102(09):19-65.

Yuan TL; Cantley LC. PI3K pathway alterations in cancer. Oncogene. 2008;27(41):5497-510.

Adams JM, Cory S. The Bcl-2 apoptotic switch in cancer development and therapy. Oncogene.
2007;26(9):1324-37.

Harris CC. p53 tumor suppressor gene: From the basic research laboratory to the clinic - An
abridged historical perspective. Carcinogenesis. 1996;17(6):1187-98.

Evan G, Littlewood T. A matter of life and cell death. [Review] [88 refs]. Science (80- ).
1998;281(5381):1317-22.

Downward J. Ras signalling and apoptosis. Curr Opin Genet Dev. 1998;8(1):49-54.

Wright WE, Pereira-Smith OM, Shay JW. Reversible cellular senescence: implications for
immortalization of normal human diploid fibroblasts. Mol Cell Biol. 1989;9(7):3088-92.

Counter CM, Avilion AA, Lefeuvre CE, Stewart NG, Greider CW, Harley CB, et al. Telomere
shortening associated with chromosome instability is arrested in immortal cells which
express telomerase activity. EMBO J. 1992;11(5):1921-9.

Baeriswyl V, Christofori G. The angiogenic switch in carcinogenesis. Semin Cancer Biol.
2009;19(5):329-37.

Qian BZ, Pollard JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell.
2010;141(1):39-51.



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zumsteg A, Baeriswyl V, Imaizumi N, Schwendener R, Riegg C, Christofori G. Myeloid cells
contribute to tumor lymphangiogenesis. PLoS One. 2009;4(9).

Venneri MA, De Palma M, Ponzoni M, Pucci F, Scielzo C, Zonari E, et al. Identification of
proangiogenic TIE2-expressing monocytes (TEMs) in human peripheral blood and cancer.
Blood. 2007;109(12):5276-85.

Creighton CJ, Li X, Landis M, Dixon JM, Neumeister VM, Sjolund A, et al. Residual breast
cancers after conventional therapy display mesenchymal as well as tumor-initiating features.
Proc Natl Acad Sci U S A. 2009;106(33):13820-5.

Singh A, Settleman J. EMT, cancer stem cells and drug resistance: An emerging axis of evil in
the war on cancer. Oncogene. 2010;29(34):4741-51.

Patenaude A, Parker J, Karsan A. Involvement of endothelial progenitor cells in tumor
vascularization. Microvasc Res [Internet]. 2010;79(3):217-23. Available from:
http://dx.doi.org/10.1016/j.mvr.2010.01.007

Pietras K, Ostman A. Hallmarks of cancer: Interactions with the tumor stroma. Exp Cell Res
[Internet]. 2010;316(8):1324—31. Available from:
http://dx.doi.org/10.1016/j.yexcr.2010.02.045

Ao Z, Shah SH, Machlin LM, Parajuli R, Miller PC, Rawal S, et al. Identification of cancer-
associated fibroblasts in circulating blood from patients with metastatic breast cancer.
Cancer Res. 2015;75(22):4681-7.

Giraldo NA, Becht E, Remark R, Damotte D, Sautés-Fridman C, Fridman WH. The immune
contexture of primary and metastatic human tumours. Curr Opin Immunol. 2014;27(1):8-15.

Boon T, Cerottini J, Bruggen P Van Der, Pel A Van. Tumor Antigens Recognized. Annu Rev
Immunol. 1994;12:337-65.

Giraldo NA, Germain C. Dieu-Nosjean_et_al-2016-Immunological_Reviews. 2016;271:260-
75.

Chen DS, Mellman I. Oncology meets immunology: The cancer-immunity cycle. Immunity.
2013;39(1):1-10.

Coulie PG, Van Den Eynde BJ, Van Der Bruggen P, Boon T. Tumour antigens recognized by T
lymphocytes: At the core of cancer immunotherapy. Nat Rev Cancer [Internet].
2014;14(2):135-46. Available from: http://dx.doi.org/10.1038/nrc3670

Campoli M, Ferrone S. HLA antigen changes in malignant cells: Epigenetic mechanisms and
biologic significance. Oncogene. 2008;27(45):5869—-85.

Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization of
inflammatory response with B7-H1 expression in human melanocytic lesions supports an
adaptive resistance mechanism of immune escape. Sci Transl Med. 2012;4(127).

Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer. Trends Immunol
[Internet]. 2015;36(4):265—76. Available from: http://dx.doi.org/10.1016/].it.2015.02.008

Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion LR, et al. CCL2 recruits inflammatory
monocytes to facilitate breast-tumour metastasis. Nature. 2011;475(7355):222-5.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF, et al. CSF-1R
inhibition alters macrophage polarization and blocks glioma progression. Nat Med.
2013;19(10):1264-72.

Murdoch C, Muthana M, Coffelt SB, Lewis CE. The role of myeloid cells in the promotion of
tumour angiogenesis. Nat Rev Cancer. 2008;8(8):618—31.

Yamaguchi T, Sakaguchi S. Regulatory T cells in immune surveillance and treatment of cancer.
Semin Cancer Biol. 2006;16(2):115-23.

Gershon RK, Kondo K. Cell interactions in the induction of tolerance: the role of thymic
lymphocytes. Immunology [Internet]. 1970;18(5):723-37. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/4911896%0Ahttp://www.pubmedcentral.nih.gov/arti
clerender.fcgi?artid=PMC1455602

Gershon RK, Kondo K. Infectious immunological tolerance. Immunology [Internet].
1971;21(6):903-14. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/4943147%0Ahttp://www.pubmedcentral.nih.gov/arti
clerender.fcgi?artid=PMC1408252

Janeway CA. Do Suppressor T Cells Exist? A Reply. Scand J Immunol. 1988;27(6):621-8.

Sakaguchi S, Wing K, Miyara M. Regulatory T cells - A brief history and perspective. Eur J
Immunol. 2007;37(SUPPL. 1):116-23.

Stockinger B, Barthlott T, Kassiotis G. T cell regulation: A special job or everyone’s
responsibility? Nat Immunol. 2001;2(9):757-8.

Zinkernagel RM. On cross-priming of MHC class I-specific CTL: Rule or exception? Eur J
Immunol. 2002;32(9):2385-92.

Alpan O, Bachelder E, Isil E, Arnheiter H, Matzinger P. “Educated” dendritic cells act as
messengers from memory to naive T helper cells. Nat Immunol. 2004;5(6):615-22.

Jankovic D, Kullberg MC, Feng CG, Goldszmid RS, Collazo CM, Wilson M, et al. Conventional T-
bet+Foxp3- Th1 cells are the major source of host-protective regulatory IL-10 during
intracellular protozoan infection. J Exp Med. 2007;204(2):273-83.

Cohn M. What roles do regulatory T cells play in the control of the adaptive immune
response? Int Immunol. 2008;20(9):1107-18.

Dembic Z. Beginning of the end of (understanding) the immune response. Scand J Immunol.
2008;68(4):381-2.

Cohn M. On the critique by colin anderson of “a reply to dembic: On an end to the beginning
of mis-understanding the immune response.” Scand J Immunol. 2009;70(1):1-9.

Verginis P, McLaughlin KA, Wucherpfennig KW, Von Boehmer H, Apostolou I. Induction of
antigen-specific regulatory T cells in wild-type mice: Visualization and targets of suppression.
Proc Natl Acad Sci U S A. 2008;105(9):3479-84.

Alissafi T, Hatzioannou A, loannou M, Sparwasser T, Griin JR, Gritzkau A, et al. De Novo—
Induced Self-Antigen—Specific Foxp3 + Regulatory T Cells Impair the Accumulation of
Inflammatory Dendritic Cells in Draining Lymph Nodes . J Immunol. 2015;194(12):5812-24.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yadav M, Stephan S, Bluestone JA. Peripherally induced Tregs-role in immune homeostasis
and autoimmunity. Front Immunol. 2013;4(AUG):1-12.

Russler-Germain E V., Rengarajan S, Hsieh CS. Antigen-specific regulatory T-cell responses to
intestinal microbiota. Mucosal Immunol [Internet]. 2017;10(6):1375-86. Available from:
http://dx.doi.org/10.1038/mi.2017.65

Kim KS, Hong SW, Han D, Yi J, Jung J, Yang BG, et al. Dietary antigens limit mucosal immunity
by inducing regulatory T cells in the small intestine. Science (80- ). 2016;351(6275):858-63.

Curotto De Lafaille MA, Muriglan S, Sunshine MJ, Lei Y, Kutchukhidze N, Furtado GC, et al.
Hyper immunoglobulin E response in mice with monoclonal populationsof Band T
lymphocytes. J Exp Med. 2001;194(9):1349-59.

Akbari O, Freeman GJ, Meyer EH, Greenfield EA, Chang TT, Sharpe AH, et al. Antigen-specific
regulatory T cells develop via the ICOS-ICOS-ligand pathway and inhibit allergen-induced
airway hyperreactivity. Nat Med. 2002;8(9):1024-32.

Zuany-Amorim C, Sawicka E, Manlius C, Le Moine A, Brunet LR, Kemeny DM, et al.
Suppression of airway eosinophilia by killed Mycobacterium vaccae-induced allergen-specific
regulatory T-cells. Nat Med. 2002;8(6):625-9.

Weiner HL. Oral tolerance: Immune mechanisms and treatment of autoimmune diseases.
Immunol Today. 1997;18(7):335—43.

Zhang X, Izikson L, Liu L, Weiner HL. Activation of CD25 + CD4 + Regulatory T Cells by Oral
Antigen Administration . J Immunol. 2001;167(8):4245-53.

Karlsson MR, Rugtveit J, Brandtzaeg P. Allergen-responsive CD4+CD25+ regulatory T cells in
children who have outgrown cow’s milk allergy. J Exp Med. 2004;199(12):1679-88.

Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells mediate maternal tolerance to the
fetus. Nat Immunol. 2004;5(3):266—71.

Matzinger P. Friendly and dangerous signals: Is the tissue in control? Nat Immunol.
2007;8(1):11-3.

Baecher-Allan C, Viglietta V, Hafler DA. Inhibition of Human CD4 + CD25 +high Regulatory T
Cell Function . J Immunol. 2002;169(11):6210-7.

Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, et al. Immunologic self-
tolerance maintained by CD25+CD4+ naturally anergic and suppressive T cells: Induction of
autoimmune disease by breaking their anergic/suppressive state. Int Immunol.
1998;10(12):1969-80.

Szymczak-Workman AL, Workman CJ, Vignali DAA. Cutting Edge: Regulatory T Cells Do Not
Require Stimulation through Their TCR to Suppress. J Immunol. 2009;182(9):5188-92.

Yamazaki S, lyoda T, Tarbell K, Olson K, Velinzon K, Inaba K, et al. Direct expansion of
functional CD25+ CD4+ regulatory T cells by antigen-processing dendritic cells. J Exp Med.
2003;198(2):235-47.

Hori S, Haury M, Coutinho A, Demengeot J. Specificity requirements for selection and
effector functions of CD25+4+ regulatory T cells in anti-myelin basic protein T cell receptor
transgenic mice. Proc Natl Acad Sci U S A. 2002;99(12):8213-8.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, Ye J, et al. In vitro-expanded antigen-specific
regulatory T cells suppress autoimmune diabetes. J Exp Med. 2004;199(11):1455-65.

Tonkin DR, He J, Barbour G, Haskins K. Regulatory T Cells Prevent Transfer of Type 1 Diabetes
in NOD Mice Only When Their Antigen Is Present In Vivo. J Immunol. 2008;181(7):4516-22.

Huter EN, Stummvoll GH, DiPaolo RJ, Glass DD, Shevach EM. Cutting Edge: Antigen-Specific
TGFB-Induced Regulatory T Cells Suppress Th17-Mediated Autoimmune Disease. J Immunol.
2008;181(12):8209-13.

Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 production. J Exp Med. 1998;188(2):287-96.

Homann D, Holz A, Bot A, Coon B, Wolfe T, Petersen J, et al. Autoreactive CD4+ T cells protect
from autoimmune diabetes via bystander suppression using the IL-4/stat6 pathway.
Immunity. 1999;11(4):463-72.

Yu P, Gregg RK, Bell JJ, Ellis JS, Divekar R, Lee H-H, et al. Specific T Regulatory Cells Display
Broad Suppressive Functions against Experimental Allergic Encephalomyelitis upon Activation
with Cognate Antigen. J Immunol. 2005;174(11):6772-80.

McNeill A, Spittle E, Backstrom BT. Partial depletion of CD69low-expressing natural
regulatory T cells with the anti-CD25 monoclonal antibody PC61. Scand J Immunol.
2007;65(1):63-9.

Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4 plays an
essential role in the function of CD25+CD4+ regulatory cells that control intestinal
inflammation. J Exp Med. 2000;192(2):295-302.

Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al. Immunologic self-
tolerance maintained by CD25+CD4+ regulatory T cells constitutively expressing cytotoxic T
lymphocyte-associated antigen 4. J Exp Med. 2000;192(2):303-9.

McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins M, et al. CD4+CD25+
Immunoregulatory T Cells: Gene expression analysis reveals a functional role for the
glucocorticoid-induced TNF receptor. Immunity. 2002;16(2):311-23.

Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, Landay A, et al. Expression of
interleukin (IL)-2 and IL-7 receptors discriminates between human regulatory and activated T
cells. J Exp Med. 2006;203(7):1693-700.

Liu W, Putnam AL, Xu-yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression inversely
correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med.
2006;203(7):1701-11.

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription
factor Foxp3. J Immunol. 2017;198(3):981-5.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and function of
CD4+CD25+ regulatory T cells. J Immunol. 2017;198(3):986—92.

Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for Scurfin in CD4+CD25+T
regulatory cells. J Immunol. 2017;198(3):993-8.

Robb BRJ, Munck A, Smith KA. T CELL GROWTH FACTOR RECEPTORSQuantitation,



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Specificity , a n d Biological Re l e va n c e * Recent studies have shown that although
antigens and lectins initiate the activation of T cells , the proliferation of these cells is
dependent on . 1981;154(November).

Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, et al. Activation-induced
FOXP3 in human T effector cells does not suppress proliferation or cytokine production. Int
Immunol. 2007;19(4):345-54.

Nocentini G, Giunchi L, Ronchetti S, Krausz LT, Bartoli A, Moraca R, et al. A new member of
the tumor necrosis factor/nerve growth factor receptor family inhibits T cell receptor-
induced apoptosis. Proc Natl Acad Sci U S A. 1997;94(12):6216-21.

Triebel F, Jitsukawa S, Baixeras E, Roman-roman S, Genevee C, Viegas-pequignot E, et al.
LAG-3, A NOVEL LYMPHOCYTE ACTIVATION GENE CLOSELY RELATED TO CD4 A number of
cell surface structures are thought to belong to the Ig superfamily ( IgSF ) t because they
contain at least one domain with a characteristic folding pat- tern, called the Ig f.
1990;171(May).

Baixeras BE, Huard B, Miossec C, Jitsukawa S, Martin M, Hercend T, et al. From Laboratoire
d’Hdmato-Immunologie, INSERM U333, Institut Gustave-Roussy, 94805 Villejuif Cedex; and
*Unit# de Gdndtique Moldculaire et de Biologie du df, veloppement, UPR 420 CNRS, 94801
Villejuif Cedex, France. J Exp Med. 1992;176(August).

Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, Rudensky AY. Regulatory T cell
lineage specification by the forkhead transcription factor Foxp3. Immunity. 2005;22(3):329—-
41.

Williams LM, Rudensky AY. Maintenance of the Foxp3-dependent developmental program in
mature regulatory T cells requires continued expression of Foxp3. Nat Immunol.
2007;8(3):277-84.

Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic control of the foxp3
locus in regulatory T cells. PLoS Biol. 2007;5(2):0169-78.

Baron U, Floess S, Wieczorek G, Baumann K, Griitzkau A, Dong J, et al. DNA demethylation in
the human FOXP3 locus discriminates regulatory T cells from activated FOXP3+ conventional
T cells. Eur J Immunol. 2007;37(9):2378-89.

Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al. DNA methylation
controls Foxp3 gene expression. Eur J Immunol. 2008;38(6):1654—63.

Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin (FOXP3) Acts as a Repressor of
Transcription and Regulates T Cell Activation. J Biol Chem [Internet]. 2001;276(40):37672-9.
Available from: http://dx.doi.org/10.1074/jbc.M104521200

Pillai V, Ortega SB, Wang CK, Karandikar NJ. Transient regulatory T-cells: A state attained by
all activated human T-cells. Clin Immunol. 2007;123(1):18-29.

Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms C, et al. JM2, encoding a
fork head-related protein, is mutated in X-linked autoimmunity-allergic disregulation
syndrome. J Clin Invest. 2000;106(12):75-81.

Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al. X-linked neonatal
diabetes mellitus, enteropathy and endocrinopathy syndrome is the human equivalent of



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

mouse scurfy. Nat Genet. 2001;27(1):18-20.

Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, et al. The immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by
mutations of FOXP3. Nat Genet. 2001;27(1):20-1.

Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA, et al. Disruption of a
new forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder
of the scurfy mouse. Nat Genet. 2001;27(1):68-73.

Maynard CL, Harrington LE, Janowski KM, Oliver JR, Zindl CL, Rudensky AY, et al. Regulatory T
cells expressing interleukin 10 develop from Foxp3+ and Foxp3- precursor cells in the
absence of interleukin 10. Nat Immunol. 2007;8(9):931-41.

Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, et al. The inhibitory cytokine
IL-35 contributes to regulatory T-cell function. Nature. 2007;450(7169):566—9.

Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression by CD4+CD25+
regulatory T cells is mediated by cell surface-bound transforming growth factor . J Exp Med.
2001;194(5):629-44.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J
Exp Med. 2007;204(6):1257-65.

Thornton AM, Shevach EM. Interleukin 2 Production. J Exp. 1998;188(2):287—-96.

Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4+CD25+Foxp3+ regulatory T cells
induce cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nat Immunol.
2007;8(12):1353-62.

Gondek DC, Lu L-F, Quezada SA, Sakaguchi S, Noelle RJ. Cutting Edge: Contact-Mediated
Suppression by CD4 + CD25 + Regulatory Cells Involves a Granzyme B-Dependent, Perforin-
Independent Mechanism . J Immunol. 2005;174(4):1783-6.

Liang B, Workman C, Lee J, Chew C, Dale BM, Colonna L, et al. Regulatory T Cells Inhibit
Dendritic Cells by Lymphocyte Activation Gene-3 Engagement of MHC Class II. J Immunol.
2008;180(9):5916—26.

Grohmann U, Orabona C, Fallarino F, Vacca C, Calcinaro F, Falorni A, et al. CTLA-4-Ig regulates
tryptophan catabolism in vivo. Nat Immunol. 2002;3(11):1097-101.

Zou W. Regulatory T cells, tumour immunity and immunotherapy. Nat Rev Immunol.
2006;6(4):295-307.

Shevach EM. Mechanisms of Foxp3+ T Regulatory Cell-Mediated Suppression. Immunity
[Internet]. 2009;30(5):636—45. Available from:
http://dx.doi.org/10.1016/j.immuni.2009.04.010

Mizukami Y, Kono K, Kawaguchi Y, Akaike H, Kamimura K, Sugai H, et al. CCL17 and CCL22
chemokines within tumor microenvironment are related to accumulation of Foxp3+
regulatory T cells in gastric cancer. Int J Cancer. 2008;122(10):2286-93.

Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, Wang LP, et al. Tumour hypoxia
promotes tolerance and angiogenesis via CCL28 and T reg cells. Nature [Internet].



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

2011;475(7355):226-30. Available from: http://dx.doi.org/10.1038/nature10169

Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer immunosuppression —
implications for anticancer therapy. Nat Rev Clin Oncol [Internet]. 2019;16(6):356—71.
Available from: http://dx.doi.org/10.1038/s41571-019-0175-7

Hiraoka N, Onozato K, Kosuge T, Hirohashi S. Prevalence of FOXP3+ regulatory T cells
increases during the progression of pancreatic ductal adenocarcinoma and its premalignant
lesions. Clin Cancer Res. 2006;12(18):5423-34.

Liyanage UK, Moore TT, Joo H-G, Tanaka Y, Herrmann V, Doherty G, et al. Prevalence of
Regulatory T Cells Is Increased in Peripheral Blood and Tumor Microenvironment of Patients
with Pancreas or Breast Adenocarcinoma. J Immunol. 2002;169(5):2756-61.

Sasada T, Kimura M, Yoshida Y, Kanai M, Takabayashi A. CD4+CD25+ regulatory T cells in
patients with gastrointestinal malignancies: Possible involvement of regulatory T cells in
disease progression. Cancer. 2003;98(5):1089-99.

Ichihara F, Kono K, Takahashi A, Kawaida H, Sugai H, Fujii H. Increased populations of
regulatory T cells in peripheral blood and tumor-infiltrating lymphocytes in patients with
gastric and esophageal cancers. Clin Cancer Res. 2003;9(12):4404-8.

Fridman WH, Pagés F, Sauts-Fridman C, Galon J. The immune contexture in human tumours:
Impact on clinical outcome. Nat Rev Cancer [Internet]. 2012;12(4):298-306. Available from:
http://dx.doi.org/10.1038/nrc3245

Shimizu J, Yamazaki S, Sakaguchi S. Induction of tumor immunity by removing CD25+CD4+ T
cells: a common basis between tumor immunity and autoimmunity. J Immunol [Internet].
1999;163(10):5211-8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10553041

Onizuka S, Tawara |, Shimizu J, Sakaguchi S, Fujita T, Nakayama E. Tumor rejection by in vivo
administration of anti-CD25 (interleukin-2 receptor a) monoclonal antibody. Cancer Res.
1999;59(13):3128-33.

Natalya N. Pavlova and Craig B. Thompson. Emerging metabolic hallmarks of cancer. Physiol
Behav. 2018;176(1):139-48.

Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, Maclver NJ, Mason EF, et al. Cutting
Edge: Distinct Glycolytic and Lipid Oxidative Metabolic Programs Are Essential for Effector
and Regulatory CD4 + T Cell Subsets . J Immunol. 2011;186(6):3299-303.

Angelin A, Gil-de-Gédmez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3 Reprograms T Cell
Metabolism to Function in Low-Glucose, High-Lactate Environments. Cell Metab.
2017;25(6):1282-1293.e7.

Eales KL, Hollinshead KER, Tennant DA. Hypoxia and metabolic adaptation of cancer cells.
Oncogenesis. 2016;5(1):e190-e190.

Duncan KD, Fyrestam J, Lanekoff I. Advances in mass spectrometry based single-cell
metabolomics. Analyst. 2019;144(3):782-93.

Xiao Z, Dai Z, Locasale JW. Metabolic landscape of the tumor microenvironment at single cell
resolution. Nat Commun [Internet]. 2019;10(1):1-12. Available from:
http://dx.doi.org/10.1038/s41467-019-11738-0



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced
survival. Nat Med. 2004;10(9):942-9.

Halvorsen EC, Hamilton MJ, Young A, Wadsworth BJ, LePard NE, Lee HN, et al. Maraviroc
decreases CCL8-mediated migration of CCR5+ regulatory T cells and reduces metastatic
tumor growth in the lungs. Oncoimmunology [Internet]. 2016;5(6):1-15. Available from:
http://dx.doi.org/10.1080/2162402X.2016.1150398

Wang X, Lang M, Zhao T, Feng X, Zheng C, Huang C, et al. Cancer-FOXP3 directly activated
CCLS5 to recruit FOXP3 + Treg cells in pancreatic ductal adenocarcinoma. Oncogene.
2017;36(21):3048-58.

Loyher PL, Rochefort J, Baudesson De Chanville C, Hamon P, Lescaille G, Bertolus C, et al.
CCR2 influences T regulatory cell migration to tumors and serves as a biomarker of
cyclophosphamide sensitivity. Cancer Res. 2016;76(22):6483-94.

Koga T, Mizui M, Yoshida N, Otomo K, Lieberman LA, Crispin JC, et al. KN-93, an inhibitor of
calcium/calmodulin-dependent protein kinase IV, promotes generation and function of
Foxp3+ regulatory T cells in MRL/lpr mice. Autoimmunity. 2014;47(7):445-50.

Sharabi A, Tsokos MG, Ding Y, Malek TR, Klatzmann D, Tsokos GC. Regulatory T cells in the
treatment of disease. Nat Rev Drug Discov [Internet]. 2018;17(11):823—44. Available from:
http://dx.doi.org/10.1038/nrd.2018.148

Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-regulation of PD-L1, IDO,
and Tregs in the melanoma tumor microenvironment is driven by CD8+ T cells. Sci Transl
Med. 2013;5(200).

Tan W, Zhang W, Strasner A, Grivennikov S, Cheng JQ, Hoffman RM, et al. Tumour-infiltrating
regulatory T cells stimulate mammary cancermetastasis through RANKL-RANK signalling.
Nature [Internet]. 2011;470(7335):548-53. Available from:
http://dx.doi.org/10.1038/nature09707

Hatziioannou A, Alissafi T, Verginis P. Myeloid-derived suppressor cells and T regulatory cells
in tumors: unraveling the dark side of the force. J Leukoc Biol. 2017;102(2):407-21.

Bilate AM, Lafaille JJ. Induced CD4 +Foxp3 + regulatory T cells in immune tolerance. Annu Rev
Immunol. 2012;30:733-58.

Ghiringhelli F, Ménard C, Terme M, Flament C, Taieb J, Chaput N, et al. CD4+CD25+
regulatory T cells inhibit natural killer cell functions in a transforming growth factor-3-
dependent manner. J Exp Med. 2005;202(8):1075-85.

Ercolini AM, Ladle BH, Manning EA, Pfannenstiel LW, Armstrong TD, Machiels JPH, et al.
Recruitment of latent pools of high-avidity CD8+ T cells to the antitumor immune response. J
Exp Med. 2005;201(10):1591-602.

Hegde U, Chhabra A, Chattopadhyay S, Das R, Ray S, Chakraborty NG. Presence of low dose
of fludarabine in cultures blocks regulatory T cell expansion and maintains tumor-specific
cytotoxic T lymphocyte activity generated with peripheral blood lymphocytes. Pathobiology.
2008;75(3):200-8.

Lutsiak MEC, Semnani RT, De Pascalis R, Kashmiri SVS, Schlom J, Sabzevari H. Inhibition of



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

CD4+25+ T regulatory cell function implicated in enhanced immune response by low-dose
cyclophosphamide. Blood. 2005;105(7):2862-8.

Eriksson E, Wenthe J, Irenaeus S, Loskog A, Ullenhag G. Gemcitabine reduces MDSCs, tregs
and TGFB-1 while restoring the teff/treg ratio in patients with pancreatic cancer. J Transl
Med. 2016;14(1):1-12.

Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, et al. Fc-dependent
depletion of tumor-infiltrating regulatory t cells co-defines the efficacy of anti-CTLA-4
therapy against melanoma. J Exp Med. 2013;210(9):1695-710.

Peggs KS, Quezada SA, Chambers CA, Korman AJ, Allison JP. Blockade of CTLA-4 on both
effector and regulatory T cell compartments contributes to the antitumor activity of anti-
CTLA-4 antibodies. J Exp Med. 2009;206(8):1717-25.

Paterson AM, Lovitch SB, Sage PT, Juneja VR, Lee Y, Trombley ID, et al. Deletion of CTLA-4 on
regulatory T cells during adulthood leads to resistance to autoimmunity. J Exp Med.
2015;212(10):1603-21.

Maker A V., Attia P, Rosenberg SA. Analysis of the Cellular Mechanism of Antitumor
Responses and Autoimmunity in Patients Treated with CTLA-4 Blockade. J Immunol.
2005;175(11):7746-54.

Ménard C, Ghiringhelli F, Roux S, Chaput N, Mateus C, Grohmann U, et al. CTLA-4 blockade
confers lymphocyte resistance to regulatory T-cells in advanced melanoma: Surrogate
marker of efficacy of tremelimumab? Clin Cancer Res. 2008;14(16):5242-9.

Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy:
Mechanisms, response biomarkers, and combinations. Sci Transl Med. 2016;8(328).

Park HJ, Park JS, Jeong YH, Son J, Ban YH, Lee B-H, et al. PD-1 Upregulated on Regulatory T
Cells during Chronic Virus Infection Enhances the Suppression of CD8 + T Cell Immune
Response via the Interaction with PD-L1 Expressed on CD8 + T Cells . J Immunol.
2015;194(12):5801-11.

Zhang B, Chikuma S, Hori S, Fagarasan S, Honjo T. Nonoverlapping roles of PD-1 and FoxP3 in
maintaining immune tolerance in a novel autoimmune pancreatitis mouse model. Proc Natl
Acad Sci U S A. 2016;113(30):8490-5.

Stathopoulou C, Gangaplara A, Mallett G, Flomerfelt FA, Liniany LP, Knight D, et al. PD-1
Inhibitory Receptor Downregulates Asparaginyl Endopeptidase and Maintains Foxp3
Transcription Factor Stability in Induced Regulatory T Cells. Immunity [Internet].
2018;49(2):247-263.e7. Available from: https://doi.org/10.1016/j.immuni.2018.05.006

Kumagai S, Togashi Y, Kamada T, Sugiyama E, Nishinakamura H, Takeuchi Y, et al. The PD-1
expression balance between effector and regulatory T cells predicts the clinical efficacy of
PD-1 blockade therapies. Nat Immunol. 2020;21(11):1346-58.

Toor SM, Syed Khaja AS, Alkurd |, Elkord E. In-vitro effect of pembrolizumab on different T
regulatory cell subsets. Clin Exp Immunol. 2018;191(2):189-97.

Wang W, Lau R, Yu D, Zhu W, Korman A, Weber J. PD1 blockade reverses the suppression of
melanoma antigen-specific CTL by CD4+CD25Hi regulatory T cells. Int Immunol.
2009;21(9):1065-77.



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Redjimi N, Raffin C, Raimbaud I, Pignon P, Matsuzaki J, Odunsi K, et al. CXCR3+ T regulatory
cells selectively accumulate in human ovarian carcinomas to limit type | immunity. Cancer
Res. 2012;72(17):4351-60.

Ishida T, Joh T, Uike N, Yamamoto K, Utsunomiya A, Yoshida S, et al. Defucosylated anti-CCR4
monoclonal antibody (KW-0761) for relapsed adult T-cell leukemia-lymphoma: A multicenter
phase Il study. J Clin Oncol. 2012;30(8):837-42.

Sugiyama D, Nishikawa H, Maeda Y, Nishioka M, Tanemura A, Katayama |, et al. Anti-CCR4
mADb selectively depletes effector-Type FoxP3+CD4+ regulatory T cells, evoking antitumor
immune responses in humans. Proc Natl Acad Sci U S A. 2013;110(44):17945-50.

Muraoka RS, Dumont N, Ritter CA, Dugger TC, Brantley DM, Chen J, et al. Blockade of TGF-3
inhibits mammary tumor cell viability, migration, and metastases. J Clin Invest.
2002;109(12):1551-9.

Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of CD25+CD4+
regulatory T cells through GITR breaks immunological self-tolerance. Nat Immunol.
2002;3(2):135-42.

Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, Yamaguchi T, et al. Treatment of
advanced tumors with agonistic anti-GITR mAb and its effects on tumor-infiltrating
Foxp3+CD25+CD4+ regulatory T cells. J Exp Med. 2005;202(7):885-91.

Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean, but not obese, fat is
enriched for a unique population of regulatory T cells that affect metabolic parameters. Nat
Med [Internet]. 2009;15(8):930-9. Available from: http://dx.doi.org/10.1038/nm.2002

Cipolletta D, Cohen P, Spiegelman BM, Benoist C, Mathis D. Appearance and disappearance
of the mRNA signature characteristic of Treg cells in visceral adipose tissue: Age, diet, and
PPARYy effects. Proc Natl Acad Sci U S A. 2015;112(2):482-7.

Kolodin D, Van Panhuys N, Li C, Magnuson AM, Cipolletta D, Miller CM, et al. Antigen- and
cytokine-driven accumulation of regulatory t cells in visceral adipose tissue of lean mice. Cell
Metab [Internet]. 2015;21(4):543-57. Available from:
http://dx.doi.org/10.1016/j.cmet.2015.03.005

Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, et al. PPAR-y is a major driver of
the accumulation and phenotype of adipose tissue T reg cells. Nature. 2012;486(7404):549—
53.

Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, et al. XA Special Population
of regulatory T Cells Potentiates muscle repair. Cell [Internet]. 2013;155(6):1282-95.
Available from: http://dx.doi.org/10.1016/j.cell.2013.10.054

Schiering C, Krausgruber T, Chomka A, Frohlich A, Adelmann K, Wohlfert EA, et al. The
alarmin IL-33 promotes regulatory T-cell function in the intestine. Nature.
2014;513(7519):564-8.

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al. Commensal microbe-
derived butyrate induces the differentiation of colonic regulatory T cells. Nature.
2013;504(7480):446-50.

Cong, Feng T, Fujihashi K, Schoeb TR, Elson CO. A dominant, coordinated T regulatory cell-



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

IgA response to the intestinal microbiota. Proc Natl Acad Sci U S A. 2009;106(46):19256—61.

Zou L, Barnett B, Safah H, LaRussa VF, Evdemon-Hogan M, Mottram P, et al. Bone marrow is
a reservoir for CD4+CD25+ regulatory T cells that traffic through CXCL12/CXCR4 signals.
Cancer Res. 2004;64(22):8451-5.

Sakaguchi S. Naturally arising Foxp3-expressing CD25+ CD4+ regulatory T cells in
immunological tolerance to self and non-self. Nat Immunol. 2005;6(4):345-52.

Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al. Treg cells expressing the
coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1l and Th17 cell responses.
Immunity [Internet]. 2014;40(4):569-81. Available from:
http://dx.doi.org/10.1016/j.immuni.2014.02.012

Fujisaki J, Wu J, Carlson AL, Silberstein L, Putheti P, Larocca R, et al. In vivo imaging of T reg
cells providing immune privilege to the haematopoietic stem-cell niche. Nature.
2011;474(7350):216-20.

Hirata Y, Furuhashi K, Ishii H, Li HW, Pinho S, Ding L, et al. CD150 high Bone Marrow Tregs
Maintain Hematopoietic Stem Cell Quiescence and Immune Privilege via Adenosine. Cell
Stem Cell [Internet]. 2018;22(3):445-453.e5. Available from:
https://doi.org/10.1016/j.stem.2018.01.017

Luo CY, Wang L, Sun C, Li DJ. Estrogen enhances the functions of CD4 CD25 Foxp3 regulatory
T cells that suppress osteoclast differentiation and bone resorption in vitro. Cell Mol
Immunol. 2011;8(1):50-8.

Zhou X, Tang J, Cao H, Fan H, Li B. Tissue resident regulatory T cells: Novel therapeutic targets
for human disease. Cell Mol Immunol. 2015;12(5):543-52.

Wei H-X, Chuang Y-H, Li B, Wei H, Sun R, Moritoki Y, et al. CD4 + CD25 + Foxp3 + Regulatory T
Cells Protect against T Cell-Mediated Fulminant Hepatitis in a TGF-B-Dependent Manner in
Mice . J Immunol. 2008;181(10):7221-9.

Rodriguez RS, Pauli ML, Neuhaus IM, Yu SS, Arron ST, Harris HW, et al. Memory regulatory T
cells reside in human skin. J Clin Invest. 2014;124(3):1027-36.

Shi H, Chi H. Metabolic Control of Treg Cell Stability, Plasticity, and Tissue-Specific
Heterogeneity. Front Immunol. 2019;10(December):1-17.

Lechner MG, Karimi SS, Barry-Holson K, Angell TE, Murphy KA, Church CH, et al.
Immunogenicity of murine solid tumor models as a defining feature of in vivo behavior and
response to immunotherapy. J Immunother. 2013;36(9):477-89.



