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Abstract

Immune checkpoint inhibitors (ICI) has revolutionized cancer therapeutics, yet a
sizable portion of patients is associated with low response rates or side effects (immune
related Adverse Events, irAE). A major impediment in the effectiveness of ICl therapy
is the generation of cells with immunosuppressive capacity that home to tumor
microenvironment (TME). These cells are generated via an altered program of
hematopoiesis. Even though most studies have focused on the role of ICI therapy in
tumor cells and immune cells in the periphery, the effect of this therapy in the
generation of these cells, has remained elusive. Hematopoiesis primarily occurs in the
bone marrow, where hematopoietic stem and progenitor cells (HSPC) are responsible
for the generation of all blood cell types. Although their function in tumor progression
is acknowledged, their capacity to be targeted by ICl and reshape their differentiation

potential is yet to be defined.

Herein, we demonstrate that C57BL/6 melanoma bearing mice that receive anti-PD-
L1 therapy, have a marked increase in the frequency of their HSPC population in the
bone marrow, during early stages of the disease. We determine that anti-PD-L1
immunotherapy targets those cells, shown as decrease in the mean fluorescent
intensity (MFI) compared to the control, untreated mice, group. Also, this
immunotherapy scheme is associated with shifts in the frequency of immune cell
population, such as total Dendritic cells (DC), Immature myeloid cells (IMC), B cells and
T cells, in the bone marrow. We also report a marked increase in the DC population in
peripheral blood of anti-PD-L1 melanoma bearing mice, concurrent with a decrease in
the frequency of MDSC. In the spleen DC and MDSC frequencies are decreased

associated with an increase in the MHCII expression of the MDSC population.

To sum up our results indicate that anti-PD-L1 might act in a previously neglected
manner, influencing the HSPC compartment in the bone marrow, pushing them to
proliferate and alter their output. Investigation of the mechanisms responsible could
improve ICl therapy efficacy and possibly limit the extent of irAE developed after

treatment.
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NepiAnyn

OL avaotoAeic avoolakou gAéyxou (AAE) €xouv dpépel emavaotatikn mpododo otnv
BepameUTIKA TOU Kapkivou, TapOAa autd éva eyAAo PEPOG TOV oBeVWV MapouaoLalel
HLKPI aTtOKPLoN o€ auToUC 1} coBapég mapevepyele. Mia peydlo epmodlo otnv Spaon
Twv AAE eival n dnuloupyiot 0VOOOKATAOTOATIKWY KUTTAPWVY TIOU ELOXWPOUV OTO
HLKpOTtEPLBAAAOV TOU OyKou. T€Tola KUTTOpPA TIPOEPYOVTOL amod &éva aAAaypévo
T(POYPOUMA aLporoinong. MapoAo ToU UTIAPXEL EKTEVIG EPEUVA OXETIKA e TNV Spaon
Twv AAE ota KopKWIKA KUTTapo aAAd Kol ota KUTTaPO TOU OVOOOTIOWNTIKOU oTnv
nepldpEpela, o poAog twv AAE otnv Snuioupyio UTWV TWV KUTTAPWV TIOPAUEVEL
AayvwoTtog. Ta allomnolnTka BAactokuTtopa ival umevBuva yla tnv dnuoupyla OAwv
TWV WPLHWY KUTTOPLKWY TUTIWV TOU aipatog. Av Kal 0 pOAog Toug otnv nmpoodo tou
KapKivou glval TAEWV OVayVWPLOUEVOC, TO EVOEXOUEVO VOL GTOXOTIOLOUVTOL OO TOUG

AAE £toL wote va aAAalouv tnv dladopomoinor] Toug mopapével vo KaBopLoTel.

Itnv mapouoa epyacia, meplypAadOUE (Lo avénon oTnv cuxvotnTa Tou MAnBuaouou
TWV QLUOTIOLNTIKWY BAACTOKUTTAPWY OFE TOVTIKOUG Tou oteAéxoug C57BL/6 ol omolot
dépouv peAdvwpa kol ota omola xopnyeite avoooBeparmeia avti-PD-L1 opada
Bepameiag). Akopa, mpooSlopioape OtL n avocoBepareia MPoodEVETE 0 aUTA Ta
KOTTOPA YEYOVOG TIOU amoSEIKVUETE amo TNV peiwon g péong évtaong pBoplopol
YL TO OUYKEKPLUEVO ETILDAVELAKO AVTLYOVO, O OXEON UE TNV opada avadopdc. Emiong,
TO OUYKEKPLUEVO oxNUa avooobeparmneiog oxetiletal pe aAAAyEG OTIG CUXVOTNTEG TWV
WPLLWV SEVEPLTIKWY KUTTAPWY, TWV KUTTAPWV e dpatvoturmo CD11b+ Grldim, kaBwg
KOl KUTTAPWV TLG ETUKTNTNG avooiag. TEAog avadEpoupe pLa avénon TG ocuxvVOTNTAC
TWV SeVOPLTIKWV KUTTAPWV OTO TIEPLPEPLIKO alpa, UE TAUTOXPOVN HElwOn TG oTov
OTANVA, TWV TOVTIKWYV TNG opadag Bepameilag, Kal Plo CUCTNULKA MElwon Twv
KOTAOTOATIKWY KUTTAPWYV TNG LUEALKAG OELPAG 0€ CUVOUAOUO HE avEnaon TG Ekbpaong

ToU popiou LotooupBatotntag Tumou duo.

Ev katakAs(SL Ta amoteAéopatd pag umtodelkvoouv OtL n avoooBepaneia avti-PD-
L1 pmopel va Spa emnpedlovtag Ta ALULOToLNTIKA BAacTtokUTTapA 0dNywvTag Ta o€

oA amAactacpd kot aAlayuévn diadopomoinon. Amocadnvion Tou pnxaviopou Ba
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UIopoUoE va BEATIWOEL TNV amoteAeopaTikoTnTa Tov AAE Kal ibava Tov meEPLopLopO

TWV TIAPEVEPYELWV OL OTtoleg opeihovtal o€ auTouG.
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Introduction

Cancer remains one of the leading cause of death globally and is responsible for an
estimated 9.6 million deaths in 2018. Thought a lot of effort has been put to advance
cancer therapeutics (e.g. Immune Checkpoint Inhibition, cancer vaccination, etc.)! a
significant portion of patients does not achieve complete remission and also develops
several side-effects (e.g. irAE)?™. It is well established that immune surveillance
mechanism exist to combat tumor cells®, nonetheless tumors have evolved ways to
circumvent immune recognition and destruction, one such mechanism is the
expression of membrane molecules (Immune Checkpoint molecules) capable of
inducing an immunosuppression, restricting effector function or enforcing anergy on
effector immune cell (e.g. T cells, NK cells etc.) ®’. An equally important mechanism is
the influence tumors exert on the hematopoietic system to skew hematopoiesis to
their advantage, by generating immunosuppressive cells that impede the
establishment of potent anti-tumor immune responses®® and impair the success of
immunotherapy. As a result, a better understanding of cancer biology, and specifically

cancer hematopoiesis is necessary for improving these dismal outcomes.

Hematopoiesis refers to the prosses by which all mature cell types of the blood
system are replenished in a tightly regulated, hierarchical manner by the differentiation
of the hematopoietic stem cells (HSC). This prosses is often presented in a tree like
figure in which the HSC is at the apex and give rise to progenitors with gradually
restricted differentiation potential and absence of self-renewal capacity. Eventually

leading to progenitors capable of generating a distinct type of mature cell.

To sustain the homeostatic production of mature blood cell types throughout life,
HSC must keep a balance between self-renewal and differentiation. This is mainly
achieved by the slow cycling rate of the HSC. Under physiological conditions the HSC
are usually locked in the G state. This is often imposed in the HSC by other neighboring
cells. The spatial structure in which the HSC reside and are able to self-renew is termed
the hematopoietic stem cell niche. The cells comprising the stem cell niche can be of

hematopoietic (e.g. megakaryocytes, macrophages T cells, monocytes, osteoclast etc.)
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as well as of non-hematopoietic (e.g. mesenchymal stem cells, endothelial cells,

perivascular cells etc.) origin.

In recent years, the role of the hematopoietic compartment in promoting cancer
progression and resistance to therapy has gathered great attention!!. Tumor
progression and metastasis formation do not only depend on cancer cell genetic and
epigenetic defects but are also facilitated by the TME!%12721, Among the constituents
of the tumor microenvironment is the stroma but also cells of hematopoietic origin
(e.g. Neutrophils, Macrophages, Myeloid Derived Suppressor Cells MDSC, T cell and

Dendritic Cells DC) which are termed the tumor immune microenvironment (TIME)?223,

The tumors have evolved multiple ways to attract/ recruit cells of immune origin®*~
32 Various tumors have been found to secrete cytokines and chemokines of
hematopoietic origin33-36, and even if cancer cells themselves do not, they manipulate
other cells, such as adaptive-, innate-immune and stromal cells, to secrete them3’%,
In turn those cytokines (tumor derived factors, TDFs) establish the immunosuppressive
microenvironment often found at the tumor site, and through the vascularization of
tumor enter the blood stream to influence distant organs such as the spleen, the bone
marrow and the metastatic site. Among the functions that TDF exert is induction of
emergency myelopoiesis a prosses in which the myeloid progenitors (MyP) expand in
the bone marrow and differentiate towards immunosuppressive population such as
immature myeloid cells (IMC), and myeloid derived suppressor cells (MDSC). Bone
marrow stimulation with TDF can also result in the mobilization of resident monocytes
and the HSPC compartment. Stimulated HSPCs exit the bone marrow and home to
peripheral organs such as the liver or the spleen, where extramedullary hematopoiesis
takes place, and in some cases the premetastatic niche itself were they generate cells

of immunosuppressive capacity®?.
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Hematopoiesis

Hematopoiesis under physiological conditions

Hematopoiesis is the lifelong process by which all the cell compartments of the
blood system (red blood cells and wight blood cells) are produced in a hierarchical and
stepwise manner from a restricted rare pool of HSC*?. The stem-cell concept has been
reviewed extensively and it is often visualized as a tree-like model, in which multipotent
stem cells give rise to their progeny through an ordered series of branching steps
figurel.
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Figure 1 THE HEMATOPOIETIC TREE. HSC are categorized into long-term (LT)-reconstituting hematopoietic stem
cells (HSC) with extensive self-renewal capacity and short-term HSC (ST-HSC) with limited self-renewal. Multipotent
progenitors (MPP) differentiate to mature blood cells via several developmental stages where lymphoid and
myeloid lineage restricted progenitors (CLP, CMP) are well defined

Initially the HSC compartment can be found in the aorta- gonad- mesonephros
region during embryonic life and subsequently after gestation HSC migrate to the
primary organ tasked with hematopoiesis, the bone marrow, in the trabecular regions
of long bones in which they reside during adult life. This journey is accompanied by a
change in the transcriptome as well as cell surface markers of these cells with the

upregulation of adhesion molecules**=*°. A study conducted by Tober et al also showed
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that Program death ligand 1 (PD-L1) is also upregulated during the transition from

embryonic to mature/adult HSC 46

Hematopoietic stem and progenitor cells have often been characterized by two
essential properties they possess, self-renewal and multipotency. Through asymmetric
division they differentiate to progenitor cells that become increasingly lineage
restricted cells and eventually progress into all mature blood cell types. As HSPCs are
called to respond to stress signals and continuously replenish cells that are lost, they
must self-renew to maintain their number over the lifetime of an organism?’.
Homeostasis within the hematopoietic system depends on the replacement of the
immune effector cells by hematopoietic precursors*®. By contrast, progenitors are
defined by the absence of extended self-renewal and a restricted lineage

differentiation capacity (most often bi- or unipotent).

Hematopoietic Stem Cell

With the development of techniques such as fluorescent activated cell sorting
(FACS), the identification of markers that enrich for HSC became possible. With a
combination of positive and negative selection criteria the HSC were isolated from total
bone marrow cells*. In adult mice a compartment enriched for HSC can be isolated,
this cells are negative for a cocktail of markers characteristic of mature cell types
(Lineage) and positive for the markers cKit (the receptor of Stem cell Factor 1, SCF1R)
and Scal (Stem cell antigen1, marker Ly6A/E). LSK cells represent approximately 0.05%
of the adult BM cells*® during steady state, and expand in regenerative or inflammatory
conditions. However this population is heterogeneous and bona fide HSC can be
isolated by using more advanced criteria such as the expression of the CD150 marker

and the lack of CD48 expression®?.

The molecular mechanisms underlying this transition from HSC to progenitor cells
with defined potential have taken center stage in recent years with the development
of single cell transcriptomic techniques leading to the rearrangement of hematopoietic
tree into a more plastic structure were HSC might skip multiple steps of the classical

differentiation and lead to the generation of progenitors restricted to a single linage.
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One such example was recently published by Upadhaya et al. were they demonstrate
that HSC can also contribute directly to the megakaryocytic lineage, previously thought
to be branching from a common progenitor between the megakaryocyte/erythrocyte

and the myeloid lineages®?.

To date, two major theories have arisen to explain the events leading to the
generation of committed progenitors from the pool of HSC. The first theory (intrinsic
theory) postulates that there is an autonomous and stochastic upregulation of
transcription factor programs that dictates the differentiation potential of individual
HSC, while the second one (extrinsic theory) supports that, whether an intrinsic
mechanism for the upregulation of specific programs exists on not, the HSC are

responsive to extrinsic stimuli from neighboring cells (e.g. cytokines signals).

PU1/GATA -1 PU1/GATA -3/karos

Figure 2 Transcriptional regulation of early stages of HSC differentiation, adapted from Zhu et all 2002

Of the transcription factor governing the commitment of HSC to the specific lineages
the clearest example is PU.1. The effect of PU.1 levels in lineage potential seems to be
dose dependent with higher levels of the transcription factor leading, through the
upregulation of other transcription factors (e.g. GATA1) and cell surface receptors such
as M-CSFR, to the commitment to myeloid lineage®***. The commitment to the
lymphoid lineage is regulated by the PU1 transcription factor, but also the upregulation
of specific transcription factors dictating the transcription of lymphoid specific genes,

such transcription factors include GATA3, members of the lkaros/Aiolos family and
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Pax5, also the expression of lymphoid specific surface receptors such as IL7

receptor’*>,

Hematopoietic stem cell Niches

In 1978 the concept of the hematopoietic niche was introduced by R. Schofield. It
refers to complex microenvironment responsible for the maintenance and regulation
of the HSC population®®. Multiple cell types are responsible for the organization of the
stem cell niche structure and microenvironment, such as different types of stromal

cells, as well as cell of hematopoietic origin®’.

The first morphological evidence demonstrated that HSC are present in close
proximity to the lining of the trabecular regions of long bones and in close association
with osteoblastic cells®®. Based on the location as well as the cell types participating in
it, the niche was called the osteoblastic niche. Recent evidence, however, suggests the
existence of another form of hematopoietic stem cell niche. This niche is identified in a
different location in the bone marrow shaft, close to the bone marrow capillaries and
sinusoidal membranes®! this structure in turn was named the vascular niche. Because
of the existence of this two distinct niche modes it is safe to assume that each niche
has a different function in terms of the HSC maintenance and differentiation/

mobilization.

Osteoblastic niche

HSC that reside on the endosteal niche tend to be in a more quiescent state and
highly enriched for long term repopulating HSC>°%°, Specific factors that are released
as well as other conditions in this niche such as Osteopontin®!, angiopoietin®®, CXCL1262
as well as the limited oxygen concentration®¥®* are primarily responsible for enforcing

HSC self-renewal and quiescence.

Vascular niche
On the other hand, HSC residing close to the vascular niche tend to have a higher
proliferation rate and are more prone to respond to signals from the periphery leading

ether to mobilization or differentiation®. HSC might home to this type of niche because
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of endothelium derived FGF-4 and CXCL12 as well as the oxygen concentration gradient
that exist in the bone marrow®®. Also, during stress sSCF1 can be released from its

membrane bound form by MMP9, leading to HSC proliferation and differentiation®®.
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Figure 3 The osteoblastic and vascular niches in the bone marrow. Adapted from Yin et al 2006

Recently a study identified a subset of CD4* T regulatory cells, that express high
levels of the Hematopoietic stem cell marker CD150, to be in close proximity to the HSC
indicating possibly a direct interaction of this two cell types possibly adding them as
niche constituents. This interaction between Tregs and HSC increased the engraftment
of HSC in allo-HSC transplantation setting possibly through the inactivation of
adenosine (adenosine is cleaved by CD39 expressing Tregs)®’. Another effect of the
Treg on the bone marrow is the secretion of IL10 to retain the immune-privileged state

of the bone marrow.
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Same of the cell types participating in niche formation as well as their function are

presented in the Tablel and Figure3.

Table 1 Cells paricipating in niche formation and their function
Cell type Function Reference
Osteoblastic Osteoblast secreted Osteopontin mediates 61,68
Cells HSC quiescence
Mesenchymal Major contributor of many currently known 69-72
such as CXCL12, SCF and

Stromal/Stem Cell niche factors,
Interleukin-7 (IL7)
Under regenerating conditions produce SCF 73

Adipocytes
to maintain the HSC pool
Endothelial Cells contribution to niche factors, such as SCF, 70-72,74
CXCL12 and JAGGED-1, results in HSC
maintenance
Megakaryocytes Megakaryocyte-derived CXCL4, TPO and 7577
TGFB1 have been identified as the molecular
signals that mediate quiescence in HSCs
Macrophages Macrophage derived TGFB and DARC ’8
contribute to HSC quiescence

Wﬁ'\ﬂhﬂ wlar MSCy

PFleiotrophin

Figure 4 Cellular and molecular constituents of the HSC niche. Adapted
from Pinho et al 2019

Enchot hella| ¢ gy,

g

R\‘f_-'___r
5N |_._-—-—F"’")
S e hpaanin el

Vs ey

Inedirect

Retention

Maintenance
IF'ru|irerati\:m

(hescence

PAGE 16



In summary, a complex and coordinated combination of migration, adhesion,
proteolysis and signaling occurs at the interface between HSC and the different
components of BM niche. In addition, signals originating from the periphery can
influence HSC homing, retention, and mobilization, therefore determining whether a

niche is silent or whether HSC exit the niche in response to stress.

Cancer Hematopoiesis

It is well established that tumors hijack the immune system in order to avoid
immune destruction and also to support tumor growth and metastasis’®. For that
reason, it is generally accepted that Immune evasion is one of the hallmarks of cancer!?.
Tumors have evolved multiple ways of avoiding the recognition and destruction by
immune cells, one of those ways is the induction and accumulation of
immunosuppressive cell populations (such as the MDSC, T regulatory, M, like
Macrophages etc.) at the tumor site®?8. Deregulation of myelopoiesis (increased
neutrophil to lymphocyte ratio) has been found to be a major contributing factor in
cancer progression and metastasis formation®. Therefor in recent years the influence

of that cancer exerts on the hematopoietic system has taken center stage.

Inflammatory conditions, such as injury, infection and cancer, increase proliferation
and self-renewal among HSC compartment. HSC can also be “pulled” towards cell
division following the depletion of committed progenitor populations from the BM4&87,
HSPCs adapt to inflammation by a combination of cell-intrinsic mechanisms
(transcriptional, epigenetic and metabolic) and cell-extrinsic mechanisms (soluble
growth factors, cytokines, microbial ligands and adhesive interactions)®®. However,
chronic activation of HSPCs, could cause impairment of their function and exhaustion,

or lead to their contribution to the chronicity of inflammatory pathologies®.
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The mechanisms that cancer cells exploit to alter hematopoiesis are direct,
influencing the HSC, or indirect, influencing different aspects of the hematopoietic
niche constituents leading to changes in the microenvironment in which the HSC reside.
Cancer cells orchestrate this hematopoietic response through expression of surface

proteins, secretion of chemokines and growth factors Figure4, and exosome shedding.

Bone Marrow
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Figure 5 Induction of abnormal hematopoiesis in response to TDFs. Tumors produce and secrete a variety of soluble
TDFs that influence both the TME and the Hematopoietic system (bone marrow and spleen). Adapted from Alvarez
et al 2018.

Cytokine and growth factor secretion

It has been found that cancer patients have increased levels of GM-CSF in their
serum®, this cytokine has been proven to influence hematopoiesis and lead to
increased myeloid cell differentiation®?. In a mouse model of glioblastoma it was shown
that GM-CSF as well as G-CSF that can be produced by the cancer cells as well as the
surrounding tissue because of local inflammation can shift the hematopoietic program
towards immunosuppressive neutrophil generation®?. The same growth factors (G-CSF,

GM-CSF) can promote HSC proliferation as well as affect the monocytic compartment
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of the nice leading to HSC mobilization®3>=2°>.This phenomenon has been observed in a

vast array of other tumor models such as breast, colon and lung cancer to name few?*"

103

Renal cell carcinoma tumors and multiple myeloma have been identified as tumors
that produce both IL6, M-CSF and VEGF among other cytokines'®. These cytokines
stimulate the bone marrow, specifically the HSPC compartment, leading to increase
myelopoiesis in favor of the monocytic lineage, at the expense of DC differentiation
which is inhibited by IL6%>% ysing an in vitro system of bone marrow cell culture with
conditioned media. Rescue of these phenotype was achieved upon neutralization of
IL6, M-CSF, or in the case of multiple myeloma IL6 and VEGF, in the condition
medium1%4197  Also, addition of IL4 in the culture media was able to rescue this

effect198,

TNF-a is another cytokine that has been shown to influence hematopoiesis and the
levels of TNF-a are elevated in cancer patient serum!®. Using different models of
cancer in mice it was found that, TNF-a secreted specifically by T cells in the periphery
can act directly on HSC to induce proliferation and generation of Myeloid progenitors

and MDSCs!10,

In another study condition media from B16F10 cancer cell culture was identified to
contain high levels of IL3 and increase myelopoiesis in total bone marrow cultures by
directly influencing the LSK compartment!!l, This effect could be recapitulated in vivo

as IL3 has been found to be increased in cancer patient sera’2,

Osteopontin (OPN) has been found with increased concentration in the circulation
of patients with various cancer types 113114, OPN influences the distant metastasis site,
rather than the primary tumor, by activating the bone marrow!'>1¢, inducing the
mobilization, activation and survival of BM-macrophage®'”18, This could possibly lead
to altered cytokine production in the microenvironment of the HSC niche. Also OPN

has been identified to induce HSC migration®8.
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VEGEF is responsible for tumor vasculature formation, but VEGF secretion has also
been linked to reduced sinusoidal area in the bone marrow!®. Possibly leading to
reduced niche availability, and as a result increased mobilization and proliferation of
HSC. Additionally, VEGFR+ HSC have been implicated in the formation of the
premetastatic niche, by their accumulation and production of immunosuppressive cell
types such as MDSC!?°. This accumulation can possibly point to a role of VEGF as a

chemoattracting agent.

In addition proteins secreted by tumor cells that can function as matrix
metalloproteinases such as MMP12 have been found to induce myelopoiesis in the
bone marrow an effect most likely caused by altering the properties of the niche rather
than acting on progenitor cells directly!?!. Another example of MMP that modulates
the niche biochemistry is MMP9. Multiple types of cancer have been found to secrete
IL822, BM neutrophils are activated by, and respond to IL8 by producing MM9123.124
which as mentioned previously can lead to the release of sSCF1, resulting in HSC

proliferation and myeloid progenitor cell production.

Tumor-derived exosomes

Tumor-derived exosomes have been shown to stimulate the production of
inflammatory cytokines (e.g. IL-6, IL-8, and MCP-1) from MSC in vitro!?°. This suggests
a role for exosomes in indirectly influencing the HSC by acting upon MSCs. In another
study melanoma exosomes were found to educate bone marrow HSPC leading to
increased tumor burden, mobilization and homing of HSPC in tumor as well as

increased tumor vasculature!26-128,

Cancer immunotherapy

Immunotherapy has only recently been evaluated as a viable alternative treatment
option for cancer patients. Cancer immunotherapy is an artificial stimulation of the
immune system to treat cancer, improving the organisms, natural capacity to fight
cancer. It exploits the machinery of the immune system that halted the immune system

to restore or induce of effector cells function to target and destroy tumor cellst2%130,
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Immune checkpoints are a set of transmembrane molecules capable of inducing or
silencing the elicitation of an immune response. Under normal conditions, they are
involved in initiating the immune response, regulating its intensity and duration. They
also operate to reduce tissue damage during antimicrobial immune responses. More
importantly, they maintain self-tolerance and play a crucial role in preventing
autoimmune diseases. During tumor growth, cancer benefits from the function of these
receptors to escape immune surveillance!3!, Some of these receptors have recently
been targets to improve cancer therapy with the development of monoclonal

antibodies against them?32,

Anti PD-1/ anti PD-L1 axis immunotherapy in cancer

PD-1 is a cell surface receptor that recognizes and binds to the endogenous ligands
PD- L1 and PD- L2. It is expressed primarily on T cells and B cells, but also cells involved
in innate immunity, like natural killer cells and myeloid cells. PD-L1 is primarily
expressed by antigen-presenting cells (APC), MDSCs, and tumor cells that induce T-cell
anergy and apoptosis by engaging its PD-1 receptor??®130, |n the absence of malignancy,
activation of either or both of these receptors has an inhibitory effect on the T cell
response, thus inducing immune tolerance and preventing autoimmunity*33. However,
during tumor development and metastasis immune checkpoint molecules are abused
by cancer cells to promote immunosuppression and tolerant aiding in tumor growth
(Figure 4). Immune checkpoint inhibitors, of the PD-1 and PD-L1 molecules have shown
beneficial clinical effects against many different solid and hematologic malignancies 34,
Monoclonal antibodies that target either PD-1 or PD-L1 block this binding and boost
the immune response against cancer cells, by releasing the brakes of T cell priming from
APC, reverses T cell suppression and enhances endogenous antitumor immune
response to achieve long-term antitumor responses for patients with a wide range of
cancers'3>, In addition to binding PD-1, PD-L1 also interacts with cis: B7 (CD80, CD86)

134-136 reverses T

creating negative signals on T cells and dampens antitumor immunity
cell suppression and enhances endogenous antitumor immune response to achieve

long-term antitumor responses for patients with a wide range of cancers®. In addition
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to binding PD-1, PD-L1 also interacts with cis: B7 (CD80, CD86) creating negative signals

on T cells and dampens antitumor immunity*34-13¢,

Currently, there are three approved PD-L1 inhibitors by the US Food and Drug
Administration (FDA) for cancer treatment ranging from non-small cell lung cancer to

Merkel cell carcinoma.

Malignant melanoma, a fatal form of skin cancer with high rates of genomic
mutations, has shown an effective response to immunotherapy options compared to
other conventional treatments, like chemotherapy. Melanoma cancer cells represent
upregulated expression of PD-L1 compared to inflammatory signaling activators, such
as IFN-y, which, in turn, upregulate PD-1 on T cells and mediate inhibition of antitumor
action by cells of the immune system37138 As a result, checkpoint protein inhibition
directed against the programmed death-1 axis (e.g., nivolumab, pembrolizumab) on
tumor cells has emerged as an effective therapeutic option for melanoma??°138-144,

resulting in dramatic improvements in the prognosis of patients!*,

PD-L1 PD-1

aPD-L1 Abﬁg }éuPD-l Ab

Lymph node Cancer

Figure 6 Function of Immune checkpoint inhibitor therapy of the aPD-1 or aPD-L1 scheme. Adapted from Hamanishi
etal 2016
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Although PD-L1 therapy schemes for melanoma are rear. Combination therapy of
PD-L1 coupled with BRAF inhibitors have been showing promising results for the
treatment of BRAF mutant, late stage melanoma in the clinical trial setting (Trail ID
number: NCT02303951, NCT02908672)¢Figure7. Another report of anti-PD-L1
monotherapy with promising results in the clinical trial setting comes from Hamid et all
were they treated patients with advanced or metastatic melanoma, with an engineered
PD-L1 antibody, favorable results in term of progression free survival and overall

remission#’.

Figure 7 Immune checkpoint inhibitor therapy in melanoma. Combination treatment with other agents also
presented. Adapted from Petrova et al 2020
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Aim

The hematopoietic system has been proven to aid tumor progression and
metastasis. Many treatment schemes, such as ICl treatment, target the hematopoietic
system, especially the immune system, in order to activate it to fight the tumor.
Different ICI treatment regimens has been proven to induce changes in the activity of
an array of immune cells such as T cells, macrophages, DCs and other cells types. These
functional changes have been associated with alterations in the frequencies of those
cells in peripheral tissues. That has led as to theorize that such changes might stem
form an alteration of hematopoiesis at its core in the bone marrow, where those cells

are generated

Extending on the above-mentioned information we formed the hypothesis that the
bone marrow and especially the HSC may represent a target of ICl treatment previously
neglected. In this study we sought to determine the effect of the aPD-L1 ICl therapy in
the context of hematopoiesis during early stage melanoma development. To that effect
we assessed the different stages of hematopoiesis in the bone marrow from HSC to
mature cells and also analyzed those same mature cells in peripheral tissues as a read

out of the effect of aPD-L1 immunotherapy.

PAGE 24



Materials and Method

Animals

C57BL/6J and Ragl-/- mice (on a C57BL/6J background) were purchased from
Jackson Laboratory, Foxp3-GFP KI mice (on a C57BL/6 background) were kindly
provided by A. Rudensky (Memorial Sloan—Kettering Cancer Center). All mice were
maintained in the animal facility of BRFAA. All procedures were in accordance with
institutional guidelines and approved by the Institutional Committee of Protocol
Evaluation together with the Directorate of Agriculture and Veterinary Policy, Region
of Attika, Greece (1202/19 March 2018). Unless otherwise indicated, experiments used

female, age-matched mice aged between 8 and 12 weeks.

Cell lines.

The cancer cell line B16.F10 was kindly provided by A. Eliopoulos (School of
Medicine, University of Crete, Greece). Cells were maintained in RPMI Medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, StemCell Technologies Inc), B-
mercaptoethanol (Gibco) and a mix of Penicillin/Streptomycin (P/S, Gibco) in a cell
incubator (5% CO,, absolute humidity), and were negative for Mycoplasma spp. tested

by PCR.

Transplant tumor models.

Mice were implanted subcutaneously on the back with 3x10° B16.F10 melanoma
cells. To study the effect of immunotherapy at the day of implantation and every 3 d
after, mice were treated with anti-PD-L1 (clone MIH5, Bioceros LB) (200ug per 100ul
intraperitoneally (i.p.) in each mouse), as control, i.p. injections of PBS alone were
performed, mice were euthanized at day 8 and 15 past tumor implantation. Tumors
were measured every day using calipers, and the tumor volume was calculated using

(d

. 1xd2? . .
the equation XT) Mice were euthanized when tumors grew larger than 1,100

mm?3. At the endpoint of each experiment, the tumor weight was also determined.
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Cell isolation from tumors and lymphoid organs

Single-cell suspensions from LNs and Spleens were generated by passing them
through a 40-um cell strainer. Bone marrow cells were isolated by flushing out with, ice
cold PBS, the femurs, tibiae and humeri. Red blood cells from Spleen and Bone marrow
cell suspensions were lysed by incubation in 2 ml RBC for 2 minutes in RT. TILs were
isolated by dissociating tumor tissue in RPMI supplemented with collagenase D (1 mg
ml=, Roche) and DNase | (0.25 mg ml~?, Sigma) for 45 min before passing through a 40-

pum cell strainer.

Flow cytometry.

For staining of extracellular markers, cell suspensions were incubated with
antibodies for 20 min at 4°C. The following antibodies were used (all antibodies were
purchased from BioLegend): CD45 (clone 30-F11), CD4 (RM4-4) (GK1.5), CD8 (53-6.7),
CD11c (N418), CD11lb (M1/70), IAb (AF6-120.1), CD16.32(93), Gr1(RB6/8C5),
Ter119(TER/119), B220((RA3-6B2), PD-L1(10F.9G2), cKit(2B8), Scal(D7)(E13-161.7),
CD150(TC15-12F12.2), CD48(HM48.1), Ly6G(1A8), Ly6C(HK1.4). For Foxp3 (150D)
intracellular staining, cells were stained for the extracellular markers, and then fixed
and stained using the Foxp3 Transcription Factor Staining Buffer Kit (Molecular

Probes™) according to the vendor’s instructions.

Bone marrow fluid collection

To collect BM extracellular fluid, two femoral bones were flushed with ice cold PBS
(500 pl) in eppendorf tubes, the supernatant was harvested after pelleting cells by
centrifugation at 1800rpms for 10min at 4°C. Cytokine profile was evaluated via Mass

Spectrometry.

Bulk RNA-Seq

The library preparation for mRNA-seq was carried out in the Greek Genome Center
(GGC) of BRFAA. RNA was collected from total LSK sorted cells from BM using the

NucleoSpin RNA XS kit (Macherey-Nagel) according to manufacturer’s guidelines. RNA-
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seq libraries were prepared using the TruSeq RNA kit and at least 100 ng total RNA. The
libraries were constructed according to lllumina’s protocols and then mixed in equal
amounts. Paired-end 75-basepair (bp) reads for 6 samples were generated using
NextSeq500 in the GGC. RNA-seq analysis was done using an in-house-developed sub-

pipeline.

Statistical analysis

All data are presented as mean + SEM. A two-tailed unpaired Student’s t test for
parametric variables and a Mann-Whitney U test for non-parametric variables were
used for the comparison of two groups. All statistical analysis was performed using

GraphPad Prism (GraphPad Inc., La Jolla, CA). Significance was set at p < 0.05.
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Results

To investigate the effect of anti-PD-L1 immunotherapy during early response to B16-
F10 melanoma, we inoculated B16-F10 melanoma cells in C57BL/6 mice, which were
then treated with anti-PD-L1 immunotherapy at the day of inoculation and
subsequently every three days until the endpoint of the experiment. The experiment

timeline can be found in the figure below.

DayB
Day3 Blood
L
* aPD-Lior PBS B 2
F 4 one marrow
Experimental imeline I I X
DayQ Day &
5 e
w":} aPD-Llor PRS V' 4 aPD-L1or PBS

F i
"\ B14/F10 melanoma cells

If -
CETEE mice

Figure 8 Graphical representation of the experimental design.

As shown in the figure above we analyzed peripheral tissues of melanoma bearing
mice to gain insight to the impact of immunotherapy on key population impeding or
mounting the anti-tumor immune response. Among the cell populations that were
analyzed in the periphery were those of myeloid origin such as MDSC, their
subpopulations'#®, which have been shown to dampen the antitumor immune
response!®®10 We also investigated DC*!, as well as a subset of dendritic cells bearing
the phenotype CD11c+ CD11b+ Grl+ cells, which are essential players for the successful

priming of T cells capable of mounting the anti-tumor immunity.

As mentioned, T cell play a major role in antitumor immunity with
immunosuppressive populations (e.g. T regulatory cells) promoting tumor growth and

effector populations (e.g. CD4+ effector T cells and cytotoxic T cells) contributing to
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tumor cell eradication. For this reason, we also investigated changes in those cell

populations.

Based on previous unpublished results from our lab (Athina Boumpas dissertation)
that show, the PDL1 expression, on various peripheral cell population (e.g. DC moDC,
and MDSC), to peak at Day 8 upon tumor inoculation we chose to investigate the
response to anti-PD-L1 immunotherapy on that time point, were we presume it will

have the most prominent effect.
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PD-L1 immunotherapy leads to changes in myeloid cell
population composition in the periphery

Anti-PD-L1 treatment decreases splenic and blood PD-L1-
expressing MDSCs in tumor bearing mice
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Figure 9 Circulating and splenic MDSC of anti PD-L1 and control treated melanoma bearing mice. A)
Representative gating strategy for the assessment of MDSC in spleen of tumor mice. B) Frequency and expression
of MHCII and PD-L1 on splenic MDSC in tumor bearing mice, **P<0.01 *P<0.05 results are presented as means +
SD C) Representative gating strategy for the assessment of circulating MDSC of tumor mice. D) Frequency and PD-
L1 expression of circulating MDSC in tumor bearing mice, results are presented as means * SD.

Representative results from 3 independent experiments for each tissue
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MDSC have been found to accumulate in peripheral tissues such as the blood, spleen
and liver of cancer patients!2. These cells are potent immunosuppressors leading to
poor anti-tumor immune responses. MDSC are cells negative for the CD11c and positive
for CD11b and Grl markers. Upon anti-PD-L1 immunotherapy we observed a decrease
in the frequency of MDSC population in the spleen of melanoma bearing mice
compared to controls (figure 9A, 9B) as well as an upregulation of the MHCII molecule,
this molecule is responsible for presentation of antigens, mainly of extracellular origin
to CD4+ helper T cell, possibly hinting to altered function of those cells. Also, in
peripheral blood we reported a decrease in the circulating MDSC though to a lesser
extent than that in the spleen (figure 9C, 9D). Interestingly and in contrast to the
existing literature we did not observe any decrease in the mean fluorescent intensity
(MFI1) for the PD-L1 marker (an indicator that aPD-L1 therapy targets/binds to those
cells). So, the decrease in the frequency of this cell type is probably mediated by

another signal than the binding of PD-L1.
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Anti-PD-L1 treatment leads to shifts in the frequencies of splenic MDSC
subsets
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Figure 10 Subsets of MDSC in spleen of anti PD-L1 and control treated melanoma bearing mice. A) Representative gating strategy for the
assessment of MIDSC subsets of in spleen of tumor mice. B) Frequency of splenic mMDSC in tumor bearing mice. C) Frequency of splenic
pmnMDSC in tumor bearing mice, *P<0.05 results are presented as means + SD. Representative results from 3 independent experiments

The MDSC population is highly heterogeneous consisting of at least to distinct sub
populations, the monocytic MDCS (mMDSC), characterized by their expression of the
Ly6C marker and the lack of expression of the Ly6G marker, and the polymorphonuclear
MDSC (pmnMDSC), characterized by high expression of the Ly6G marker and low
expression of the Ly6C marker. Those two MDSC subsets can be distinguished by FACS
analysis as shown in figure 10A. Upon anti-PD-L1 immunotherapy we observed that the
composition of the MDSC population also changes. We reported an increase in the
pmnMDSC compartment with a concomitant, though not statistically significant,

decrease in the mMDSC compartment.
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Anti-PD-L1 treatment reduces splenic DCs, but increases
circulating DCs of tumor bearing mice

According to the literature another major cell population that expresses the PD-L1
marker are antigen presenting cells (e.g. DC, macrophages etc.)'*31>4, The function of
DC as antigen presenting cells is greatly appreciated, in order to mount effective anti -
tumor immune response. Herein we report that total dendritic cells frequency,
assessed through the expression of the CD11c marker a common marker for all DC
subsets, is decreased in the spleen of tumor bearing mice upon anti-PD-L1 treatment
(figure11A). We also show that expression of the PD-L1 marker, assessed as MFlI, is
lower for the group receiving anti-PD-L1 immunotherapy (figure11B). This effect could
be explained by the binding of immunotherapy to the PD-L1 molecule expressed on
DCs. Lastly, we report in change in the MHCIlI molecule expression in response to
immunotherapy(figure11B). In peripheral blood of treated mice, we report an increase,
non-significant statistically, in the frequency of total DC, we also found as in the spleen

the same decrease in PD-L1 expression for the treated group (figure11D, E).

A subset of DC, the monocyte derived dendritic cells (moDC) (CD11c+ CD11b+ Grl+
cells), has been shown to exacerbate autoimmunity, and induce anti-tumor immune
response as they produce a vast array of immunostimulatory cytokines>>=1%7. Because
of their established role in anti-cancer immunity we sought to investigate their
response to anti-PD-L1 immunotherapy. In that regard we report a decrease of the
frequency of this cell type in the spleen of treated mice (figure11A). As is the case for
the total DC population we report here also a decrease in the MFI for the PD-L1 marker,
suggesting that immunotherapy binds to those cells, lastly, we report the increase of
the MHCII expression in those cells (figure11B). In peripheral blood of treated mice
moDC frequency seems to remain constant and the MFI for the PD-L1 marker is

decreased (figure11D, F).
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Figure 11 Circulating and splenic DC and moDC of anti PD-L1 and control treated melanoma bearing mice. A) Representative gating strategy
for the assessment of DC and subsets in spleen of tumor mice. B) Frequency and expression of MHCII and PD-L1 on splenic DC in tumor
bearing mice, ****P<0.0001 **P<0.01 *P<0.05 results are presented as means * SD. C) Frequency and expression of MHCII and PD-L1 on
splenic moDC in tumor bearing mice, **P<0.01 *P<0.05 results are presented as means * SD. D) Representative gating strategy for the
assessment of circulating DC and subsets of tumor mice. E) Frequency and PD-L1 expression of circulating DC in tumor bearing mice, *P<0.05
results are presented as means + SD. F) Frequency and PD-L1 expression of circulating moDC in tumor bearing mice, results are presented as
means * SD. Representative results from 3 independent experiments for each tissue
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PD-L1 immunotherapy leads to changes in lymphoid cell
population composition in the periphery

Based on our results for the frequency as well as the activation status of the myeloid
cells in the periphery upon anti-PD-L1 immunotherapy, and because some of those cell
(e.g. DC, moDC) have been implicated on the activation of the adaptive immune
compartment and especially T cell responses, we looked for the T cell responses to

immunotherapy.

Treg cells are markedly reduced in the spleen of tumor bearing
mice.

T cell in peripheral tissues have been used as predictive but also as read out for the
success of immunotherapy. T cell receptor (TCR) expression is often accompanied by
the expression of the CD3 molecule (accessory chain of TCR), so the expression of CD3
is capable of denoting cells expressing TCR. For further characterization of the T cell
compartment into effector and cytotoxic cells the markers CD4 and CD8 are used

respectively.

In spleen of treated mice, we report a decrease in the frequency of total CD3
expressing cells. We also found that inside the total CD3 population there was a
marked decrease of the Cytotoxic T cells (CD8+ cells) while frequency of effector T cell

(CD4+ cells) frequency remained unchanged (figure 12A, B).

The frequency of regulatory T cell population has often been associated with poor
prognosis and is a marker for immunosuppression in the periphery for this reason we
sought to determine the effect of anti-PD-L1 immunotherapy has to those cells. We
observed decreased frequency of T regulatory cells in the spleen of treated mice (figure

124, B).

The same effect was also reported for the tumor draining lymph nodes (Data not

shown)

PAGE 36



& Control

A Gated on CD3e" Gated on CD4&" B o aPDLIT
— l1u5'“ 1u5]:-l$3 Lm;-.
1 a. w w AR
E % 16 . 341 e | 2 i
et ] : 3 z
C | e E“ 2 - et %
o = % E 5 o
= =
U [ ] i :'I i ? 5 %
o . — . - e
o 5 L = [ I 11
=L 10 n.- ] w1 1w o ;—;
& 3 *
i n.s. by
B 1u51_. © 10 EEI- = c Iil
1 a 3
: 't | 23.9 Eu o E: % .
& S Ve
m ﬂi é " E 12
- . I . g 18 E -
1&" 1} ‘II:I’ 11]‘ 'Il:l5I =
B220-FITC CD8-PE/CyT FoxP3-Pacific Blue

Figure 12 Splenic Lymphoid cell analysis of anti PD-L1 and control treated melanoma bearing mice. A) Representative gating strategy for the
assessment of T cells in spleen of tumor mice. B) Frequency of total T (CD3+), effector (CD3+CD4+), cytotoxic (CD3+CD8+) and T regulatory
(CD3+CD4+FoxP3+) cells in tumor bearing mice, ****P<0.0001 ***P<0.001 *P<0.05 results are presented as means + SD.
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PD-L1 immunotherapy induces changes in hematopoiesis

Stemming from the changes in the frequency of immune cells in the periphery we
were inclined to investigate the generation of these cell types. The primary organ
tasked with hematopoiesis, and as a result immune cell generation, is the bone

marrow.

PD-L1 is expressed on LSK cells, and other Lin- cells in the bone
marrow of tumor bearing mice.

In order to have a more comprehensive view of the hematopoietic prosses we first
analyzed the bone marrow lineage negative compartment, cells which in the FACS
setting express low to no levels of markers associated with mature cell types. The

lineage negative cells in the bone marrow comprise a heterogeneous population and
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Figure 13 Bone marrow lineage negative cell express PD-L1. A) Representative gating strategy of lineage negative cells B) Histogram
of the PD-L1 expression on each population, colors corresponding to the legend. C) MFI for the PD-L1 marker on the different lineage
negative population, results are presented as means * SD Representative results from 3 independent experiments

can be further divided based on expression of markers such as the SCF1R (cKit) and the
stem cell antigen 1 (Scal) molecule. Lineage negative cells positive for both the cKit
and the Scal marker are termed the LSK and in the literature are considered to be an
enriched population for the HSC'®8, Lineage negative cells that are positive for the cKit
marker but negative for the Scal marker, termed from now on MyP, are heterogeneous
population containing common myeloid progenitors as well as the granulocyte/
monocyte progenitors®®®, while the lineage negative scal positive but cKit negative

cells, Scal positive cells, are thought to contain some lymphoid potential®®°,
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To investigate the possibility that those cells might be targeted by anti-PD-L1
immunotherapy we determined the levels of PD-L1 expression during early melanoma
formation and found that expression of PD-L1 was high on LSK and Scal positive cells,

less so o double negative cells and almost absent in the MyP population(Figure 12A, B,

Q).

PD-L1 immunotherapy is associated with increased frequency
of the LSK cell population

Based on the observation that LSK cells express high levels of PD-L1 and given the
biologic importance of those cell, we interrogated the effect anti-PD-L1
immunotherapy might have on them. Upon anti-PD-L1 treatment, we report a massive
increase of the LSK population and as a measure of the capacity of anti-PD-L1

immunotherapy to target those cells we report the decrease in the MFI for the PD-L1

marker.
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The LKS compartment as previously stated is highly heterogeneous and can be
further divided by the expression of markers such as CD150 and CD48 in order to
identify bona fide HSC with long term- (CD150+ CD48- cell, LT-HSC), short term- (CD150-
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CD48- cells, ST-HSC) repopulating capacity or progenitors with multilineage
differentiation potential ( CD150- CD48+ cells, MPP) Upon treatment we report only
slight shifts in the frequency of each of those populations with the decrease of LT- and
ST-HSC and an increase of the MPP population. The decrease of the MFI for PD-L1 is

also evident in each of the LSK subpopulations(Figure14).

Increased LSK frequencies are accompanied by changes in their
transcriptome profile

In order to delineate the intrinsic effect of anti-PD-L1 immunotherapy targeting of
the LSK compartment, at the transcriptome level, we sorted highly purified LSK cells
(sorting efficiency >90%) and performed bulk RNA-seq. Next, we performed gene
expression analysis of sorted LSK cells from control and ant-PD-L1 treated mice. 279
DEGs (|FC|> 1.5, Pvalue<0.05) between control and treated mice, of which 228 were

upregulated and 51 were downregulated (Figurel5).

-
z [ 2

Fow Z-5on

LS Y

-

Tiril
am2011
Pid1

Thiz
CTOD4ET.1

- I [— 1 S
ﬂlﬂhﬂﬁaﬁn—iha&‘r A = Fow B

Toai2
Gm2eses
shadib
[P
—— Zdhbl2
J i o i i
g g g # g g
Figure 15 Heatmap of differentially expressed genes on LSK from treated versus control tumor bearing
mice
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Gene ontology and pathway analysis revealed that the DEGs were implicated in
response to cytokine, hemopoiesis, leukocyte chemotaxis, cytokine production,

leukocyte migration and inflammatory response(Figure16).
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Figure 16 Gene ontology and pathway enrichment analysis of differentially expressed genes. The analysis was done on
the g:profiler online platform

Interestingly among the DEGs were genes associated with lymphoid cell
differentiation. Upon treatment LSK cells were found to upregulate IKZF3 a
transcription factor that leads to lymphoid differentiation!®%1¢2, MycL an isoform of
the c-myc transcription factor was found upregulated, this isoform in the literature has
been found to be expressed in CLP at higher levels compared to LSK or MyP63:164 | astly,
we report the upregulation of Blimp1 a transcription factor that plays a central role on
B cell maturation, possibly hinting to the activation of a lymphoid differentiation

program?6>166,

Concurrent with the signatures described above we also report the upregulation of
various genes related to myeloid differentiation upon treatment. To that effect we

report the upregulation of both miR23a and miR27a, the upregulation of those two
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miRNA have been shown to lead to increased myelopoiesis'®’~1%°. We also report the
upregulation of the transcription factor Zfp366, this transcription factor has been found

to promote DC differentiation®’°.

Additionally, we found signature genes relating to quiescence to be deregulated in
the anti-PD-L1 treated LSK, this signatures include the downregulation of TCF15 and
Mpdz, two genes that are highly expressed on LT-HSC and have been found to be
downregulated during exit from quiescence’1’2, Upon treatment we also report the
upregulation of the AP-1 transcription factor complex, this has been associated with

increased proliferation?’3.
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PD-L1 immunotherapy lead in the composition of the bone
marrow extracellular fluid

In order to fully comprehend the effect that anti-PD-L1 immunotherapy has on LSK
we also sought to investigate possible changes in niche biochemistry that might be
introduced upon treatment. To that end we flushed out the femur bones of control and
treated mice, we then prepared bone marrow fluid as described on the Materials and
Methods section. Upon analysis of those samples with mass spectrometry we found
272 proteins to be deferentially expressed (DEP) (|FC|> 1.5), of which 146 were up-
and 126 were downregulated (Figure17). Unfortunately, the low number of samples pe
group as well as the relative harshness of the algorithm used for the detection of the

DEP did not reveal any statistically significant differences.
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Figure 17 Heatmap of the differentially expressed proteins of the bone marrow extracellular fluid from
control and anti-PD-L1 treated mice.
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Even though no criteria for the statistical significance were used for the filtering of

the differential expressed proteins we conducted Gene ontology and pathway

enrichment analysis for the total of the DEP. As shown in Figure 18 multiple molecular

function, biological prosses and cellular component terms were found to be enriched

in the list of DEP provided. Among those the most intriguing are the terms related to

metabolic prosses, response to cytokine, extracellular matrix, focal adhesion and cell-

substrate junction, as many of those have been implicated in HSC function and

differentiation.
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PD-L1 immunotherapy is associated with shifts in myelopoiesis
In view of the transcriptomic changes in the LSK compartment that are associated
with the induction of myelopoiesis we sought to study the later stages of myelopoiesis.

To that goal we characterized with flow cytometry the myeloid progenitor

compartment.
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Figure 19 Bone marrow myeloid progenitors (MyP) expand upon anti-PD-L1 immunotherapy. A) Representative gating strategy for MyP and
their subsets in the bone marrow of tumor mice. B) Frequency of MyP, CMPs (lin-cKit+CD34+CD16.32- cells) and GMPs(lin-
cKit+CD34+CD16.32+ cells) in tumor bearing mice, **P<0.01 results are presented as means + SD. Representative of 3 experiments

Upon therapy we denoted an increase in the frequency of MyP cell
population(Figure19B). Because the MyP population is heterogeneous and contains
functionally distinct populations we proceeded to investigate the common myeloid —
(cKit+CD34+CD16.32-)as well as the granulocyte/monocyte  progenitor
(cKit+CD34+CD16.32+) population(Figure19A). We also report increased frequency of
159,174—

GMPs and decreased frequency of CMPs consistent with active myelopoiesis

178(Figure19B).

PAGE 45



+ Me” LE L n.s.
A i Gated on CDllc _ Gated on CDIc’ B, M .
_ . ‘”‘31 . e - g # Canlral
S 1o 08 7| gu- ML o aPDLI
(. ) H 114 =
- = K]
c W T 10 _@ S 50,
o 8 3
o 5 5 H ©
o 1 g 143 E 8 i ¥
- oL B o
E 0 GDH 10D 150K Z00H 253K ™ L] L] 1o in wi o 10 10 AL # — E 40-
T o o ae
B 5 ~ 5 N ~ FLEy z i
o 105: 5 E 2
17 = a 3
PR
— £ g
El % = 18] ® %
o = 40 £ 18] %
H a
o U o -—E' 14
O 354
2 ¢ 512 *
0 S0K 100K 150K J00K 250K # m L g 104
FSC-A CONb-PE/CyT CONb-PE/CyT7 #

Figure 20 Bone marrow myeloid compartment altered composition upon anti-PD-L1 immunotherapy. A) Representative gating strategy for myeloid cells and
their subsets in the bone marrow of tumor mice. B) Frequency of DC (CD11c+), moDC (CD11c+CD11b+Grl+) and CD11c-CD11b+Grlhior Gridim cells in tumor
bearing mice, **P<0.01 results are presented as means + SD. Combined results from two independent experiments

Lastly, we interrogated the mature myeloid cells compartment in order to
functionally characterized the output of myelopoiesis activation. We report the
increased frequencies of total DCs (CD11c+ cells), with a slight increase in the frequency
of moDCs (Figure20B). We also report the increase of a population reminiscent of
immature myeloid cells (Figure20B). The CD11c- CD11b+ Grldim has been recently
characterized in the murine bone marrow Yang and Luo et al showed that this cell type
represents the immature monocyte population of the bone marrow and expresses the
Ly6C marker'’’. No change in the frequency of the polymorphonuclear compartment

(CD11c- CD11b+ Grilhigh) was observed(Figure20B).
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PD-L1 immunotherapy is associated with shifts in lymphopoiesis

To investigate the signatures related to the lymphoid lineage we sought to
characterize the effect of anti-PD-L1 immunotherapy on downstream common
lymphoid progenitors (CLPs). CLPs can be characterized by o expression of the cKit and
Scal marker and also the expression of FLT3 and the IL7Ra*®%178(Figure 22A). Upon
treatment we found that the parent gate of CLPs (cKitlo Scallo) had increased

frequency, and that frequency of CLPs was also increased (Figure 22B).
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Figure 21 Bone marrow lymphoid progenitors expand upon anti-PD-L1 immunotherapy. A) Representative gating strategy for CLP in

the bone marrow of tumor mice. B) Frequency of the heterogeneous population cKitloScallo and the CLPs (cKitlo Scallo CD135+
IL7Ra+) in tumor bearing mice, **P<0.01 *P<0.05 results are presented as means + SD. Representative of 3 experiments

In order to have a more comprehensive understanding of the output of
lymphopoiesis upon anti-PD-L1 immunotherapy we assessed the generation of mature

lymphoid cell subsets in the bone marrow.

Total T cells were found to be unchanged in regard to their frequency(Figure 21A,

B). The same effect was observed for CD4 and CD8 positive T cells(Figure 21A, B). Lastly
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only a slight increase was reported in the frequency of the total B220+ cells(Figure 21A,

B). This cell population encompasses the B cell population.
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Figure 22 Bone marrow lymphoid compartment altered composition upon anti-PD-L1 immunotherapy. A) Representative gating strategy
for lymphoid cells and their subsets in the bone marrow of tumor mice. B) Frequency of CD3+, B220+, CD4 T cells and CD8 T cells in tumor
bearing mice, results are presented as means + SD.
It is important to state that the results presented in Figure 21 have been repeated
but the two independent experiment are not in agreement in respect to some of the
population frequency presented. In order to have a clearer understanding on the
generation of mature lymphoid cells the experiment must be repeated. Also, because
of intricacies when attempting the fixation of bone marrow cells for intracellular cell
staining, the analysis of FoxP3+ Treg cell was not possible. As Treg cells are an important
part of cancer immune evasion and have been recently identified as niche components

the investigation of these cells is necessary for a holistic understanding of the effect of

anti-PD-L1 immunotherapy on lymphopoiesis in the bone marrow.
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Increased frequency of LSK upon PD-L1 immunotherapy are
mediated by the adaptive immune system.

Recently, it was shown that T cells are utilized by tumor cells that promote the
secretion of TNFa from CD4 T cells, which in turn through the tumor vasculature
reaches the bone marrow and leads to increased LSK frequencies and increased CMP

and MDSC generation?t0,
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Figure 23 LSK compartment remains unchanged upon anti-PD-L1 treatment on RAG1KO mice. A)
representative gating strategy of LSK. B) Frequency and expression of PD-L1 on bone marrow LSK on
tumor bearing Rag1KO mice, ****P<0.0001 results are presented as means * SD.

In order to address the contribution of the adaptive immune compartment in our
setting we inoculated melanoma in Ragl knock out (RaglKO) mice, mice lacking the
adaptive immune compartment, and subsequently analyzed their LSK compartment n
the bone marrow(Figure 23A). We report that the effect seen in the C57BL/6 mice, the
expansion of the LSK population, was abolished in the Rag1KO setting even though anti-
PD-L1 immunotherapy did target those cells(Figure 23B). Together this results show
that the adaptive immune compartment is probably responsible for the expansion of

the LSK compartment in the bone marrow of tumor bearing mice. This effect could be

mediated by T cell secreted TNFa as was described by Al Sayed et al.
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Discussion

In this work we reasoned that that anti-PD-L1 therapy alters or reprograms the
function of MDSCs from T cell suppressor to T-cell stimulators, and that this functional
alteration might eventually lead to arrest of tumor development. We also theorized
that the altered phenotype associated with this treatment scheme might stem from a
central reprograming of the hematopoietic process. To address this, we investigated

the generation of myeloid and lymphoid cells upon anti-PD-L1 immunotherapy.

Our data demonstrate that upon treatment PD-L1-expressing MDSC frequency is
reduced in the spleen as well as the circulation of tumor bearing mice, a marked
upregulation of the MHCII molecule is also observed on splenic MDSC, suggesting that
upon treatment MDSC are activated to change their function form suppressive to
immunogenic and possibly able to present antigens to the adaptive immune
compartment. This was accompanied by the shift towards the pmn-MDSC phenotype
which, according to the literature, is relatively less immunosuppressive’®1 but can
inhibit T cell function on an antigen dependent manner®®!, Among other myeloid cell
population, anti-PD-L1 immunotherapy lead to the expansion of circulating DC and
moDC, a subset of DC with established role in anti-tumor immune response '>>1>7, and
in the spleen a reduction of their frequency associated whoever with increased levels

of MHCII expression, suggesting once more the activation of these cell types!82-184,

However, upon treatment the adaptive immune compartment was found to be
significantly affected, with a decrease in overall T cell population. Importantly the
cytotoxic T cell (CTL) compartment was found to be greatly decrease in the spleen and
tumor draining lymph nodes of treated tumor bearing mice. Although the frequency of
the total CD4 population remained unchanged upon treatment, a decrease in the T

regulatory population was observed.

When we interrogated the long-term response to anti-PD-L1 immunotherapy in
regard to tumor volume kinetics, in brief tumor volume was measured daily from day
10 after tumor inoculation until day 15 using calipers. No significant change was

observed between the control and treated groups (data not shown). This effect might
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be explained due to the low frequency of immune cell capable of mounting an anti-

tumor immune response observed at the earlier tumor stage .

Although this therapy scheme seems to activate the myeloid cells to contribute
towards the anti-tumor immune response, the large absence of cells of the adaptive
immunity capable of exerting this anti-tumor effect, like CLTs, might dampen the effect
of anti-PD-L1 monotherapy. In order to be able to have a holistic understanding of the
effect of anti-PD-L1 therapy in the periphery, it is crucial to interrogate the tumor
immune contexture. This will enable us to investigate whether the significant decrease

of adaptive immune cells is due to increased homing to the tumor site.

In order to have a better understanding of mechanisms responsible for the changes
in the frequency as well as the activation status of cells in the periphery we then
investigate their generation in the bone marrow. Interestingly, anti-PD-L1 therapy
promoted the expansion of PD-L1-expressing Hematopoietic Stem and Progenitor cells

(LSK) in the bone marrow.

The unexpected finding of the LSK expansion led us to theorize that the binding of
anti-PD-L1 immunotherapy on the surface of HSPCs, determined as the decrease in
MFI, might lead to transcriptomic changes that are responsible for the expansion effect
we see with flowcytometry. We also hypothesized that this transcriptomic changes

might influence the generation of committed progenitors from the HSPCs.

To that goal we sorted LSK from treated and control mice in order to perform bulk-
RNA-seq. 279 DEG (|FC|> 1.5, Pvalue<0.05) were found between control and treated
mice, of which 228 were upregulated and 51 were downregulated. Gene ontology and
pathway enrichment analysis was conducted. The DEG were enriched for signatures
related to cytokine production, response to cytokine, hemopoiesis, leukocyte

chemotaxis, leukocyte migration and inflammatory response.

Interestingly genes related to quiescence like TCF15 and Mpdz'’172 were found to
be downregulated in treated LSK, while the transcription factor complex AP1, that has

been implicated in proliferation, was found upregulated?’3. Additionally genes related
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to both myeloid (miR23a, miR27a, Zfp366) and lymphoid (lkzf3, mycL, Blimp1) cell
differentiation were found upregulated in treated LSK62-165167,168,170,185186  Thjg
signatures point towards a phenotype of accelerated hematopoiesis in which LSK cell
differentiated towards both the myeloid and the lymphoid lineage at a high rate. This
was further evident when myeloid and lymphoid progenitor cells were assessed with
flowcytometry. We found decreased CMPs and increased GMPs frequency,
characteristic of active myelopoiesis, also we found increased CLPs frequency

consistent with the RNA-seq results.

In a recently published study Strauss et al. showed that upon melanoma inoculation
CMP and GMP accumulate in the bone marrow, also that GMP upregulate the
expression of the PD-1 checkpoint molecule. They lastly showed that genetic ablation
of the PD-1 or pharmacological inhibition of PD-1, using anti-PD-1 antibody, was able
to diminish GMP accumulation and lead to differentiation of myeloid cells with effector
function®’. This suggest checkpoint molecules are crucial for the induction of
emergency myelopoiesis, and that checkpoint blockade therapy can reach the bone

marrow affecting progenitor cell generation and differentation.

At this point we sought to address that although increased frequency of CLPs is
observed in the bone marrow mature lymphoid cells have been found to be decreased.
Whether an arrest in the differentiation of lymphoid cell process exist downstream of
the CLP stages is a hypothesis that warrants further testing. Also, for mature T cells to
exit eventually in the periphery, they must pass successfully through, positive as well
as negative selection from the thymus, whether that is the pointin T cell differentiation
responsible for the decrease in mature T cell population in response to ant-PD-L1
treatment remains to be seen. At least one point of evidence hinting to that direction
comes from Sage et al, who showed that PD-L1-PD-1 interaction leads to decreased

follicular helper cell development and immunosuppressive function8-1%,

Lastly in order to delineate the involvement of the adaptive immune compartment
in bone marrow response to immunotherapy we performed experiments in RaglKO

mice. We found that the when the adaptive immune compartment was absent, the
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expansion of the LSK compartment was diminished. This evidence suggests, a cell
extrinsic signal, stemming from the adaptive immune compartment, as the cause for
the LSK expansion. This signal might act in tandem with anti-PD-L1 immunotherapy to
produce the significant expansion of LSK we see upon treatment. Whether that is the
case it remains to be seen. At least one point of evidence that supports the involvement
of the adaptive immune compartment, and especially CD4 T cells, comes from Al Sayed
et al who showed that, CD4 T cell produced, TNFa was able to expand LSK and myeloid

progenitors and generate MDSC°,

In conclusion, our results provide evidence that myeloid-specific PD-L1 targeting
might mediate a possible myeloid cell-intrinsic effect, for the upregulation of molecules
capable of initiating the anti-tumor immune response. This effect may represent a key
mechanism by which PD-L1 blockade induces anti-tumor function not only through a
periphery related effect, but also through the bone marrow compartment. Further
investigation of the mechanisms involved and the additional search of way to stimulate
or expand the adaptive immune compartment upon anti-PD-L1 immunotherapy might

improve the outcome of cancer immunotherapy.

The literature on the response of patients to anti-PDL1 immunotherapy in regard to
changes in theirimmune compartment is lacking, despite that fact a recently published
paper has investigated the changes of immune cell population in peripheral blood of
patient with NSCLC. Zhuo et al, showed that upon treatment the patient with partial
response or stable disease had decreased frequency of Treg and MDSC populations
compared to patients with progressive disease, they also reported that patients with
progressive disease had decreased frequency of the total CD4 and CD8 T cell
populations compared to the group of Stable disease or partial responders?!. Evidence
also suggests that atezolizumab treatment leads to increase in neoantigen-specific T
cell in the peripheral blood of responding NSCLC patients'®2. Lastly in combination
therapy of anti-PD-L1 immunotherapy with anti-VEGF therapy has been shown to lead

to increase CD8 T cell homing to the tumor site on metastatic Renal cell carcinoma®®3.
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Future Directions

Assessment of the early tumor immune contexture

In order to have a holistic understanding of the effect of anti-PD-L1 immunotherapy
on peripheral tissue resident cells, we will perform experiments according to Figure8.
At day 8 of tumor inoculation we will isolate the tumor and through flowcytometry we

will investigate the myeloid and lymphoid cell presence.

Single cell ATAC- and RNA-seq of HSC from control and
anti-PD-L1 treated mice

The LSK population used for the bulk RNA-seq analysis has been revealed as highly
heterogeneous and the low number of DEG might be attributed to that heterogeneity.
In order to achieve results that will represent the transcriptomic and chromatin
accessibility state on each of the subsets of the LSK compartment we will isolate LSK
cells from anti-PD-L1 and control treated mice through FACS sorting and perform single
cell ATAC- and RNA-seq analysis as described by Nestorowa et al'84-18_ This will allow
an in-depth assessment of the changes in the epigenetic as well as the transcriptomic

state of each HSC subset.

HSC response to other immunotherapy schemes

In order to investigate, weather our results are specific for anti-PD-L1
immunotherapy, we will inoculate B16F10 melanoma cells in mice that will receive PD-
1, CTLA4 or control therapy according to the experimental setting shown in Figure8. On
day8 upon tumor inoculation the frequency of the LSK compartment will be assessed

through flowcytometry.

HSC response upon anti-PD-L1 treatment on Lewis Lung
Carcinoma (LLC) inoculated mice

To inquire about the specificity of our results for melanoma, we will perform

experiment, according to Figure8, with LLC inoculated mice. Upon Day 8 of tumor
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inoculation we will perform flowcytometric analysis for the frequency as well as the

expression of PD-L1 on the LSK compartment.

Investigation of anti-PD-L1 therapy response in human
bone marrow samples

Unfortunately, bone marrow biopsy is not an approved procedure for melanoma
patients. In order to translate our results in the human setting we will assess, through
flowcytometric analysis, the frequency as well as PD-L1 expression on human bone
marrow HSC form patient with lymphoma, as controls aged matched lymphoma patient

that receive standard of care treatment.

Investigation of the differentiation potential of HSC form
melanoma bearing PD-L1 knock out and WT mice.

In order to assess the functionality of PD-L1 interaction in HSC differentiation we will
perform experiment, according to the experimental design shown on Figure8, on PD-
L1 knock out (PD-L1ko) mice. In brief B16F10 melanoma cells will be inoculated in PD-
L1ko mice (CD45.2 expressing) and WT controls (CD45.2 expressing). On Day 8 after
melanoma inoculation bone marrow LSK cells, from both groups will be isolated and
transplanted in a congenic mouse transplantation model (CD45.1 expressing host). In
order to characterize HSC differentiation unperturbed from the regenerative
environment introduced by myeloablation, we will perform transplantation
experiments on NBSGW mice, mice that on steady state lack their immune

compartment, that do not need to be irradiated before transplantation.

In vitro assessment of myeloid output of anti-PD-L1
treated melanoma bearing mice.

In order to directly link the changes in myeloid compartment, at peripheral tissues,
to the effect we see in the bone marrow, we will isolate LSK cell from PD-L1 treated
and control melanoma bearing mice. Subsequently LSK will be plated on MethoCult

3434 medium. In these setting LSK cells differentiate towards the myeloid lineage due
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to cytokines present in the culture medium. This will help us to identify differences in

the myeloid output of control vs PD-L1 treated LSK cells.

Bone marrow Treg response to anti-PD-L1 therapy

Bone marrow resident CD150+ T regulatory cells have been shown to contribute to
HSC quiescence, engraftment potential on the transplantation setting and have been
found in close proximity to HSC®. The fact that adaptive immunity seems to be
indispensable for the expansion of LSK upon anti-PD-L1 treatment leads us to theorize
that CD150+ Tregs in the bone marrow might be prime targets of PD-L1
immunotherapy. Due to intricacies in the process of nuclear staining in bone marrow
cell suspension, Fox-P3-GFP mice will be used, following the experimental design
shown on Figure8, to investigate the role of bone marrow Tregs on anti-PD-L1
immunotherapy. With flow cytometry we will investigate changes in the frequency as
well as the activation status of bone marrow CD150+ Tregs. In order to gain insight to
the localization of bone marrow CD150+ Treg cells upon anti-PD-L1 immunotherapy we
will perform immunofluorescence experiment on bone marrow mount as described by
Holzwarth et al 187188 The previously described experiment will bring into focus the
response of bone marrow CD150+ Treg to immunotherapy and will serve as an

indicator for the effect of anti-PD-L1 immunotherapy on HSC niche formation.
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