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3. Abstract

Immune thrombocytopaenia (ITP) is an autoimmune disorder characterised by isolated low
platelet count and a skewed proinflammatory Th1/Th17 profile. However, little is known about
the involvement of CD8" cytotoxic T-cells in ITP pathophysiology in peripheral blood and
bone marrow(BM) and how this involvement is regulated. Thrombopoietin-receptor agonists
(TPO-RA); eltrombopag(Elt) and romiplostim(Romi), which stimulate the BM to produce
more platelets, are increasingly used. However, it is not clear how can these agents induce

complete remission in patients.

Polychromatic flow cytometric panels were designed to characterize and functionally assess
peripheral blood T-cells. Platelet reactivity has been addressed using an IFNy ELISpot assay.
Sixty patients with ITP were included who were on Elt, Romi or on no treatment at the time of
analysis. BM trephines were stained for CD4", CD8" T cells and CD42b ‘megakaryocytes(MK),
and slides were analysed automatically. MK were generated in vitro to assess their interaction

with T-cells.

In peripheral blood, CD8 T-cells displayed an effector phenotype characterised by reduced
CD4/CD8 T cell ratio and Treg/effector CD8" T-cell ratio and increased effector CD8" T-cell,
which were associated with disease activity. This polyfunctional population expressed

significantly higher intracellular TNFa, I[FNy and Granzyme B compared to HC.

Elt seemed to significantly lower effector CD8T cells and reduced their functionality in vitro
in a dose dependent manner. In the BM, MK-T cell interaction and clustering was higher in
patients, more prominently in chronic cases. MK demonstrated features of professional
antigen-presenting-cells including the surface expression of functional MHC-I, MHC-II, PD-
L1 and PD-L2, which controlled MK-T-cell interaction. CD8" T cells are involved in ITP
pathology contributing the inflammatory milieu. These potentially autoreactive cells could
target both platelets and MK. MK seems to govern the immune response in the BM; by its
direct interaction with either CD4" or CD8 T-cells, and via its immunomodulation mainly by

PD-L1 and PD-L2.
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9. Introduction

9.1. Adaptive immune system

The immune system has evolved to protect the host from disease-causing particles, known as
pathogens. This function is delivered by preventing the entry of the pathogen, eliminating it

upon recognition and ensuring little to no permanent damage caused to the host body.

The immune system is broadly classified into the innate immune system; which is considered
as the first line of defence against invading pathogens and the adaptive immune system. The
adaptive immune system has a highly discriminatory approach in which each cellular clone can
detect a single sequence or part of the offending pathogen, known as an antigen. The enormous
repertoire of the receptors of the generated cells allows the adaptive immune system to deliver

a highly specific response sparing normal host tissue and other non-pathogenic organisms.

One of the prominent features of the adaptive immune response is the development of the
immunological memory which the concept of vaccination is based on. This immunological
memory enables the immune system to deliver an immediate and more powerful response upon

subsequent exposure to the pathogen.

The delivered immune response is dependent on the nature of the causing pathogen and has
been classified as either humoral or cell-mediated responses. These responses are broadly
delivered by either B or T lymphocytes (or cell), respectively. T cells are heterogeneous
subpopulations delivering distinct functions, and they are broadly classified as CD4" T helper

(Th), CD8" T cytotoxic (CTL) and regulatory T (Treg) cells (1,2).
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9.1.1. Normal T cell response

9.1.1.1. CD4" T helper (Th) cell response.

CD4" T cells are crucial elements in the immune system which coordinate other immune cells
through a wide array of cytokines. They orchestrate the immune response by influencing the
innate immune system, e.g. driving macrophages to ingest pathogens and to secrete further
inflammatory cytokines to potentiate the response. Th cells also support the second arm of the
adaptive immune system, B cells, to differentiate and become antibody-producing plasma cells.
Thw cells also have the capacity to activate the main killing machinery of the immune system,

CTL and guide their response (3).

Th cells by using their T-cell receptors (TCR) can only recognise their targets if they are
presented to them on a major histocompatibility complex class II (MHC-II) by an antigen-
presenting cell (APC) such as Dendritic cells (DC). Depending on the nature of the presented
peptide, Th cells can functionally differentiate into Thi, Th2 or Thi7 characterised by their
production of Interleukin-2 (IL-2), IL-4 or IL-17, respectively (4). The proinflammatory Thi
and the more recently described Thi7 are considered as the hallmark in the pathophysiology of
proinflammatory conditions such as systemic lupus erythematosus (SLE) and Hashimoto
thyroiditis as they create an inflammatory milieu causing the immune system to be activated
and attacking pathogens as well as self-tissue in autoimmune conditions (5,6). Tnz through its
distinct cytokines IL-4 and IL-10 is regarded as the anti-inflammatory subset and it is
implicated as the main driver behind of the pathophysiology of allergic conditions such as

asthma (4,7).
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9.1.1.2. CD8" cytotoxic T cell response

CD8" T cells are the main killing machinery of the adaptive immune system. They were first
described in 1974 when Zinkernagel and Doherty demonstrated their expansion in a mouse
model infected with lymphocytic choriomeningitis virus (LCMV) (8). These mice had an
expanded virus-specific CD8" population, which only responded to the viral antigen paired
with MHC-1. This specificity has built the basis for the requirement of MHC-I in delivering
CDS8" T cell-mediated response. Callan and colleagues described similar expansion of CD8" T
cell compartment in patients with infectious mononucleosis, mainly caused by Epstein-Barr
virus (EBV) infection (9). Tetramers, which are complexes made of 4 MHC-I molecules bound
together has become an essential tool in identifying peptide-specific CD8" T cells (10). The
use of these tetramers has allowed researchers to characterise peptide-specific CD8" T cells in
different conditions such EBV, Human Immunodeficiency virus (HIV) and LCMV infections

(11-13).

Naive CD8" T cells are primed by DCs i.e. have the antigenic-peptide presented to them on an
MHC-I molecule. This priming process usually takes place in the secondary lymphoid organs
such as the draining lymph node (14) or spleen (15) leading to phenotypic changes within the
CD8" population giving rise to an effector population of cells. Once target cells are recognised
by the primed cytotoxic CD8" T cells (CTL)’s TCR, they bind together via the well-organised
tightly-bound immunological synapse. During this binding, CTL secrete preformed Perforin, a
cytotoxic molecule that disrupts the membrane of the target cells by forming pores in it
allowing CTL to release its cytotoxic granules into them. These cytotoxic granules contain an
array of proapoptotic enzymes, including Granzyme A (GnA) and GnB, which upon their
release inside the target cell’s cytosol activate both the caspase-dependent and independent

apoptosis pathways (16,17).

20



T cells are highly responsiveness cells that they could go through bystander phenotypic changes
in response to the circulating cytokines, regardless of their specificity. However, these changes
are temporary, and only the presence of the triggering antigen will lead to continuous rounds

of expansion to the antigen-specific effector population of the CD8" T cells (18).

9.1.1.3. Regulatory T cell (Treg) response

One of the major roles of the immune system is to regulate the immune response, either through
preventing the immune cells from attacking host tissues or controlling the immune response
after the clearance of the offending pathogen, known as central and peripheral tolerance,
respectively (19). Regulatory T cells (Treg) are immunoregulatory CD4" T cells that are either
generated from the thymus, known as natural Treg (nTreg) or produced peripherally, known as
induced Treg (iTreg) (20). Treg cells are phenotypically characterised by their high expression
of a-chain of the IL-2 receptor (CD25) as they are highly responsive to IL-2 depending on it
for their differentiation and survival (21). The transcription factor Forkhead box P3 (FoxP3)
distinguishes Treg from the rest of CD4" T cells, and it is responsible for their development
and function. Mouse studies have provided evidence demonstrating the role of FoxP3 in
upregulating CD25 and the inhibitory cytotoxic T-lymphocyte antigen-4 (CTLA-4) surface
expression and the production of the anti-inflammatory cytokine IL-10 (22,23). FoxP3
significance has been demonstrated either in its specific knockout (KO) or the scurfy mouse
mutant that is characterised by massive lymphoproliferation. In human, FoxP3 mutations lead
severe autoimmunity manifested as immune dysregulation, polyendocrinopathy, enteropathy,
X-linked (IPEX) syndrome (24,25). Treg cells deliver their immunosuppressive function in a
contact-dependent and independent manner via its CTLA-4 receptor and the secretion of the
anti-inflammatory cytokines IL-10 and TGF-p, respectively (26). Given the vital role of Treg
in maintaining peripheral tolerance, it is not surprising that its functional, numerical or

combined abnormalities have been implicated in a wide array of autoimmune disorders.
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Mutations in IL-10 and its receptor has been indicated in early-onset inflammatory bowel
disease (27). Studies on non-obese diabetic (NOD) mouse model have demonstrated a
reduction in Treg along with its CD25 expression, with similar findings in patients with type 1

diabetes mellitus (28,29).

9.2. Programmed death receptor-1 (PD-1) and its ligand-1 (PD-L1) and PD-

L2 in normal response and disease.

Programmed-death 1 receptor (PD-1) and its ligands PD-L1 (CD274) and PD-L2 deliver
inhibitory signals to T cells and thus contribute to their regulation, tolerance and prevention of
immune-mediated tissue damage. PD-1 is expressed on activated T cells and Treg to contain
the immune response and to prevent it from attacking the host tissue after eliminating the
offending pathogen. PD-1 is also expressed on B cells and myeloid cells, and its absence has
led to widespread autoimmune response characterised as lupus-like glomerulonephritis and
arthritis demonstrated in a PD-17" mouse model (30). PD-L1 and PD-L2 have been described
to have distinct expression patterns in lymphoid organs of mice. PD-L1 is expressed in the
splenic marginal zone and both the thymic cortex and medulla, whereas PD-L2 is only
expressed in the thymic medulla. The co-expression of PD-L1 and PD-L2 has only been found
on DC, and hence could be attributed as a feature of a professional APC. Of note, only PD-L1
is expressed on non-haematopoietic organs such as heart, kidney and lungs (31).Disturbance
in PD-L1 and PD-L2 has been noted during infectious diseases or autoimmune conditions such
as graft-versus-host disease (32). PD-1/PD-L1 axis has been described as a hallmark
mechanism of immune evasion in oncological conditions such as breast and ovarian cancers
characterised by overexpression of PD-L1 in the tumour microenvironment (33,34). This
overexpression of PD-L1 leads to early exhaustion of tumour-specific T cells preventing them
from proliferating and delivering their cytotoxic function by interacting with the PD-1 receptor

on T cells (35).
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On the other hand, downregulation of PD-L1 expression has been implicated in autoimmune
disorders. In paediatric patients with SLE, Mozaffarian and colleagues observed a significant
reduction of PD-L1 expression on both immature myeloid DCs and monocytes from patients
with active disease. Interestingly, this expression did not return to the values of the control
cohort until the disease was in the remission state linking PD-L1 expression to disease status

(36).

9.3. Megakaryopoiesis and platelet production

CD34" Haematopoietic stem cells (HSC) mainly in the bone marrow (BM), as well as liver and
spleen, give rise through a series of developmental stages to the platelet-progenitors,
megakaryocytes (MK). These MKs will eventually release platelets into circulation (37,38). In

brief, these developmental stages can be described as four stages as demonstrated. (Figure 7-

1.

PL
MK pro MK
o CD34
CD34 CD41s"

HSC
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CD6l™
CD42b"~

Figure 7-1. Overview of stages of megakaryopoiesis

Starting from a self-replicating HSC, they develop and commit to becoming megakaryocyte-
erythroid progenitor followed by megakaryocyte progenitor, and eventually proplatelet-
forming megakaryocytes. These proplatelets are released into the circulation as platelets.
HSC, haematopoietic stem cell; MEP, megakaryocyte-erythroid progenitor; MK pro,

megakaryocyte progenitor (megakaryoblast); MK, megakaryocyte; PL, platelets.
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HSCs have a proliferative capacity, allowing them to expand in numbers, and under the
influence of specific environmental cues, they commit to becoming megakaryocyte-erythroid
progenitor (MEP). This commitment is mediated by the influence of transcriptional factors,
such as Runt-related transcription factor 1 (Runx1), and cytokines such as thrombopoietin
(TPO). TPO is the main regulator for MK growth and development delivering its function
through binding to its receptor myeloproliferative leukaemia protein (c-mpl), or TPO-R (39—
41). TPO-related abnormalities could lead to severe thrombocytopaenia and life-threatening

bone marrow failure (42).

MEP cells continue to expand and are driven predominantly by TPO to become platelet-
committed MK-progenitors (MKp), at which stage they lose their proliferative capacity and
mature through multiple cycles of ploidy. MKs continue their maturation through endomitosis
during which the nuclear content of a single MK of 2n, as it is about to divide, duplicates further
to 4n and all the way to 128n without dividing (37,43,44). It has been observed that MK from
adult donors were bigger and demonstrated higher degree of ploidy compared to younger
donors. However, whether such difference influences the overall platelet production remains
controversial (45). These developmental stages of maturation are accompanied by phenotypic
changes of the developing MK which can be used to track and compare the different stages of
MK development. The surface expression of GP IIb/Illa (CD41/CD61) has been identified as
one of the earliest marker of the unipotent megakaryocytic lineage (46). Some of these

phenotypic changes described in mice are demonstrated in figure 7-2.
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Figure 7-2. Differentiation markers of the megakaryocytic lineage

The figure demonstrates the phenotypic changes in differentiating MK from the early BFU-
MK all the way through platelets. BFU-MK indicates megakaryocytic burst-forming unit;
CFU-MK, megakaryocytic colony-forming unit; GP, Glycoprotein; MHC, major
histocompatibility complex; c-Kit, cellular Kit gene that encodes for the receptor to stem cell

factor. Adapted from (47).
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MK subsequently develop long external protrusions carrying bulb-like structures at their ends,
known as proplatelets, which extend into the vasculature to be eventually released as platelets
into the circulation via the sheer force of the bloodstream. This observation was demonstrated
by the elegant in vivo and live-cell imaging firstly presented by Junt and colleagues (48,49).
Proplatelet production is governed primarily by f1-Tubulin which enables the extension of
proplatelets, along with F-actin. B1-Tubulin abnormalities in human are linked to autosomally
dominant thrombocytopaenia (50,51). Another factor enhancing production of proplatelet is
fibrinogen which is an extracellular protein abundant around the bone marrow’s sinusoids,
which effect is also evident as MK cells producing proplatelets when plated on fibrinogen-

covered plates (52).

9.4. Role of MK and platelets in immunity

The principal role of platelets and their progenitors MK has been considered for a long time to
be a haemostatic-related function which is delivered via an array of receptors activated upon
any detected insult to the endothelium. However, there has been an increasing body of evidence
showing platelets and MK to be also involved in the immune response, including both the

innate and adaptive immune responses, against different pathogens.

9.4.1. Platelets and their immunological response

Besides their well-established role in homeostasis, platelets also express & panel of immune
receptors and molecules which are actively involved in the immune response against viral and
bacterial infections (Table 7-1). Platelets have been demonstrated to have a direct antibacterial
effect against bacterial pathogens identified through toll-like receptor-4 (TLR4) receptors,
followed by their a direct cytotoxic response delivered by preformed thrombocidins (53).
Platelets have also been shown to have an indirect immune response through activating either

neutrophils or DC through cytokines, chemokines and TLRs (54). In a hepatitis B mouse
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model, platelets were found to be essential in eliminating the virus as their reduction negatively
impacted virus-specific CD8" T cells recruitment to the liver (55). Their CD154 expression
plays an important role in activating neutrophils and supporting B cell differentiation and class-
switching (56,57). Platelets also play an immune modulatory role delivered through their

microparticles preventing the switch of Treg into Twhi7 and the production of the

proinflammatory IL-17 (58).

Location within
platelet and

as 5-HT)

released during
platelet activation

coagulation and T cell
activation

Molecule . Functions Cellular targets
mechanism of
release
Synthesized, location Endothelial cells,
Histamine unknown; released Promotes allergic-type monocytes, PMNs, NK
during platelet hypersensitivities cells, T cells, B cells,
activation eosinophils
) Dense granules; Actions on CNS; promotes
Serotonin (also known Monocytes,

macrophages, platelets

Thromboxane A2

Plasma membrane

Promotes inflammation and

Platelets,

RANTES)

activation

coagulation macrophages, T cells
Platelets, PMNs,
PAF Plasma membrane Promotes inflammation monocytes,
macrophages
a-granules; released
. . Monocytes,
PDGF during platelet Promotes wound healing
T macrophages, T cells
activation
a-granules; released o Monocytes,
. Growth inhibition;
TGFB during platelet ) ) macrophages, T cells,
o immunosuppression
activation B cells
CXCL7 (also known as .
Not known Chemokine PMNs
NAP2)
a-granules; released
CXCL4 (also known as g ) .
PF4) during platelet Chemokine PMNs, platelets
activation
a-granules; released
CXCL1 (also known as ) .
during platelet Chemokine PMNs
GROa) o
activation
a-granules; released
CXCL5 (also known as ) .
during platelet Chemokine PMNs
ENA78) L
activation
a-granules; released
CCLS5 (also known as ) . Monocytes,
during platelet Chemokine

eosinophils, basophils,
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NK cells, T cells, DCs,

platelets
a-granules; released Monocytes,
CCL3 (also known as . . . . .
MIP1a) during platelet Chemokine eosinophils, basophils,
activation NK cells, DCs
CCL7 (also known as . Monocytes, basophils,
Not known Chemokine
MCP3) NK cells, DCs
L . Monocytes,
IL-1B (and IL-1 T cell activation; multiple
) Not known macrophages, DCs, T
precursor protein) effects
cells
) Macrophages, PMNs,
HMGB1 Not known Inflammatory gene regulation

endothelial cells

Thrombocidins 1 and 2

a-granules; released
during platelet
activation

Antibacterial peptides

Bacterial cells

Co-stimulation; endothelial

CD40 Plasma membrane . ) T cells
interactions
B cells, DCs,
a-granules and . . .
CD154 (also known as Co-stimulation; endothelial macrophages,

plasma membrane;

CD40L) interactions monocytes, endothelial
released and cleaved
cells
PMNs, DCs,
TLR1, TLR2, TLR3, .
Plasma membrane Pathogen detection macrophages,

TLRS, TLR6, TLR7

monocytes, platelets

PMNs, DCs,
TLR4 Plasma membrane Pathogen detection macrophages,
monocytes
Unknown internal
site; upregulated on PMNs, DCs,
TLR9 plasma membrane Pathogen detection macrophages,
during platelet monocytes
activation
Plasma membrane;
L PMNs, DCs,
) expression increased .
TREM1 ligand ) Pathogen detection macrophages,
during platelet
monocytes

activation

Table 7-1. List of the immune receptors and molecules used by the platelets

List of reported receptors and molecules found in platelets which deliver an immune
function via its interaction with different immune cells. CCL, CC-chemokine ligand;
CXCL, CXC-chemokine ligand; DC, dendritic cell; HMGB1, high mobility group protein
B1; IL-1B, interleukin-1f; NK, natural killer; PAF, platelet-activating factor; PDGF,
platelet-derived growth factor; PMN, polymorphonuclear leukocyte; TGFf, transforming
growth factor-f; TLR, Toll-like receptor; TREM1, triggering receptor expressed on
myeloid cells. Adapted from (54)
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9.4.2. MK and their progenitors as antigen-presenting cells (APCs)

The role of MK and their progenitors in participating in the immune response has not been
fully understood. Kang and colleagues were the first to address this using an SLE mouse model
(59). In their study, MK progenitors (MKp) induced a proinflammatory Thi7 response. A
similar study by Finkielsztein et al. showed that CD34" human MKp were capable of inducing
Thi/Thi7 response in CD4" T cells, from both healthy donors and patients with SLE, through
presenting autoantigens on their MHC-II molecules (60). Zufferey et al were the first to
demonstrate that murine mature MK were capable of capturing foreign antigen, processing it
and presenting the antigenic peptide on its MHC-I molecule to CD8" T cells (61). In their
experiment, they loaded MK with Ovalbumin leading to an active interaction between MK as
an APC and OVA-specific T cells, which was assessed by CD8" T cell proliferation and
activation. Once an MK is loaded with a peptide, this MHC/peptide complex was transferred
to the daughter platelets leading to a similar response on the peptide-specific CD8" T cells. The
expression of MHC-I molecules on mature human MK remain uncharacterized, and MK

functionality and regulation as APCs remain to be explored.

9.5. Immune thrombocytopaenia (ITP)

Seminal studies by Harrington and colleagues (62) first determined the prominent role of
serum-derived factors in the pathogenesis of immune thrombocytopaenia (ITP). Subsequent
understanding of the importance of antibodies in removing platelets and the role of the
extended immune system led to the change in terminology to immune, from idiopathic to
immune thrombocytopenia (63). Since then, extensive studies into ITP attempting to
understand its aetiology and exact mechanisms have proved to be more complicated than

anticipated. This complexity could be attributed to the heterogeneity in the pathogenesis of
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ITP. This heterogeneity may result in different progression of disease in individual patients and
differential responses to treatment. Elucidation of the pathogenesis of ITP by attempting to
understand; whether its due to increased platelet destruction or megakaryocytic abnormalities
leading to reduced platelet production, whether it is antibody or T cell-mediated disease, will
allow for a better understanding of the pathology of the disease. Correlation of these findings
to biomarkers may allow us to improve our categorisation of ITP patients, which will
subsequently enable us to choose more specific treatment options. This will spare patients

unnecessary adverse effects and improve their quality of life.

9.5.1. Definition and Classification

Primary immune thrombocytopaenia (ITP) is a type II autoimmune heterogeneous disorder
defined by a reduction in the platelet count in peripheral blood below 100 x 10%ml, not
associated with any other causes or diseases that can cause such reduction. There is no

diagnostic test for ITP. Hence, it is a disease of exclusion.

The incidence rate of ITP is 1.72 — 4.4 per 100,000 people with a higher frequency among
females of childbearing age. It occurs most commonly either at childhood (below 4 years) or
at older age (above 60) during which it is higher in males (64-66). Paediatric ITP differs from
that of adult ITP in that is usually preceded by a viral infection or vaccination, lasting for few

weeks and does not usually require treatment as most cases go into spontaneous remission (67).

ITP classification according to the international working group depends on the duration, rather
than the extent of the disease. Patients are classified as; Newly diagnosed ITP, 0 to 3 months;
persistent ITP, 3 to 12 months; and chronic ITP, a disease of more than a year duration. The
term severe ITP is reserved for those who develop bleeding symptoms requiring medical

attention or additional treatment with different medication or higher doses of the current ones.
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Refractory ITP patients are those who are refractory to splenectomy and additional standard

therapy (63).

9.5.2. Pathophysiology of ITP

Despite the advancements in dissecting the different pathways involved in the pathophysiology
of ITP, significant aspects of its pathophysiology remain unexplained. These aspects include
the aetiology of the disease, the initiating event leading to this cascade of interactions and
identifying key elements in the pathogenesis that could be intercepted leading to the disease

resolution.

ITP is a complex disease characterised by a network of interactions between the different
elements of the immune system. This could be taking place in the BM, where platelets are
produced causing a reduction in platelet production, or in peripheral circulation and spleen

where platelets are leading to increased platelet destruction (figure 7-3).
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Figure 7-3. Overview of the proposed current understanding of the ITP
pathophysiology

This schematic graph summaries key concepts in the current understanding of ITP
pathophysiology. The graph shows a network of interactions between platelets, MK and
immune cells. The production of platelet and MK specific autoantibodies leads to coating of
platelets by these autoantibodies causing them to be destroyed by the macrophages in the
spleen. Macrophages in turn present platelet peptides to CD4* Th cells which in turn further
stimulate B cells. Autoantibodies also target the MK in the bone marrow impairing overall
platelet production. Cytotoxic T cells ((CTLs - Tc) may also cause direct platelet destruction in
the circulation or influence the MK'’s capacity to produce the platelets, although this is less
well established. There is also a reduction in Treg functionality and/or frequency resulting in
a break of the peripheral tolerance leading to further damage caused by the immune system
against the host platelets and MK. Adapted from (68). APC indicates antigen-presenting cell;

autoAbs, autoantibodies; HSC, Haematopoietic stem cells; Tc, CD8* T cells.
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9.5.1. Peripheral blood pathophysiology

9.5.1.1. B cell abnormalities

Harrington and his team first described a factor present in the plasma of patients with ITP
capable of reducing the number of platelets when transfused to healthy volunteers (62).
Subsequent studies showed that this thrombocytopenic effect of ITP plasma was dose-
dependent, was accomplished through the immunoglobulin class G (IgG)-rich serum and most
probably taking place in the spleen as much higher concentration was needed to mimic such an
effect in splenectomised subjects (69). Additional studies managed to characterise these
autoreactive antibodies finding them to be directed towards surface GPs present on platelets
surface most frequently against GP-IIb/Illa and could be accompanied by autoantibodies
against GP-Ib/IX (70). Anti-GPIIb/IIIa and anti-GPIb/IX are present in the serum around 50%
and 34% of chronic patients, respectively (71). Other less common targets may include

GPla/lla (72).

The current understanding of how autoantibodies deliver their thrombocytopaenic effect is

based on two major pathways; increasing platelet clearance and reducing platelet production.

The principal site of platelet clearance is the spleen which is the biggest secondary lymphoid
organ where most of the antibodies are produced. Hence platelets are highly exposed to
autoantibodies when passing through the spleen allowing for faster platelet antibody-mediated
elimination. This has been concluded from studies showing rapid uptake of labelled platelets
by the spleen and liver, and from the reduction in platelet clearance in patients who have gone
through splenectomy (69). These autoantibodies opsonise the platelets to be phagocytosed by
splenic and hepatic macrophages which seem to demonstrate an increase in their phagocytic
activity through their Fcy receptors (FcyR). Treatments for ITP such as IVIg and anti-D have

been proposed to reduce reticuloendothelial phagocytosis either via a competitive block of
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FcyR or by causing structural changes to these receptors leading to defective clearance of

opsonised platelets (73—77).

Understanding the inhibitory mechanism of autoantibodies on megakaryopoiesis has
developed over the last decade. Megakaryocytes share some surface markers with platelets
such as GPIIb/Illa and GPIb/IX, which appear at different maturation points making them
target for these autoantibodies (78). Morphological studies of megakaryocytes in ITP patients
showed abnormal features including extensive apoptotic and para-apoptotic changes with
mitochondrial enlargement and nuclear fragmentation (79). Such changes can also be induced
when co-culturing megakaryocytes, derived from CD34" haematopoietic stem cells (HSC)
from healthy donors, with ITP plasma (79,80). In vitro studies of autoantibodies demonstrated
an inhibitory effect on megakaryopoiesis through interfering with apoptosis and maturation
(81,82). More recent studies showed conflicting results showing that ITP plasma instead
decreased proplatelet formation (83), while sparing the total number of megakaryocytes,

ploidy, cell size and caspase activation status (84)

9.5.1.2. T cell abnormalities

9.5.1.2.1. Proinflammatory Th cells

A number of features of ITP suggest that the autoantibody pathway does not represent the full
picture of ITP; transfusing plasma of some ITP patients did not cause the expected
thrombocytopaenic effect (62); The non-responsiveness of some patients with ITP to the B-
cell-depletion therapy, Rituximab, suggests that T cells could deliver the platelet-destroying
effect independently of B cells (85). Therefore, it became apparent that it was essential to

examine the role of the T cells in ITP.
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As with most autoimmune diseases, ITP was first described to be proinflammatory exhibited
as Thi response in which there is an increase in Interluekin-2 (IL-2), Interferon-gamma (IFN-
v) and IL-10 (86). Later evidence showed a significant increase in Thi7 and other
proinflammatory cytokines such as IL-17, IL-18, IL-22 and IL-23(87-90). However,
establishing a correlation between these cytokines and disease severity and/or potential

treatment outcomes is lacking.

Additionally, these autoreactive T cells appear to be more resistant to apoptosis in active disease
than healthy T cells as their DNA microarray analysis shows changes in the apoptotic balance
favoring the antiapoptotic state (91). This will prevent the immune system from eliminating
these autoreactive T cells leading to an increase in their count which will lead to further

autoimmune platelet destruction (92,93).

9.5.1.2.2. CD8" T cells

Olsson and colleagues first noticed direct cytotoxicity of T cells towards platelets, evident as
an increase in the destruction of autologous platelets when incubated with T cells from patients
with active disease compared to healthy subjects or patients who were in remission (94). This
destruction was suggested to be mediated through CD8" T cells and was accompanied by

increased expression of cytotoxicity-related genes such as Apo-1/Fas, Granzyme and Perforin

(94,95).

The effect of CD8" T cell on MK and megakaryopoiesis remains undetermined. Reports have
shown conflicting results with some reports suggesting that CD8" T cells are protecting MK
(96), while others have shown that CTLs inhibit MK apoptosis leading to an increase in their

numbers but limits MK ploidy and overall platelet production (68,97).
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9.5.1.2.3. Regulatory T cells

It has been reported that patients with ITP have a decline in Treg numbers and/or function that
correlated with the disease activity in (98,99). The success of treatment has been mainly
recorded as a recovery of platelet count, but it has also been associated with a return of Treg
function and number to their normal levels, even when its B-cell-depleting therapy showing a

link between a potential link between Treg and B cells in ITP pathophysiology (100,101).

9.5.2. Bone marrow pathology in I'TP.

Houwerzijl and colleagues were the first to reported that ITP negatively impacts the structure
of MK in vivo. Using electron microscopy, they examined showed that MK in patients with
ITP exhibit structural changes of apoptotic nature which were not found in healthy subjects.
Moreover, to examine whether these changes were specific to ITP, they have grown MK from
HSC from healthy donors and co-cultured them plasma from patients with ITP and HC. Co-
culturing with patients’ plasma led to similar apoptotic changes found in the patients’ bone

marrow trephines (79).

9.5.3. PD-1, PD-L1 and PD-L2 in ITP.

The role of PD-1 pathway in the ITP pathophysiology has not been fully explored. Atesoglu
and colleagues described serum level of PD-1 to be significantly lower in patients with ITP
compared to HC (102). Zhong et al. showed similar results of lower mRNA expression of PD-
1 and PD-L1 in PBMC from patients with ITP using real-time polymerase chain reaction (RT-

PCR) (103). Conflicting results of increased serum levels of PD-1 in patients with ITP has been
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demonstrated in a recent study, which was associated with a significantly elevated PD-L1" DC
(104). These studies described how PD-1 and PD-L1 are dysregulated in the blood suggesting
a potential mechanism of imbalanced immune regulation in the periphery. The role of PD-

1/PD-L1 and PD-L2 axis dysregulation on megakaryopoiesis remains unexplored.

9.5.3. Clinical manifestations of I'TP

The change in the nomenclature ITP from Idiopathic Thrombocytopaenic Purpura to Immune
Thrombocytopaenia shifts the emphasis on the thrombocytopaenia in patients rather than the
presence of bleeding (purpura) indicating that a huge proportion of patients with ITP are
asymptomatic (63). The symptoms in patients with ITP are primarily due to the
thrombocytopaenic nature of the disease, which involves bleeding in different forms. Skin
petechiae and purpura could appear in dependent areas of the body resulting in micro-
bleeding accumulating under the skin (105). Epistaxis is another symptom of ITP, which may
serve as an indicator of more serious bleeding if it required intervention to be stopped. More
rare symptoms could occur in the form of severe haemorrhage such as intracranial
haemorrhage (ICH), heavy menstrual bleeding, haematuria and evident gastrointestinal
bleeding. These severe haemorrhages were demonstrated in a systematic review of clinical
studies to occur in 1.4% for the ICH and 9.4% for the other forms of haemorrhages (106).
Although patients with very low platelet count (<10 x 10%/L) are more likely to have bleeding
symptoms, potentially severe ones, such correlation between platelet count and bleeding has

not been firmly established (107).

Although it is still not clearly understood, fatigue was also found to be a common problem
among different cohorts of patients with ITP which became more debilitating with lower

platelet counts (108). The impact of ITP on patients was self-reported in a study including
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1491 patients from 12 countries, demonstrating how ITP affected several aspects of patients’
daily lives. Patients with ITP reported a decrease in energy levels, capacity to exercise and
ability to perform daily tasks. Furthermore, patients also reported that ITP had a great toll on
their work productivity, social life and emotional well-being. Taken together, these findings

suggest that ITP significantly impair patients’ quality of life (109).

9.5.4. Treatment

Immunosuppression is the cornerstone of ITP treatment. First line of treatment for ITP
includes steroid and IVIG, which are considered as rescue therapy for rapid correction of the
thrombocytopaenia. Anti-D is an effective treatment that is used when IVIG cannot be used.
For those who do not go into an immediate remission and develop persistent ITP, other
steroid-sparring agents are considered. The international working group and the American
Society of Hematology ITP treatment guidelines included an array of different treatments as
second-line treatment options including splenectomy, agents which target T cells such as
immunosuppression (Mycophenolate mofetil; MMF), B cells (rituximab) and more recently
agents which stimulate the bone marrow to produce more platelets (thrombopoietin receptor

agonists; TPO-RAs) (63,110,111).

Splenectomy has been considered an effective treatment for ITP on the based on the evidence
that it is the main site of platelet destruction, leading to remission in up to two-thirds of the

patients (112). Given, its irreversible nature and the associated life-long risk of infection and
increased risk of thrombo-emobolic events, it is currently avoided and a trial of other second-

line treatments is given before proceeding to splenectomy (113).

Rituximab, B-cell depleting agent, is a useful therapy in patients who do not respond to first-

line treatment or needs higher doses to increase their platelet count. Given its nature of
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targeting B cells, it is characterised by its long effect and could lead to longer periods of
remission contained to other treatment modalities (114). Although Rituximab is not effective
in all patients, Rituximab could achieve remission of up to 70% depending on the treated

cohort and the timing of the treatment (115).

The variety of responses to these diverse agents and the failure to identify antiplatelet
antibodies in all patients with ITP leads us to believe there may be different pathologies in
individual patients. To dissect these causes, we need a better understanding of the interaction

between platelets and their precursors the megakaryocyte and the immune system.

9.5.4.1. Thrombopoietin receptor agonists.

As the mainstay of ITP treatment is immunosuppressive therapy, and due to its chronic nature
with a successful response to therapy varying between 20-70%, it is inevitable that most
patients with ITP suffer from long-standing side-effects from these agents (85,116). Therefore,
there was a need to develop new agents that correct the thrombocytopaenia without these
unwanted immune-related side effects. Recombinant TPO agents have been developed to
correct thrombcytopaenic disorders, including ITP, and was successful initially until the
development of autoantibodies to TPO leading to further worsening of the cases. So, there was
a need to develop thrombopoietic agents that stimulate platelet production without eliciting an
autoreactive response leading to the development of two currently used TPO-RAs Romiplostim

(Romi) and Eltrombopag (Elt) (117).
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9.5.4.1.1. Eltrombopag (Elt)

Elt is a small-molecule considered as second-generation TPO-RA due to its capacity to
stimulate TPO-R downstream signalling pathway. Elt differs from Romi in that it binds to the
transmembrane and juxtamembrane region of the TPO-R, in contrast to endogenous TPO and
Romi which only binds to the extracellular domain binding site of TPO-R (117-119) This
binding capacity of Elt prevents it from competing with TPO on the receptor allowing for a
potential additive or even synergistic effects. Elt is highly specific, it does not activate cell lines
that are responsive to other growth factors, and it is species-specific activating TPO-R only in
human and chimpanzees (120). Elt delivers its function through TPO-R via activating both
JAK2 and STATS from early HSC all the way through mature MK. It drives early HSC into
committed MK-P in a dose-dependent manner, and it supports MK-P proliferation and
differentiation into mature MK (121). The use of Elt has also been reported to have immune-
modulatory effects which might explain how some patients with ITP achieve sustained
response after discontinuing therapy (122). Treg function and frequency has been reported to
improve post-treatment with Elt. It also has an impact on B cell function via reducing plasma
levels of APRIL in patients with ITP (100,123). Bart-Smith and colleagues were also the first
to report a CD4-mediated effect in a case report of severe aplastic anaemia with HIV infection
being successfully treated with Elt, resulting in an increased Treg/Th ratio (124). One of the
mechanisms by which Elt could deliver its off-target effects has been attributed to its superior
iron-chelating property compared to other clinically-used iron chelators (125). However, these
clinical observations do not take into consideration that the recovery of platelets could
potentially influence the immune system, either by direct suppression or exhausting the

immune cells leading to a sustained remission after discontinuing the treatment.
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9.5.4.1.2 Romiplostim (Romi)

Romiplostim is a recombinant fusion protein which is made of two identical subunits. Each
unit is made of a human IgG1 Fc domain linked at the C terminus to a peptide which contains
multiple TPO-R binding domains. The 60Da Romi is characterised by its prolonged half-life,
due to the presence of the Fc domain, and there is no homology to endogenous TPO and thus

preventing the development of autoantibodies against endogenous TPO described previously

(1-3).

Romi delivers its function via binding to the extracellular domain of the TPO-R in a
competitive manner with endogenous TPO. This binding results in potent downstream
activation of the TPO-R pathway including tyrosine phosphorylation of Mpl, JAK2 and
STATS. This activation supports megakaryocytic colony formation and maturation (2). The
first study of Romi in human showed efficacy and well tolerability in healthy volunteers with
promising results of its use in patients with ITP (4). This was followed by two studies in the
US and Europe assessing the efficacy of Romi in patients with ITP which showed very good

response and tolerance to the treatment (5,6).

Treatment with Romi showed significantly better outcomes in adult patients with ITP in the
form of platelet response, lower treatment failure, less bleeding events and fewer blood
transfusions needed compared to those receiving the medical standard of care (7). Currently, it
is considered as second-line treatment for adult patients with ITP (8,9). Recent evidence also
suggested that Romi is also effective in treating paediatric ITP (10,11), however, further work

is still needed to determine its long-term efficacy and remission in children.

Romi was also reported to correct thrombocytopaenia in conditions other than ITP, such as in
myelodysplastic syndromes, in which it led to reduced bleeding events and platelet transfusion

without any immunomodulatory influence on the progression of disease (12).
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9.6. Research hypothesis and aims

CD8" T cells play an important role in the pathophysiology of ITP, both in peripheral
circulation as well as in the bone marrow. This pathogenic role is possibly due to break in the
immune regulation of MK-T cell interaction leading to an autoreactive response. The use of

TPO-RA may have an off-target immunoregulatory effect on CD8" T cells.

9.6.1. Aims

a) Phenotype patients with ITP based on their T-cell profiles which will be further
associated with their disease severity and treatment options.

b) Investigate in vivo bone marrow pathology by staining bone marrow trephines looking
for potential T-cell and MK abnormalities.

c) Establish in vitro megakaryopoiesis assay to interrogate the immune regulatory

mechanism governing the possible interaction between MK and autoreactive T cells.

d) Examining the effect of TPO-RAs, Elt and Romi, on the functionality of CD8" T cells

in vitro.
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10. Materials and methods

10.1. Patients and Controls

Sixty ITP patients attending the Imperial Haematology department have been enrolled into the
UK ITP registry. Patients are diagnosed based on previously established criteria (63). For the
purpose of this study, subjects with concurrent infections such as Hepatitis B, Hepatitis C or
HIV and secondary thrombocytopaenia were excluded. Of these patients, 20 patients have had
bone marrow aspiration and trephines and 40 patients have had their PBMC and plasma

samples stored in the Imperial Tissue Bank at different stages of disease.

Thirty healthy age and gender matched controls with normal platelet count (150 — 450x10°/L),
who worked at the Centre for Haematology or relatives of the patients, who were not receiving

any steroid or immunosuppressive therapy were included in the study.

Both Patients and control samples were obtained after written informed consents were given
and samples were stored at Imperial College Healthcare Tissue Bank. This study was done in
accordance to The Multi Centre Research Ethics Committee in Wales guidelines MREC Wales

reference 07/MRE(09/54: R12039, R12033.

10.2. Plasma and Peripheral Blood Mononuclear Cells (PBMC) Isolation.

Venous Blood was collected in Vacutainers coated with either Heparin or
Ethylenediaminetetraacetic acid (EDTA; BD Bioscience, Oxford, UK) and processed on the
same day of collection under a sterile condition. Blood vacutainer was spun at 800g for 10
minutes at room temperature (RT) and 1 ml of the separated plasma was collected in a cryovial
and kept in the -80°C freezer. PBMC were separated and isolated using a standard density

gradient centrifugation protocol. Briefly, blood was diluted with phosphate buffered saline
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(PBS; Sigma-Aldrich, Dorset, UK) at 1:1 ratio. The blood-PBS was layered gently on top of
Histopaque (Sigma-Aldrich) at 2:1 ratio and tubes were centrifuged at 500g for 20 minutes at
RT without brakes. Then, the separated PBMC layer was isolated and washed once by
centrifuging PBMC in PBS at 300g for 5 minutes at 4°C. Cells were then resuspended in a
freezing buffer made of 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich) in foetal bovine

serum (FBS; Life Technologies, Paisley, UK) stored in -80°C freezer.

10.3. PBMC Surface Staining

Frozen vials of PBMCs were thawed in 37°C water bath for 2 minutes and then washed with
prewarmed complete medium (CM) made of Rosewood-Park Memorial Institute (RPMI) 1640
medium supplemented with L-Glutamate (Sigma-Aldrich), 10% FBS (Life Technologies),
100U/ml of Penicillin/Streptomycin (Fisher Scientific, Loughborough, UK) and Eagle's
minimum essential medium (MEM) non-essential amino acid solution (Sigma-Aldrich). Cells
are cultured in CM and rested overnight (ON) in a 37°C humid incubator with 5% CO; at a
seeding density of 400,000 cells/ml. Cells are harvested and washed in cold PBS at 300g for 5

minutes and counted using trypan blue exclusion method.

500,000 cells in a total volume of 100 ul are stained in 5-ml polypropylene FACS tubes and
stained with Live/Dead exclusion dye (Thermo Fisher Scientific, Waltham MA, United States)
for 15 minutes at RT in the dark. Cells are washed once with 1 ml of cold PBS and after
removing supernatant cells were stained with a panel of titrated primary conjugated antibodies
against surface markers at 4°C for 20 minutes in the dark. Cells are washed again and

resuspended in 300 pl for analysis.
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10.4. FoxP3 and PBMC Intracellular Cytokine Staining

To stain the Treg transcription factor, FoxP3, 1 million cells are stained with L/D exclusion
dye and the Treg surface staining panel (Table 2-1). Cells then fixed and permeabilised using
the FoxP3/Transcription factor staining buffer set (ThermoFisher Scientific) according to
manufacturer’s instruction. Briefly, cells are fixed with 500 pl of Fix/Perm buffer for 30
minutes at RT in the dark and then 500 pul of the permeabilization buffer is added to the FACS
tubes and washed at 500g for 4 minutes at RT. After removing the supernatant carefully, cells
are washed once with the permeabilization buffer. Cells are then stained with a conjugated anti-
human FoxP3 antibody (eBioscience, Hatfield, UK) and incubated for 30 minutes in the dart
at RT. Cells are washed twice with permeabilization buffer after FoxP3 staining and then
resuspended in 300 pl of PBS for flow cytometric analysis. All the antibodies used in this study
were purchased from Abcam (Cambridge, UK), Biolegend (London, UK), BD Bioscience,

eBioscience, Life Technologies Ltd. and AbD Serotec (Kidlington, UK).

10.5. Flow Cytometric Panel Design and Antibody Titration

Designing a multi-colour flow cytometric panel requires choosing antibodies conjugated to
different fluorochromes that target certain markers in order to identify desired populations and
describe certain functional aspects of the cells. The choice of the fluorochromes conjugated to
the used primary antibodies was based on a converse relation between the brightness of the
fluorochromes and the abundance of the target antigen on the cells. For example, the
fluorochromes for the abundant CD3 were selected to be mostly dim such as Peridinin
Chlorophyll Protein (PerCP) or Violet 450 (V450) whereas fluorochromes for the less frequent
targets such as CD25 or CD45RA were chosen to be very bright such as Phycoerythrin (PE) or
PE-Cyanine (Cy)7. Care was taken to avoid fluorochromes with a complete spectral overlap

such as Fluorescein isothiocyanate (FITC) and Alex Fluor (AF) 488 or Allophycocyanin (APC)
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and AF647. The list of antibodies used in the different panels in this study are summarised

(Tables 10-1).

Panel General T cell subsets
PE-
Fluorochrome V450 FITC APC PE Cy7
Laser
(Excitation Violet Blue Red  Yellow/Green YG561
wave length  (V;405) (B;488) (R;633) (YG; 561)
in nm)
Detector
450/50 @ 525/50 660/20 575/26 780/60
Band Pass
Antigen CD3 CD4 CDS8 CD45RA CD62L
Strain Mouse Mouse Mouse Mouse Mouse
Isotype 1gG2a, | 1gG2b, IgGl1, x IgG2b, 1eGl,
K K K
Amount of
used antibody 1 2 1 1 1
(ul)

46

Brilliant
Violet
V500 (BV) V711
605
V405 V405 V405

525/50 610/20  720/40

L/D

Dye PD-1 Tim-3
N/A Mouse Mouse
NA  IgGlx 0L

0.5 2 2



Panel Regulatory T cells
Fluorochrome V450 PE-Cy7 PE FITC APC V500
Laser
(Excitation wave V405 YG561 YG561 B488 R633 V405
length)
D etec;‘;:sBa“d 450/50  780/60 57526  525/50 660/20 525/50
Antigen CD3 CD4 CD25 CD127 FoxP3 L/D Dye
Strain Mouse Mouse Mouse Mouse Rat N/A
Isotype IgG2a,«  IgG2b,x  IgGl,x  IgGl,« IgG2b, N/A
Amount of used
1 2 2 2 2 0.5
antibody (nl)
Panel General T cell Proinflammatory Intracellular Cytokines
PE-
Fluorochrome PerCP FITC PE CF594 APC V500 V450 AF700
Laser
(Excitation B48&8 B488 YG561 YG561 R633 V405 V405 R633
wave length)
Detector
675/20  525/50 575/26  610/20 660/20 525/50  450/50 @ 695/40
Band Pass
. L/D
Antigen CD3 CD4 [FNy IL-2 CDS8 Dye IL-17A  TNFa
Strain Mouse = Mouse Mouse Mouse Mouse N/A Mouse  Mouse
1eG2 IeG1 IeG1
Isotype 8 K b 1gGob, k  1gGl, k gK * 1gGl,x  N/A  IgGl,k gK ’
Amount of
used antibody 1 2 2 2 2 0.5 2 2
(D)
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Panel CDS8" T cell Proinflammatory Intracellular Cytokines

PE-
Fluorochrome PerCP APC PE FITC V500 BV421 AF700
CF594
Laser

(Excitation B488 R633 YG561 YG561 B488 V405 V405 R633

wave length)

Detector
675/20  660/20 575/26  610/20 525/50 525/50 @ 450/50 @ 695/40
Band Pass
Granzyme L/D ‘
Antigen CD3 CD8 IFNy IL-2 Perforin TNFa
B Dye
Strain Mouse Rat Mouse Mouse Mouse N/A Mouse  Mouse
IgG2a, IgGl, IgG2b,  IgGl,
Isotype IgGl,x  IgGl, IgG2b, N/A
K K K K
Amount of
used antibody 1 2 2 2 2 0.5 2 2
(D)

Table 10-1. Lists of the used T cell multi-colour flow cytometric panels.

Tables demonstrating the different flow cytometric panels used in staining T cells to
detect describe their subsets as well as assessing their functionality. The tables
highlight antibodies’ fluorochromes, target antigen, strain, isotype and amount used

in staining.

48



10.6. Antibody Titration

Antibody titration is essential to determine the optimal concentrations of various primary
conjugated antibodies used in a single panel that would best separate the cell populations of
interest. The optimum titre or dilution is the concentration which produces the highest
resolution of the desired populations, measured by high staining index with minimum
background / nonspecific binding and with minimal loss of population positivity. Titration
requires staining the same number of cells in a similar total volume with serial concentrations
of the same antibody to determine which concentration gives the best signal of positive
population (Figure 10-1). This is determined by calculating the staining index (SI) which is the
difference between the positive and the negative mean fluorescent intensity (MFI) divided by

the standard deviation (SD) of the negative population doubled.

MFI (+ve population) — MFI (—ve population)

St - . . d SI —
aining index (SI) 2 X SD(—ve population)

G nB staining

Staining Index (S1)

Antibody quantity

Figure 10-1. Example of Grnazyme B (GnB) antibody titration.

The graph demonstrates the difference in Sl of GnB when using different quantities
of the antibody. For this antibody, 2 ul was determined to be the optimal
concentration after which the curve plateaus indicating no extra benefit is gained by

increasing the antibody quantity.
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10.7. Setting the Gating Strategy in Flow Cytometric Analysis.

The identification of cell populations in flow cytometry depends on the separation of the
positive events from the negative ones with respect to each of the study markers. However, in
a multicolour panel this could be challenging as the spectral overlap between the fluorochromes
could influence the signal resolution. Therefore, the use of appropriate controls is essential to
distinguish between a true positive signal and a spill of a different fluorochrome into the
channel of the fluorochrome of interest. In this study, we have adopted the fluorescence-minus-
one (FMO) (126,127), defined as staining the sample with all the fluorochromes except the one
of interest e.g. FITC FMO control would be stained with all fluorochromes except FITC. The
use of such controls allows for consistent unbiased gating strategy in the panels used in this
study (Figure 10-2). Although certain markers can be easily distinguishable from each other
such as CD4" and CD8" in T cells, it could be more challenging distinguish other parameters

such as CD45RA and CD62L (Figure 2-2).
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Figure 10-2. Setting the gating strategy in a multicolour panel based on
fluorescence-minus-one controls.

Dot plots demonstrate an example of using FMO controls to determine gates’

positions in a multicolour panel made of CD3, CD4, CD8, CD45RA and CD62L

conjugated with different fluorochromes with partial spectral overlap.
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10.8. Flow Cytometric Analysis and Cell Sorting

To set up the BD LSR II cytometer (BD Bioscience) used in our study, unstained cells were
used to setup the limit for negative staining and count for any possible cellular
autofluorescence. BD Compensation beads (BD Bioscience), both positive (capable of binding
to antibodies) and negative (uncapable of binding to antibodies) were used to setup the proper
voltages for each fluorescent channel and to ensure minimum spill over between
fluorochromes’ detectors (Figure 10-3). Once voltages are set properly and the gates are set
using FMO controls (Figure 10-2), a minimum number of 50,000 events (cells) are acquired
and recorded per sample using BD FACSDIVA software (BD Bioscience) and analysed using

FlowJo software (Tree Star, Oregon, United States).

200 -
n 200 A e ]‘ n
150 i BY 711 +ve
= PE-Cy7 -ve PE.Cy7 +ve = . 1apC - APC +ve o BVt -ve
c Y = | APC -ve = 536 46.4
> 62.3 371 =S 538 45.6 S 1o - i
O 100 O o
Q O 1aa o
50 7] 50
58 ]
a T T ™ T T T T T L LAY o . ILRRRRLLL | T T T T a
R a” n? "o 10 a o w® 10 10 10 1
PE-Cy7 APC BV711

Figure 10-3. Using compensation beads for setting up voltages.

Histograms demonstrating the separation between the positive and negative staining
of the beads. (A) Examples of staining positive and negative beads by fluorochromes
on excited by the cytometer yellow-green laser e.g. PE-Cy7, (B) by the red laser such

as APC or (C) by the violet laser like BV711.
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For flow cytometric cell sorting, similar setup was used to set gates (Figure 10-2) and voltages
(Figure 10-3) to sort the specific CD8" T cell subsets used in this study. CD8" T cell subsets
were 4-way sorted using the BD Aria III sorter (BD Bioscience) on purity mode allowing for
a purer population at a slower sorting speed. Purity checks were performed at the end of each

sorting sessions to ensure high purity population; typically 95%.

10.9. IFNy Enzyme-Linked ImmunoSpot (ELISpot) Assay

IFNy ELISpot assay was performed in a sterile condition according to the Chelsea and
Westminster Hospital Immunotherapy Group standard operating procedure for ‘IFNy ELISpot
Assay for Quantifying Release of Cytokines from PBMC when Stimulated with Recombinant
Ag or Overlapping Peptides’ established by Dr Imami and colleagues. Briefly, the assay was
performed on Millipore 96-well PVDF plates (Fisher Scientific) which was coated with the
anti-human IFNy capture antibody (Mabtech, Nacka, Sweden) diluted in sterile PBS and
incubated ON at 4°C. Plates were washed and blocked with 10% heat inactivated, screened
human male AB serum (Sigma-Aldrich) in sterile PBS for 1 hour at RT. After removing the
blocking buffer, PBMCs were then incubated in CM (with 20% heat inactivated human male
AB serum instead of the 10% FBS) and were cultured either alone, with platelets or with a
Staphylococcal Enterotoxin B (SEB) as a positive control for 40 hours in 37°C humid chamber
with 5% CO.. Plates were washed and incubated with biotinylated anti- IFNy detection
antibody (Mabtech) and incubated ON at 4°C. Plates were washed and incubated with
Streptavadine-alkaline phosphatase conjugate for 1 hour at RT. After washing the plates, they
were incubated with a freshly-made chromagen (Bio-Rad, Hertfordshire, UK) and incubated
for 10 minutes at RT and then washed off. All the washing steps were consisted of 6-times
wash by sterile PBS. The plates were finally left to dry at RT away from light and were analysed

using Zeiss Compact ELISpot Reader (Zeiss, Oberkochen, Germany).

53



10.10. In Vitro culture of PBMC with thrombopoietin receptor agonists
(TPO-RAs).

The two clinical-grade TPO-RAs; Elt, known as Revolade (GlaxoSmithKline, Brentford, UK)
and Romi, known as Nplate (Amgen, California, United States) were used in an in vitro culture
in this study. A single 50 mg Elt tablet was dissolved in 50 ml of prewarmed CM to prepare a
Img/ml solution and was filtered twice in 40 um mesh (Sigma-Aldrich) to remove any solid
additives that might impact the culture. Isolated PBMC were stimulated with functional azide-
free anti CD3/CD28 antibodies (Biolegend) and cultured with serial concentrations of Elt
(7.5ug/ml, 18.75pg/ml, 31.25ug/ml, 62.5pug/ml and 125pg/ml) ON in a 37°C incubator with
5% COz. Two Hundred and fifty micrograms of Romi was dissolved in 250 pl of CM to prepare
1pg/ul solution of Romi and was filtered once through 40pum mesh. Stimulated PBMCs were
cultured with 31.55ug/ml of Romi ON in 37°C incubator. Cells were washed and stained with
the ‘CD8" T cell Proinflammatory Intracellular Cytokines’ panel described previously (Table

8-1).

10.11. Bone Marrow Preparation for Histological Examination.

Bone marrow trephines were prepared in the histopathology department at Hammersmith
Hospital where sections were cut at a thickness of Sum and mounted on slides, fixed and
Paraffin-embedded to be stored. To stain these trephines, slides were first deparaffinised in a
step-wise protocol starting with Xylene followed by serially diluted Ethanol (Xylene with
Ethanol, 100% Ethanol, 95% Ethanol, 70% Ethanol, 50% Ethanol) (Sigma-Aldrich). Each step
consisted of keeping the slides in a Coplin jar for 3 minutes and slides were finally washed
with water for 5 minutes. Antigens were retrieved using heat-induced epitope retrieval method.

Slides were kept in an antigen-retrieval buffer made of 0.01 M trisodium citrate or Tris-EDTA
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(Sigma-Aldrich), and heated in a microwave for 20 minutes. Slides were left to cool down at
RT for 5 minutes in the buffer and then washed once with the washing buffer (1% TWEEN
(Sigma-Aldrich) in PBS) for 5 minutes. Care was taken not allow the slides to dry as this would

impact the integrity of the tissue and subsequently the staining.

10.12. Bone marrow trephines Immunohistofluorescent (IHF) staining.

After deparaffinising and hydrating the trephines, sections were blocked with 1% Goat serum

(Sigma-Aldrich)-PBS for 30 minutes at RT.

A total volume of 100 pl of PBS-diluted primary antibodies were added to each slide and
incubated ON at RT in the dark in a humid staining chamber to ensure the slides not to dry out.
Slides were washed three times with the washing buffer, each wash consistent of keeping the
slides in PBS for 5 minutes and then the washing buffer is replaced with fresh washing buffer.
PBS-diluted secondary antibodies were added individually, each incubated for an hour at RT
in the dark, followed by washing three times before adding the next secondary antibody for the
multi-colour staining. Excess washing buffer was wiped off and slides were mounted using
Fluoroshield mount (Sigma-Aldrich) and a coverslip (Raymond A Lamb Ltd, Eastbourne, UK)

left to settle ON at 4°C in the dark.

A List of antibodies used for Immunohistofluorescence (IHF) is provided (Table 10-2). All
antibodies were diluted in PBS at an optimum concentration prior to staining and they were
purchased from Abcam, Biolegend, BD Bioscience, eBioscience, Life Technologies Ltd. and

AbD Serotec.
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Antibody Strain Isotype Fluorophore Dilution Vendor
Anti-human
IgG2a Isotype Rat IgG2a Unconjugated 1:50 AbD Serotec
control
Anti-human
IgG1 Isotype Mouse IgG1 Unconjugated 1:50 Biolegend
control
Antglll)lzman Mouse IgG1 Unconjugated 1:50 Biolegend
Antgllljlgman Mouse IgGl1 Unconjugated 1:50 Biolegend
Antgllljlzman Rat IgG2a Unconjugated 1:50 AbD Serotec
Anti-human . )
CDS Rat IgG2a Unconjugated 1:50 AbD Serotec
Anti-human . .
CD4%b Rabbit IgG Unconjugated 1:100 Abcam
Anti-Rabbit Alexa Fluor Life
secondary Goat IgG 488 (AF488) 1:200 Technologies
antibody Ltd.
Anti-Rabbit Life
secondary Goat IgG AF 555 1:200 Technologies
antibody Ltd.
Anti-Rabbit Life
secondary Goat IgG AF 647 1:200 Technologies
antibody Ltd.
Anti-Rat Life
secondary Rabbit IgG AF 488 1:200 Technologies
antibody Ltd.
Anti-Rat Life
secondary Rabbit IgG AF 647 1:200 Technologies
antibody Ltd.

Table 10-2. List of antibodies used for Immunohistofluorescent staining.
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10.13. Imagining of the bone marrow trephines and image analysis.

Slides were visualised using the multi-channel Zeiss Axio Observer inverted widefield
microscope and Zeiss LSM-780 confocal microscope (Zeiss) using Zen Lite software (Zeiss)
to capture the images. Using the tiling function of the widefield microscope, a series of images
capturing all regions of the trephine at 20x magnification and then stitched together to produce
a combined single large image of the whole trephine. Each region was captured using a set of
lasers to detect the different fluorochromes attached to primary antibodies using the appropriate

filters as described (Table 10-3).

Fluorochrome Primary LED
of the 2ry Antibody illumination Filter used
antibody Marker source
472/30
AF488 CD42b LED 470 nm
(Semrock)
LED 540 - 580 534/20
AF555 CD4
nm (Semrock)
AF647 CD8 LED 625 nm 631/22 (Zeiss)

Table 10-3. List of fluorochromes detected by the lasers of the widefield
microscope.

With the help of Mr Stephen Rothery from the Facility for Imaging and Light Microscopy
(FILM) at Imperial College London, we developed a macro to analyse captured images. A
macro is a list of commands used to perform certain analytical functions (Figure 10-4A), in the
open-source software Fiji (University of Wisconsin, Madison, United States) (128). This macro
was provided with minimum threshold values of each fluorescent signal to differentiate each
stained cell from non-specific background staining (Figure 10-4B). The macro was also
provided with a minimum diameter of 20 pym for MK and 5 um for T cells which eliminated

any debris that was stained non-specifically. Provided with these paramters, the macro could
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automatically quantify each cell type that were stained in the trephines. To ensure consistency
in comparison between the slides, cellular quantification of the stained cells was reported as
frequencies which were determined by dividing the number of the detected cells by the area of

the imaged tissue.

Number of cells in a trephine

Cellular frequency (cell/um®) = Surface area of the tissue

The next important function of the macro was to determine the interaction between MK and T
cells in the trephine. Given the fixed nature of the trephines, MK-T cell interaction was
determined based on their close distance to each other and reported as immediate proximity
(IP). IP was set at the lowest measurable distance at 1 pixel, which equals to 400 nm at 20x
magnification, and if a T cell falls within a pixel from a MK it was considered to be in IP
(Figure 10-4C). The presence of multiple T cells in IP to a single MK was reported as MK-T

cell clustering (Figure 10-4D).
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1 //Initialise

in("Clear Results”);
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Figure 10-4. Macro development to automatically Identify MK and T cells
interactions and clustering.

(A) A macro was developed with a list of a pre-set criteria to (B) identify the cells of

interest in a trephine and highlight them in red. (C) A focused field of a single MK

(Green) in IP with multiple T cells, which the macro can identify, (D) outline the MK

and count the number of clustered T cells.
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10.14. Bone marrow aspirate processing and CD34" Haematopoietic stem

cell selection.

CD34" HSC were either obtained by the Stem Cell Laboratory at the Hammersmith Hospital
or isolated from bone marrow aspirate of healthy donors. As previously described (129), CD34"
HSC were isolated from BM aspirate by positively selecting CD34" using anti-human CD34
magnetic separation beads, separation columns and AutoMACS machine (Miltenyi Biotec,
Germany) according to the manufacturer instructions. Briefly, mononuclear cells (MNC) were
separated from the BM aspirate using density gradient centrifugation similar to isolating
PBMC. MNC were washed once with PBS and resuspended in 90 pl separation buffer (PBS,
0.5% BSA and 2 mM EDTA) per 1x107 cells and incubated with anti-human CD34 microbeads
for 15 minutes at 4°C. Separation columns were washed once with cold separation buffer prior
to passing the cells through them. Cells were passed through the columns gently to ensure
proper separation of the CD34" cells from the MNC. After passing the cells, the columns were
plunged with cold PBS to collect CD34" cells and a minimum purity of 80% was obtained.
Cells were either used for downstream application or resuspended in a freezing buffer to be

stored in the -80°C freezer.

10.15. In vitro megakaryopoietic assay.

Frozen CD34" HSC cells were thawed for 2 minutes in a 37°C water bath and washed once
with prewarmed RPMI 1640 supplemented with 10% FBS. Cells were resuspended in filtered
serum-free media StemSpan II (STEMCELL Technologies, Cambridge, UK) supplemented
with StemSpan Megakaryocyte Expansion Supplement (STEMCELL Technologies), 50 nM
of human recombinant thrombopoietin (TPO) (Peprotech, London, UK), 10 nM of human

interleukin-1p (IL-1B; Life Technologies) and 500U/mL of Penicillin/Streptomycin (Fisher
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Scientific). Cells were plated in a 6-well plate at seeding density of 30,000 cell/ml and

incubated in 37°C humid incubator with 5% CO> and media was replenished on Day (D5).

10.16. Tracking the development of megakaryocytes.

MK development was tracked on D3, D7 and D10 by flow cytometry using a panel of primary

conjugated antibodies summarised in Table 10-4.

Panel
PerCP-
Fluorochrome APC
CyS5.5
Laser

(Excitation B488 R633

wave length)

Detector
675/20  660/20
Band Pass
HLA-
Antigen CD41
DR
Strain Mouse @ Mouse
IgG2a,
Isotype IgGl, x
K
Amount of
used antibody 2 2
(ul)

PE

YG561

575/26

CD42b

Mouse

IgGl, x

MK staining panel
PE-
FITC
Cy7

YG561 B488

780/60  525/50

PD-L1 or
PD-L2

CD34

Mouse Mouse

IgG2,
IgG2b,
K
1 2

V500

V405

525/50

L/D
Dye

N/A

N/A

0.5

Pacific

Blue

V405

450/50

HLA-
A/B/C

Mouse

IgG2a,

Table 10-4. List of antibodies used to track the development of MK.
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Cultured CD34" HSC were monitored using the imaging system Incucyte (Essen Bioscience,
Hertfordshire, UK). The imaging system is kept inside an incubator allowing for imaging the
cells without the need to remove it from the incubator (Figure 10-5A). Using 10x lenses, 16

images were captures from each well every 2 hours for a duration of 6 days (Figure 10-5B).

Cellular proliferation is monitored by determining cellular confluence i.e. the percentage of the
area occupied by the growing cells. The confluence continues to increase until the cells are
densely packed covering the whole imaged area. The Incucyte creates a mask over cells (Figure
10-6A) allowing for cell identification and provides cell confluence metrics in real time

forautomated quantification and plotting of the growing cells (Figure 10-6B) without the need

for them to be stained.

>
a0 00
o o 0 0
a o0 80 B8
a8 o0
a8 00
e 8 0 @
a0 o0
a o o0
a8 00
a8 o0
a8 00
e 0 80 0

Figure 10-5. Incucyte imaging system used to track MK development.

(A) A representative image of the Incucyte imaging system placed inside a 37°C
incubator having a moving microscope lenses taking images (B) at different locations

of each well in a 6-well plate.
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MK2 - All Wells Mean vs Time

Figure 10-6. Automated identification and quantification of developing
MK using the Incucyte imaging system.

(A) The system creates a virtual mask around the cells enabling the system to
identify developing MK without staining. (B) The graph demonstrates the automated

guantification of the growing cells plotted as confluency of the imaged field.
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10.17. MK-T cell Interaction Assay.

Mature MK at D7, as they express all of the maturation markers at that point of development,
were cultured with PBMC from patients with ITP. To underline the involved pathways
governing MK-T cell interacts, MKs were blocked with functional azide-free antibodies
(Biolegend) targeting either MHC-1 (HLA-A/B/C), PD-L1 or PD-L2 (Figure 10-7A). MK were
incubated with these functional antibodies for 30 minutes at 4°C and then washed twice with
PBS. To confirm the blocking of these receptors, an aliquot of the blocked MKs were stained
with a conjugated antibody against the same blocked receptors. As these receptors were
occupied by blocking antibodies, this prevented the staining of these markers as demonstrated

(Figure 10-7 B-C).

MK cells were then cultured with PBMC in a 37°C incubator ON and all the cells were
harvested afterwards. The outcome of this interaction was determined by quantifying the

percentage of the polyfunctional CD8 IFNy " TNFa" T cells as described earlier (Section 10.4).
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Comp-Pacific Blue-A - HLA-A_B_C
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Comp-FITC-A - PD-L1 Comp-FITC-A . PD-L1

Figure 10-7. Interrogating MK - T interaction governed by Immune-related
molecules. using blocking antibodies against HLA-A/B/C, PD-L1 and PD-L2 which govern
MK-T cell interaction. Drawings demonstrate the blocked surface receptors on MK prior to
their culture with PBMC. (B) Dot plots demonstrate an example of confirming the blocking
of PD-L1 on MK demonstrated by lack of staining in PD-L1 blocked MKs (right), compared to
the positive staining in unblocked MKs (left).
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10.18. Statistical Analysis.

Unpaired data sets were compared using two-tailed T test and Mann-Whitney U tests based on
their parametric and nonparametric distribution, respectively. Paired data sets were compared
used paired T tests or Wilcoxon matched-pairs tests for parametric and nonparametric data sets,

respectively.

For comparisons between more than 2 groups, one-way ANOVA and Kruskal-Wallis tests for
parametric and nonparametric data sets, respectively. Bonferroni correction was applied to

counteract the effect of multiple comparison between the compared data sets.

Two-tailed spearman correlation test was applied to determine correlation between different
data sets. P value was considered significant when it is lower than 0.05. All statistical analyses

were performed using GraphPad Prism 7 (GraphPad, California, United States).
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11. CD8" T cell pathophysiology of Immune thrombocytopaenia
(ITP) peripheral blood and their response to thrombopoietin

receptor agonists (TPO-RAs)

11.1. Introduction

Immune thrombocytopaenia (ITP) has long been thought to be autoantibody-mediated causing
premature platelet destruction in the spleen (83,130). More recently, an increasing bulk of
evidence suggests involvement of other immune elements in ITP pathophysiology, more
specifically T cells (86,93,131). The seminal work of Olsson and colleagues has laid the
foundation for the concept of CD8" T cell involvement in the pathophysiology of ITP.
However, how CD8" T cells are influenced in ITP and how they contribute to the ongoing

pathology has not been fully addressed.

Similar to other autoimmune conditions, immunosuppressive therapy has been the cornerstone
of ITP treatment, being part of both first and second lines of treatments (110). However, some
patients do not respond to standard treatments, and some get adverse effects from long —term
immunosuppression (85,116). This has led to the development of two currently used
thrombopoietin receptor agonists (TPO-RAs); Eltrombopag (Elt) and Romiplostim (Romi) that
correct the thrombocytopaenia without immune-related side effects (117). The monotherapy of
either TPO-RAs has been reported to lead to sustained remission i.e. recovery of platelet count
beyond pathological levels after stopping the treatment in a proportion of patients suggesting
immune-modulation (132,133). However, it is unclear how this remission is achieved without

any reported immunomodulatory effect of TPO-RAs.
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In this chapter, I examine the changes within the T cell populations in 40 patients with ITP and
compared them to 26 healthy controls (HC). These patients were either on no treatment or on
one of the 2 TPO-RAs; Elt or Romi. Using the described methods (Chapter 10) to phenotype
both general T cell subsets; CD4" Ty, and CD8" CTL, and more specific subsets; naive, central

memory (CM), effector memory and terminally-differentiated (td) effector cells.

The changes within T cell subsets in patients are described, how these changes correlate with
disease activity, and how CD8" T cells are dysregulated immunologically expressing low levels
of exhaustion markers which are needed to control their activity. The functionality of T cells

was assessed by their intracellular cytokines and their reactivity to platelets was demonstrated.

The treatment impact of Elt on T cells was demonstrated using T cell phenotyping of patients

and in vitro culture with stimulated T cells.

Treg were described in patients, assessed functionally, and Treg/effector CD8" T cell ratio was

calculated and linked to disease activity.
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11.2. Results

11.2.1. Patients characteristics.

Forty patients with ITP were recruited between November 2014 and September 2017 at the
immune-haematology clinic at the Hammersmith Hospital for this study (Table 11-1). The
median age of the patients was 47.5 years old, ranging between 22 and 86 years old. They were
equally distributed for gender (20 males and 20 females). The median platelet count (PLC) at
the time of the analysis was 56.5 x 10%/L [6 — 281 x 10°/L], and their disease activity was either
classified as active disease (AD; PLC < 30 x 10°/L) or stable disease (SD; PLC > 30 x 10%/L)
depending on their platelet count at time of sample collection. In the absence of any
comorbidity, it is not necessary to initiate or modify treatment if PLC > 30 x 10°/L (134). In
the cohort analysed here, there were 15 AD patients and 25 SD patients. There were no
significant differences in the age of male and female patients [48 vs 46.5; P value > 0.05] and
their PLC [45.5 vs 70 x 10°/L; P value > 0.05]. Eleven patients were on ELT (19.44%), 13 on
Romi (27.78%) and the rest (n=16, 52.78%) did not receive any treatments for at least 2 months

prior to the time of sample collection.

Patients who were receiving either one of the TPO-R As; Elt or Romi; are described (Table 11-
2). Both Elt and Romi-treated patients group had a male predominance at M:F ratio of 1.2:1
and 1.16:1, respectively. The median age of patients receiving Elt was significantly higher than
the Romi cohort. However, there was no significant difference in PLC between these two

cohorts.
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Patient

Platelet count

Disease duration

D Age Gender Treatment™ (x 109/L)* (Months) Previous treatments
1 2 F Romi 9 36 Steroids - MMF-
Rituximab
2 28 M Romi 7 4 Steroids - IVIG
3 58 M Romi 131 ° Steroids ~IVIG -
Rituximab
4 23 M Romi 123 18 Steroids -
Rituximab
5 78 M Romi 16 156 Steroids ~1VIG -
Rituximab
6 41 F Romi 77 76 None
. Steroids — IVIG —
7 41 F Romi 95 106 MME - Rituximab
8 59 M Romi 11 4 IVIG - Rituximab
9 46 F No treatment 22 5 Steroids - IVIG
10 50 F No treatment 64 37 None
11 32 F No treatment 49 36 Steroids — IVIG
Steroids — IVIG -
12 86 F ELT 98 44 MMF
13 72 F No treatment 76 2 None
14 51 M No treatment 167 68 Steroids - IVIG
15 31 F No treatment 25 120 None
16 70 F Romi 66 240 IVIG
17 47 F No treatment 7 46 Steroids - IVIG
18 38 F No treatment 32 69 None
19 45 F No treatment 86 8 Steroids - IVIG
20 53 F Romi 6 4 Steroids - MMF
21 22 M No treatment 105 10 None
22 49 F ELT 6 3 Steroids - IVIG
23 38 F No treatment 281 51 Steroids - IVIG
24 78 F ELT 36 180 Steroids - IVIG
25 48 M No treatment 44 100 Rituximab
26 71 M No treatment 116 15 Steroids - IVIG
27 38 M No treatment 19 324 Steroids - IVIG
28 58 M ELT 167 18 Steroids - IVIG
29 46 M ELT 164 404 MMF
30 48 M ELT 47 144 Steroids
31 79 M ELT 9 44 IVIG - Rituximab
32 59 M No treatment 30 36 Steroids
. Steroids — IVIG —
33 42 F Romi 21 89 MME - Rituximab
34 47 M Romi 249 21 Steroids - IVIG
35 30 M Romi 13 5 Steroids - IVIG
36 34 M No treatment 9 11 Steroids
37 71 M ELT 45 120 Rituximab - MMF
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38 43 F ELT 50 103 None
Steroids — IVIG —
39 M ELT 1
60 05 73 Rituximab - MMF
40 66 F ELT 110 54 Steroids - IVIG

Table 11-1. Clinical parameters of the patients with ITP enrolled in this study.
Received treatment, platelet count and disease duration at the time of sample collection.

Treatment Eltrombopag Romiplostim
Number of patients 11 13
Age 60 (52.17 — 72.19) 42 (34.91 - 56.17)*
Gender (M:F ratio) 1.2:1 1.16:1
Platelet count (x 10°/L) 76.09 (56.54) 63.38 (72.18)

Table 11-2. Clinical parameters of patients receiving TPO-RAs.

Patients ages are displayed as median (lower — upper 95% confidence interval). Platelet
count at the time of collection are displayed as mean (+ standard deviation). * denotes P
value < 0.05.
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11.2. Characterisation of T cell subsets.

To identify the different T cell subsets, isolated PBMC were first characterised based on their
size and granularity, and dead cells were excluded using L/D viability staining. Single cells
were gated based on forward and height scatters, followed by T cell identification based on
their positive surface expression of CD3 (Figure 11-1A). Either CD4 or CD8 single positive
cells were gated on (Figure 11-1B) to differentiate between T helper (Th) and cytotoxic T cells
(CTL), respectively. Further dissection of the subsets based on the dual surface expression of
CD45RA and CD62L (Figure 11-1 B-C) divide cells into four subsets; naive
(CD45RA'CD62L"), terminally-differentiated (td) effector (CD45RA'CD62L), central
memory (CM; CD45RACD62L") and effector memory (CD45RACD62L). The td effector
population will be referred to as effector from now onwards. The surface expression of CD27
and CD57 were used to confirm this CD45RA/CD62L phenotypic discrimination. Naive and
effector subpopulations expressed high levels of CD27 and CD57, respectively (Figure 11-1D-

E).
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Figure 11-1. Flow Cytometric
characterisation of T cell subsets in a HC.
(A) Gating strategy for T cells starts by gating
the PBMC population based on their forward
and side scatter, dead cell exclusion based on
Live/Dead (L/D) viability staining and doublets
were excluded based on forward and height
scatter. T cells were identified first using CD3
expression cells, then either (B) CD4 or CD8
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by subset characterisation based on the
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Diagram demonstrates subsets distribution
based on their single, double-positive or
double-negative of CD45RA and CD62L.
Surface expression of CD27 and CD57 were
used to confirm the subset phenotype, (D) as
naive CD8" T cells expressed high levels of
CD27 and very low levels of CD57 while (E)
the effector subset conversely expressed low
levels of CD27 and very high levels of CD57.




11.2.3. ITP is associated with skewed T cell subsets towards an effector

phenotype

T cell subsets showed significant changes in patients with ITP compared to HC. The percentage
of CD4" T cells were significantly lower in patients [60.35% vs. 72.2%; P value < 0.05] (Figure
11-2A), while CD8" T cells were higher in patients [31.15% vs. 18.6; P value < 0.01] (Figure
11-2B). These changes influenced the CD4/CD8 T cell ratio leading to a significant reduction

in patients [1.77 vs. 3.97; P value < 0.001] (Figure 11-2C).

Patients had a significant increase, compared to HC, in the effector CD4" [46.2% vs. 6.8%; P
value < 0.001] (Figure 11-2D) and CD8" T cell populations [66.3% vs. 8.56%; P value < 0.001]
(Figure 3-2E). On the other hand, there was a major reduction in the naive CD4" [18.4% vs.
64.5%; P value < 0.001] (Figure 11-2G) and CD8" T cell populations [16% vs. 57%; P value

<0.001] (Figure 3-2H) in patients compared HC.

T cell subsets are reported to be influenced with age (135) affecting the distribution of naive,
CM and effector subsets. Similarly in this patients cohort, effector CD4" T cells had an indirect
significant correlation with age [r = -0.4; P value < 0.05] (Figure 11-2F), which was not
observed in the CD8" population. Although CM CD4" T cells did not differ significantly

between patients and HC, it displayed direct correlation with age [r = 0.38; P value < 0.05].
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Figure 11-2. CD4* and CD8" T cells populations, ratio and subsets in patients with

The graphs show (A) significantly lower CD4* T cells, (B) higher CD8* T cell frequency, (C)
lower CD4/CDS8 ratio in patients (n=26) compared to HC (n=19). Both (D) effector CD4* and

(E) CD8* T cells were significantly higher in patients, with (F) an inverse correlation between

significantly lower in patients compared to HC. Blue points represent HC and red denotes

ITP and HC.

patients.
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11.2.4. Changes in the effector and central memory CD8" T cell subsets
corresponding to disease activity.
To further understand the association between these T cell changes and disease activity, T cell

subsets where compared between patients who exhibited active disease (AD; PLC <30x 10°/L)

to those with stable disease (SD; PLC > 30 x 10°/L).

Effector CD4" population was significantly higher in AD patients compared to SD patients
[50.7% vs. 18%; P value < 0.001] (Figure 11-3A). Similar finding was found in the effector
CDS8" population [66% vs. 44.4%; P value < 0.05] (Figure 11-3B). Although CM CD4"
population did not show significant differences between HC and patients, a significant increase
was observed in SD patients compared to AD patients [21.22% vs. 8.2%; P value < 0.05]
(Figure 11-3C). Although not statistically significant, similar increase was found in the CM
CD8" population. Both naive CD4" and CD8" T cells were slightly raised in SD patients

compared to AD patients [P value > 0.05] (Figure 11-3D).

There were no significant differences in the overall CD4, CD8 or CD4/CDS ratio between AD

and SD patients [P value > 0.05].
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Figure 11-3. Comparison between T cell subsets in patients with active and stable
disease.

Graphs show patients with active disease (AD; purple dots, n=13) have significantly higher
(A) effector CD4* and (B) CD8* T cells compared to those with stable disease (SD; green dots,
n=25). On the other hand, (C) CM CD4* T cells were significantly lower in active disease, and

(D) so were the CM CD8* T cells (p value > 0.05).
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11.2.5. Effector CD8" T cell population lacks signs of exhaustion in patients with
ITP.

To determine the exhaustion status of the increased effector CD8" T cell population in patients
with ITP who are on no treatment, exhaustion markers; namely PD-1 and Tim-3 were assessed.
These markers are overexpressed in activated T cells and they serve as immunomodulatory

receptors controlling T cell activity (136).

PD-1 expression was reduced in effector CD8" T cells compared to naive ones [1.63% vs.
2.18%; P value > 0.05] (Figure 11-4A) and Tim-3 was significantly decreased [0.26% vs.

0.48%; P value <0.05] (Figure 11-4B).

Other inhibitory receptors such as CTLA-4 and LAG-3 were not tested in this study.
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Figure 11-4. The expression of exhaustion markers in naive and effector CD8* T
cells.

(A) PD-1 expression on effector CD8* T cells (n=6) was reduced compared to its naive
counterpart (n=5), this reduction was not as significant as the reduction in (B) Tim-3

expression in the effector population when compared to the naive ones.
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11.2.6. Proinflammatory CD8" T cells are significantly higher in patients with
ITP.

To assess the functionality of these abnormaly distributed CD4" and CD8" T cells, intracellular
cytokines were analysed in both CD4" and CD8" T cells. The analysed cytokines were the
proinflammatory TNFa, IFNy, IL-2 and IL-17, as well as Granzyme B (GnB) and perforin, the

latter two are key elements in the CD8"-mediated killing process (Figure 11-5 A-G).

The proinflammatory cytokines TNFa and IFNy were heterogeneously expressed in the CD4"
and CD8" T cells (Figure 11-5D), dividing these populations into 4 subsets based on their
expression; TNFaTFNy’, TNFa'TFNy, TNFaTFNy" and TNFa'TFNy". IL-2 and GnB had
distinctive expression (Figure 11-5E) reflective of their functional nature as IL-2 is essential
for cell proliferation and survival, while GnB is part of the killing machinery of CD8" T cells.
Expectedly, perforin, like GnB, had a distinct expression from IL-2 (Figure 11-5G) and showed
almost a linear expression pattern with GnB (Figure 11-5F) reflecting the direct concurrent

nature of these two cytokines.

CD8" T cells, in patients with ITP compared to HC, had a more prominent proinflammatory
signature in the form of increased CD8" T cells that were expressing proinflammatory
cytokines. Compared to HC, patients had significantly higher CD8" T cells expressing IFNy
[28.85% vs. 6.57%; P value < 0.01] (Figure 11-6A), IL-2 [26.35% vs. 5.49%; P value < 0.01]
(Figure 11-6B), TNFa [15.77% vs. 7.94%; P value <0.01] (Figure 11-6C), GnB [28.55% vs.
9.42%; P value < 0.05] (Figure 11-6D), and Perforin [16.5% vs. 4.8%; P value <0.05] (Figure
11-6E). CD8'IL17" was also higher in patients compared to HC, although not statistically
significant. Of note, the frequency of the CD4" T cells expressing TNFa was significantly
lower in patients with ITP compared to HC [24.1% vs 46.9%; p value <0.05]. However, unlike
the CD8" T cell compartment, no statistically significant differences were observed in the

expression of IFNy, IL-2 or IL-17 in the CD4" T cell compartment (Table 11-3).
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Figure 11-5. Characterisation of the intracellular cytokines in CD8+ T cells.

Dot plots are showing the gating strategy to characterise the intracellular cytokines in CD8*

T cells. (A) Starting from gating on the forward and side scatters, followed by doublet

exclusion and (B) the gate was set on (C) CD3*CD8"* population. The expression of

intracellular cytokines of the CD3*CD8"* T cell population is represented (D-G). The dual

expression of (D) TNFa with IFNy and (E) IL-2 with GnB were demonstrated. Perforin showed

very similar expression to GnB (F-G).
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Figure 11-6. Comparison of CD8+ T cell intracellular cytokines between HC and
patients. Graphs demonstrate significant differences in the frequencies of CD8* T cells

expressing (A) IFNy, (B) IL-2, (C) TNFa, (D) GnB and (E) perforin in patients compared to HC.
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Markers/Cohort
CD4*IFNy*
CD4'IL-17*
CD4*IL-2*

CD4*TNFa*

CDS*IFNy"*
CD8*IL-17*
CD8*IL-2"
CD8*TNFa’
CD8'GnB*

CD8*Perforin*

Control (n=26)

16 [8.55 —21.12]
1.02 [0.03 - 1.6]
41.5 [28.65 — 45.92]

46.9 [24.78 - 50.55] *

6.57 [2.55 - 10.14]
0.02 [0-0.11]
5.49 [2.13 - 7.95]
7.94 [5.37 - 12.62]
9.42[2.09-35.1]

4.8[3.1-6.8]

Patients (n=26)
17.76 [10.4-22.2]
1.53[0.33-5.4]
38.45[20.97 - 41.02]

24.1[9.69 —43.45]

28.85 [24.85 - 48.07] **
0.3 [0.06 —7.84]

26.35 [10.9 — 33.65] **
15.77 [21.35 - 44.7] **
28.55 [6.67 — 66.7] *

16.5[10.1 -19.8] *t

Table 11-3. Comparison of the frequencies of the CD4* and CD8* T cells positive of

the proinflammatory cytokines.

Summary of the CD4* and CD8* T cell populations that are positive for the various

proinflammatory cytokines in patients and HC. The values represent the median value with

the range included in the brackets. Populations that are highlighted in bold show statistical

significance between HC and patients. *P value < 0.05 **P value < 0.01. T n=3
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11.2.7. Polyfunctional CD8" T cells are enriched within the effector population
and have the highest Granzyme B and perforin expression.
In order to link the functionality of CD8" T cells to the T cell subsets, CD8" cells were sorted

based on their CD45RA and CD62L phenotypes, allowing for intracellular cytokine analysis

in each CD8 subset (Figure 11-7A).

Naive CD8" T cells expressed the lowest levels of inflammatory cytokines. On the contrary,
effector CD8" T cells were highly polyfunctional, i.e. expressing multiple cytokines (137), with
the highest expression of IFNy, TNFa and GnB (Figure 11-7 A-B). CM CDS8" T cell expressed
the highest levels of IL-2, in keeping with its nature of being long-lived population (Figure 11-

70).

The polyfunctional IFNy " TNFa" CD8" T cell population is representative of the effector CD8"
population as it has the highest expression of both GnB and perforin (Figure 11-8), while the
IFNy TNFa" population was reflective of a CM phenotype; expressing high levels of IL-2 and

low levels of GnB and perforin (Figure 11-8).
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Figure 11-7. Intracellular cytokines expression of the sorted CD8+ T cell subsets.

(A) the first set of dot plots is showing the dual expression of IFNy and TNFa in the FACS

sorted CD8* T cell subsets. Sets of histograms showing the intracellular expression of

(B) GnB and (C) IL-2 in the sorted CD8* T cell subsets.
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Figure 11-8. The differential expression of intracellular cytokines in CD8+ T cells.

Based on (A) the intracellular cytokine expression of IFNy and TNFa, the polyfunctional
IFNY*TNFa* population (highlighted in blue) seems to reflect an effector subset which is
characterised by (B) high GnB and (C) perforin expression (blue histogram) and low IL-2
expression. While IFNy' TNFa* population (highlighted in red) seems to reflect memory
subset characterised by high IL-2 expression and low GnB and perforin (red histogram). (D)
The graph shows significantly higher polyfunctional CD8* T cells in patients (n=14) compared
to HC (n=10).
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11.2.8. Platelets-specific T cells are significantly higher in patients with I'TP.

To determine whether the observed changes in T cell subsets were driven by platelets, the
production of IFNy by PBMC from HC and patients with ITP was assessed after co-culturing
with platelets from healthy donors using an ELISpot assay, where every dot represents an IFNy-
secreting cell (Figure 11-9A). PBMC stimulated with a Staphylococcal Enterotoxin B (SEB);
a potent stimulator of [IFNy production, or cultured alone in culture media were used as positive

and negative controls respectively. Platelet-only condition was also used as negative control.

PBMC from patients were more activated in culture medium alone without platelets when
compared to HC displaying significantly higher dot count [2 vs. 0; P value < 0.05] (Figure 11-
9B). The addition of healthy donor platelets to the culture media resulted in a higher counted
number of IFNy-secreting cells in both HC and ITP patient’s plates, compared to cultures
without added platelets. Interestingly, co-cultured with platelets, PBMC from patients had
significantly higher IFNy-secreting cells compared to PBMC from HC [12.50 vs 4; P value <

0.05].
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Figure 11-9. ELISpot assay of PBMC cultured with platelets of healthy

donor.

(A) an example of ELISpot wells of (Left to right) a positive control, HC PBMC with platelets,

patients PBMC with platelets and platelet-only condition. (B) The graph is demonstrating the

significant differences in the dot count between HC and patients that were not cultured

with platelets, purple and orange, respectively. Culturing platelets with PBMC from HC

(black) or patients (brown) resulted in more IFNy-secreting cells. Negative experimental

controls included medium only (blue), platelets without PBMC (red) and PBMC cultured with
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11.2.9. Proinflammatory cytokines are significantly increased in the CD8" T cell
in patients receiving TPO-RAs.

As described previously (Section 11.6), patients with ITP had significantly higher proportion
of CD8" T cells expressing proinflammatory cytokines, as well as the CD8" T cell killing
machinery namely, GnB and perforin (Figure 11-6). A comparison was made between patients
who are not on treatments and those who are receiving TPO-RAs in order to assess the impact

of these treatments on proinflammatory cells.

Patients on TPO-RA had significantly higher CD8 'TFNy" T cells [25% vs. 6.56%; P value <
0.05] (Figure 11-10A) and CD8'IL-2" T cells [20.5% vs. 0.87%; P value < 0.01] compared to

those who are no treatment (Figure 11-10B).

In addition, patients on TPO-RA had increased CD8'GnB" (Figure 11-10C) and CD8" TNFa"
T cells compared to those on no treatment, however, this increase did not reach statistical
significance (Figure 11-10D). Although GnB and TNFa-associated changes in the TPO-RA-
treated cohort were not significantly different compared with untreated patients, there were still
significantly higher than the HC [40.6% vs 9.42%; P value < 0.05] and [18.2% vs 7.94%; P

value < 0.01] respectively.
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Figure 11-10. Comparisons of the CD8+ T cell intracellular cytokines between
patients on no treatment and on TPO-RAs

Graphs demonstrating the significant differences in the (A) IFNy* and (B) IL-2* CD8* T cells
between the patient receiving no treatment (yellow dots, n=7) and patients receiving TPO-
RA (orange dots, n=15). (C) GnB* and (D) TNFa* CD8* T cell did not demonstrate any

significant differences between these two patients’ cohorts.

&9



11.2.10. Patients on Eltrombopag have a lower effector T cells and higher naive T

cells compared to Romiplostim.

A further analysis of the patients receiving either of the two TPO-RAs, Elt or Romi, was done
to identify any impact from the received treatment on T cell subsets. Although both effector
CD4" and CDS8" T cell subsets were significantly higher in patients compared to HC (Section
11-3), patients on Elt, compared to the other TPO-RA Romi, had significantly lower
percentages of effector CD8" T cells [42.4% vs 76.8%; P value <0.01]. However, Elt-treated
patients still had higher effector CD8" than HC [42.4% vs 14.65%; P value < 0.05] (Figure 11-
11A). Patients on Elt also had significantly lower effector CD4" subsets compared to those on
Romi [19.1% vs 52.8%; P value <0.001] to a comparable level to HC [P value > 0.05] (Figure

11-11B).

On the other hand, as described above (Section 11-3), ITP patients had significantly lower
naive CD4" and CD8" T cell subsets compared to HC. Patients on Elt exhibited a similar
normalising effect with increased frequency of naive CD8" T cells compared to those on Romi
[26.3% vs 15.7%; P value < 0.05]. However, Elt-treated patients still had significantly lower
naive CD8" T cells compared to HC [26.3% vs 56.05%; P value < 0.05] (Figure 11-11C).
Moreover, naive CD4" T cells were significantly higher in Elt-treated patients compared to

Romi [31.8% vs 14.15%; P value < 0.5] (Figure 11-11D).
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Figure 11-11. Comparisons of the different T cell subsets between the patient
treatment subgroups and HC

Graphs demonstrating the significant differences between the patients’ subgroups and HC
as well as differences among the patients on Romi or Elt. Romi-treated patients (green dots,
n=10) had the highest levels of effector CD8* (A) and CD4* T cells (B) compared to the other
subgroups. All treatment subgroups had significantly lower naive CD8* (C), and CD4* T cells

(D) compared to HC (blue dots, n=14). The Elt-treated group (purple dots, n=11) had

significantly higher naive CD8* T cells compared to the Romi-treated group.
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11.2.11. Eltrombopag significantly reduces CD8" T cell functionality in a dose-
dependent manner.

To study the impact of Elt on CD8" T cells, PBMC isolated from HC were stimulated in vitro
overnight with anti-CD3/CD28 antibodies, to replicate the stimulatory nature of the disease,
and were co-cultured with serial concentrations of Elt ranging from 7.5 to 125 ug/ml. This
dosing range includes the therapeutic dose of Elt used in ITP. A single concentration of Romi
(31.25pg/ml) was used to compare its impact to Elt. The proinflammatory intracellular
cytokines in CD8" T cells were analysed to demonstrate the effect of Elt on CD8" T cell

functionality.

Elt significantly reduced the functionality of CD8" T cells in a dose-dependent manner. More
specifically, the percentage of CD8" GnB™ T cells were significantly reduced when cultured
with 7.5ug/ml of Elt compared to untreated cells [69.14% vs. 80.70%; P value < 0.01] (Figure
11-12A). This impact was further demonstrated with a higher dose, 125ug/ml, of Elt [33.90%
vs 80.70%; P value < 0.0001]. Similarly, CD8" TNFa" T cells were significantly lowered with
the treatment of Elt and more prominently at a higher dose of 125ug/ml [46.79% vs. 75.45%;
P value < 0.0001] compared to untreated cells (Figure 11-12B). Furthermore, the
polyfunctional CD8" IFNy" TNFa" T cells were also significantly reduced by Elt, most
prominently at the high dose of 125ug/ml when compared to untreated cells [32.12% vs.

70.07%; P value < 0.0001] (Figure 11-12C).

Stimulated cells were then cultured with 31.25pg/ml of Romi and compared to 2 concentrations
of Elt, 31.25 and 125png/ml, as well as untreated cells. Romi did not show any remarkable
impact on the median fluorescent intensity (MFI) of GnB of CD8" T cells compared to
untreated cells [P value > 0.05]. However, GnB MFI was significantly reduced by 31.75ug/ml
of Elt [1247 vs. 1678; P value < 0.05] and 125ug/ml [867 vs. 1678; P value < 0.01] when

compared to Romi (Figure 11-13A).
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Figure 11-12. Reduction of CD8* T cell functionality by Elt

Plots demonstrating the impact of the increasing dose of cultured Elt with stimulated T cells.
(A) The percentage of CD8*GnB* T cells were decreasing significantly with the increase in Elt
concentration. Similarly, (B) CD8* TNFa* and (C) the polyfunctional CD8* IFNy* TNFa* T cells

decreased significantly with the increasing dose of Elt (n=3).
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Similarly, Romi did not affect the percentage of CD8" IFNy" TNFa" T cells compared to
untreated cells [P value > 0.05]. However, CD8" IFNy" TNFo" T cells were decreased with
31.25ug/ml of Elt [19.25% vs. 32.10%; P value < 0.05] and 125ug/ml [17.90% vs. 32.10%; P

value < 0.01] when compared to Romi (Figure 11-12B).
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Figure 11-13. Comparing the effect of Elt and Romi on the functionality of CD8+ T cells.

Bar charts demonstrating the impact of the 2 TPO-RAs, Elt and Romi, on the functionality of
T cells. Figure (A) shows the significant reduction of GnB MFI with both doses of Elt,
31.25pg/ml (Red) and 125pg/ml (Green), compared to Romi (Purple). Romi-treated cells did

not differ significantly from the untreated (blue) group. Similar effect of Elt was observed (B)
on the percentage of CD8" IFNy" TNFa" T cells, whereas Romi did not differ significantly

from the untreated cells.
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11.2.12. Functional regulatory T cells (Treg) and their Treg/effector CD8" T cell

ratio are reduced in patients with I'TP, corresponding to disease activity.

Treg were characterised by their surface express of CD3"CD4"CD25MCD127"°, which was
confirmed by the high expression of the Treg-specific transcription factor FoxP3 (Figure 11-

14A-C).

The frequency of Treg, determined as a percentage of the total CD4" T cell population, did not
differ significantly in patients compared to HC [P value > 0.05] (Figure 11-14D). But given
the above described reduction in the percentages of CD4" population in our cohort of patients
(Section 11-3), it could be deduced that the Treg population was also lower in patients. The
functionality of Treg, as determined by their intracellular expression of IL-2, did not differ
significantly compared to HC [P value > 0.05]. However, Treg were significantly lower in
patients with active disease compared to patients with higher platelet count [2.32% vs. 4.46%;

P value < 0.05] (Figure 11-14E).

As the function of Treg is dependent on its interaction with other T cell subsets, Treg/effector
CD8" T cell ratio was calculated. Interestingly, this was significantly lower in patients
compared to HC [0.06 vs. 0.16; P value <0.01] (Figure 11-14F). This ratio was also influenced
by disease activity as it was significantly lower in active disease (AD) compared to stable

disease (SD) [0.038 vs. 0.098; P value < 0.05] (Figure 11-14G).
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Figure 11-14. Functional Treg are reduced in patients with ITP and
correspond to disease activity. The gating strategy for Treg is set on (A) CD3*CD4*
population, followed by (B) gating on the CD25"CD127' population which has (C) the

highest intracellular expression of FoxP3. (D) Comparison of Treg between patients

(n=30) and HC (n=26), which was (E) lower in patients with AD (n=11). (F)

Treg/effector CD8* T cell ratio was significantly lower in patients, (G) more
prominently in AD.
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11.3. Discussion

Forty patients who have met the diagnostic criteria of ITP (138) have been enrolled for this
project. PLC in ITP does not always correlate with bleeding risk as not all patients bleed at low
PLC (107). Therefore, a PLC of > 30 x 10%/L in the absence of any co-morbidities that could
increase the risk of bleeding is considered stable disease (SD) not requiring any medical
intervention (134), while a PLC of < 30 x 10%/L represents active disease (AD). Although the
median age of patients receiving Elt was significantly higher than that of Romi-treated patients,

no significant difference was observed in the PLC between these two cohorts.

The use of surface markers to phenotype T cells has been a debatable issue that still needs
standardisation to be reach by international consensus (139,140). An important consideration
in designing these panels is the inclusion of a Live/Dead (L/D) discrimination dye to exclude
dead cells. Dead cells, besides their autofluorescence, may bind non-specifically to antibodies
giving false positivity (141). In this study, T cells in peripheral blood were described by their
positivity of the pan T cell marker CD3, and either CD4 or CD8. CD45RA and CD62L have
been used to characterise CD4" and CD8" T cell subsets; naive, effector memory, central
memory (CM) and terminally-differentiated (td) effector referred to as effector population.
These subsets have been further validated by the differential distribution of CD27 and CD57

in them (142).

ITP is an autoimmune disease that has long been thought to be antibody-mediated, targeting
platelets in the circulation, leading to their increase destruction in the spleen (62,130).
However, an increasing bulk of evidence is suggesting an alternative pathway of platelet
destruction which is thought to be due to T cells (86,93,143). Olsson and colleagues were the
first to report a CD8" T cell-mediated platelet destruction in vitro suggesting it as an alternative

pathway of platelet destruction to the autoantibody-mediated destruction in vivo (94).
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However, this work did not show whether this is reflective of disease activity or whether CD8"
T cells in patients with ITP are functionally different from HC. This work demonstrates CD8"
T cell activity from various aspects suggesting their involvement in disease pathophysiology.
Numerically, the percentages of CD8" T cells are increased in patients with ITP and contribute
to the significant reduction in CD4/CDS8 T cell ratio in line with what has been reported earlier
(144-146). Although the median CD4/CD8 T cell ratio in our HC cohort was slightly higher
than some of the reported literature, potentially due to differences in measuring methods, the
range of ratios was in line with previously reported studies (147—-149). Patients with ITP have
significantly higher effector CD8" T cells, which corresponded to disease activity. Similar
findings of increased effector CD8" T cells have been described in other autoimmune
conditions such as AA and myelodysplasia. However, the increase in the effector CD8" T cells

did not reflect disease severity in these conditions (150).

Exhausted T cells have a sustained overexpression of exhaustion markers like PD-1 and Tim-
3 which serve as immunomodulatory receptors controlling T cell activity (151,152). Exhausted
T cells have reduced proliferative capacity and decreased functional cytokines such as IFNy
and IL-2 (136). Tim-3 was previously reported to be significantly lower in CD4" T cells in
patients with ITP, but not in CD8" T cells (153). The surface expression of the exhaustion
markers PD-1 and Tim-3 in CD8" T cells have been assessed. Tim-3 was significantly lower
in effector CD8" T cells compared to its naive counterpart highlighting the differential
expression of Tim-3 in CD8" T cell subsets. PD-1 was also lower in effector CD8" T cells,
similar to the work of Zhong and colleagues demonstrating lower PD-1 in PBMC of patients
with ITP (154). These findings suggest a dysregulation in peripheral tolerance where these
effector CD8" T cells are continuously activated without proceeding to physiological
exhaustion. This complements the genetic findings of upregulated anti-apoptotic genes such as

BCL2 in patients with ITP (91).
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Several studies have addressed the proinflammatory nature of ITP with conflicting results. ITP
has been described as an autoimmune condition characterised by Thi/Thi17 proinflammatory
milieu with elevated plasma levels of proinflammatory cytokines such IL-2, IFNy and IL-17
(86,155,156). On the other hand, other studies have reported that the levels of these
proinflammatory cytokines are not statistically different or even lower in patients compared to
HC (157,158). However, these studies addressed the proinflammatory nature of the disease,
without demonstrating the CD8" T cell contribution to this inflammatory milieu. In this study,
the proinflammatory nature of the disease has been determined by characterising the
intracellular cytokines in CD8" T cells. CD8" T cells expressing proinflammatory cytokines
(IL-2, IFNy and TNFa) were significantly higher in patients compared to HC. Similarly, the
essential killing machinery of CD8" T cells, Granzyme B (GnB) and Perforin, were
significantly higher in patients. These findings link the previous findings of increased gene
expression of IL-2, IFNy and GnB-related genes in CD3" T cells in patients with ITP (94), and
the increased levels of GnB, TNFo and Perforin mRNA in CD8" T cells from patients with ITP
(159). These findings suggest that CD8" T cells carry a proinflammatory signature in patients
with ITP, similar to other conditions such as AA (160), and they contribute to the overall

proinflammatory milieu observed in these patients.

The advancement of polychromatic flow cytometry has enabled scientists to assess CD8" T
cell polyfunctionality i.e. their capacity to produce multiple cytokines together in response to
different pathogens such as vaccina and HIV-1 viruses as well as Tuberculosis (TB) (161-163).
As far as this study is concerned, this is the first study to address the polyfunctionality of CD8"
T cells in ITP. Polyfunctional CD8'TFNy ' TNFa" T cell population was significantly higher in
patients compared to HC and was enriched within the effector CD8" T cells. This
polyfunctional population also has the highest GnB and Perforin co-expression compared to

the other subsets reflecting an effector function of producing apoptosis-inducing cytokines and
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the killing machinery of CD8" T cells. These findings further confirm that the increased
effector CD8" T cells in patients is not exhausted which would have been characterised by low

expression of intracellular IFNy and IL-2 (164).

T cell reactivity to platelets has been determined by culturing patients PBMC them directly
with pooled platelets from HC in an IFNy ELISpot assay and comparing them to cells from
HC. In this assay, each dot represents an activated cell that secretes IFNy and hence the higher
the dot counts the higher the activity. PBMC from patients with ITP yielded significantly higher
count compared to PBMC from HC when cultured with platelets demonstrating higher
alloreactivity to platelets. Patients’ PBMC still had higher IFNy-secreting cells compared to
those of HC when cultured without platelets. These findings suggest that patients’ T cells are
functional, capable of secreting proinflammatory cytokines such as IFNy and that they have

higher activity demonstrated as higher IFNy-secreting cells which is further driven by platelets.

Upon examining the effect of using TPO-RA on CD8" T cell functionality, significantly higher
CD8'IL-2" and CD8" IFNy" T cells were observed in patients receiving TPO-RA compared to
those on no treatment. CD8"TNFa" and CD8'GnB" T cells were also higher, however, not
statistically significant which may suggest that TPO-RA could drive CD8" T cell activation

indirectly via increasing platelet production leading to further stimulation of T cells.

Elt is a small molecule that is thought to deliver its function via binding to the transmembrane
domain of the TPO-R (165). And due to its small nature, it could have an off-target effect either
through binding to other receptors or via its reported in vitro and potentially in vivo iron-
chelating properties (125,166,167). Therefore, T-cell phenotypic changes has been examined
in patients receiving Elt and compared them to Romi and HC. Romi-treated patients had
significantly higher effector CD8" T cells compared to both Elt-treated patients and HC,

confirming our previous findings of increased CD8" T cells expressing proinflammatory
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cytokines. However, Elt seemed to significantly lower the effector CD8" T cells in patients
compared to Romi, although still higher than HC. On the other hand, Romi-treated patients had
the lowest naive CD8" T cells compared to Elt-treated and HC. Elt seemed to have a

normalising effect on naive CD8" T cells by increasing them.

To recapitulate the interaction between Elt and CD8" T cells in vivo, PBMC were stimulated
with anti CD3/CD28 to mimic the stimulatory condition of ITP and were cultured with serial
concentrations of Elt. CD8" T cell functionality was assessed via their intracellular cytokines
which was significantly affected by Elt. Elt significantly reduced CD8"GnB*, CD8 TNFo" and
the polyfunctional CD8'IFNy"TNFa" T cell populations in a dose-dependent manner, which
was not observed when cultured with Romi. Serial doses of Romi could not be studied, similar
to Elt, due to lack of availability. However, the dose used in this study (31.25 pg/ml)
corresponds to a supratherapeutic level. These findings are in line with a case report of AA
associated with HIV infection in which Elt treatment reduced polyfunctional
CD4'TFNy ' TNFa" and CD4'IL17" T cells. This immunomodulatory property of Elt could
explain an additional therapeutic mechanism in ITP through which remission is achieved that
is, beside increasing platelet production, it suppresses activated T cells. It could also explain
the rational of its addition to the standard immunosuppressive treatment of the CD8" T cell-

mediated AA (168—-170).

Lastly, Treg were characterised using the phenotype CD3*CD4"CD25"CD127" as described
previously (142,171). The phenotype was also confirmed using the Treg-specific transcription
factor FoxP3 which was highly enriched within the described phenotype. Treg, as a percentage
from the total CD4" T cell population, did not differ significantly between patients and HC.
However, it is still considered lower in patients as the total CD4" T cell percentage was lower
in patients compared to HC which is in line to what has been reported previously (87,101,172).

Expectedly, Treg frequency correlated with disease activity being significantly higher in AD
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patients compared to SD patients. These findings confirm previous reports suggesting that
patients recovery, described as an increase in PLC, is associated with a recovery in Treg

frequency (99,101).

A previous report has suggested that Treg are functionally impaired in patients with ITP (98).
In this study, the functionality of Treg, as assessed by the intracellular expression of I1L-2, did
not differ significantly between patients and HC. As the suppressive function of Treg is based
on their interaction with other immune cells, Treg/effector CD8" T cell ratio was calculated in
patients and compared to HC. Treg/effector CD8" T cell ratio was significantly lower in
patients compared to HC, and the reduction was more pronounced in AD compared to SD. As
Cao and colleagues describe similar correlations between Thi7 and Treg (87), these findings
further demonstrate that the role of Treg in ITP pathophysiology should be considered in

relation to other subsets rather than an absolute numerical or functional Treg abnormality.
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12. Characterising the T cell involvement in the bone marrow

pathophysiology of immune thrombocytopaenia (ITP)

12.1. Introduction

Early studies on ITP describe it as a disorder of increasing platelet destruction taking place
mainly in the spleen (62,130). This justified splenectomy to be a treatment option for patients

with ITP, achieving variable response rates (112,173).

Megakaryocyte (MK) development and maturation leading to platelet production has also been
implicated in ITP pathophysiology. Houwerzijl and colleagues were the first to report that ITP

negatively impacts the structure of MK in vivo (79).

As demonstrated in the previous chapter (Chapter 11), ITP is associated with T cell changes
suggestive of their active role in the disease pathophysiology. However, it is not clear if such

pathology is also present in the BM of patients with ITP.

In this chapter, BM trephines of 21 patients with ITP are examined and compared them to 8
disease-controls. This examination consisted of multi-colour Immunohistofluorescent (IHF)
detecting multiple cells namely; CD42" MK, CD4" and CD8" T cells. This examination was
done by an automated process, minimising any analytical bias and variability between analysed

samples.

MK frequency differed significantly in patients with ITP and it was influenced by disease
chronicity and TPO-RA treatment. T cell changes were also described in the BM of patients

with ITP.
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MK-T cell interaction, defined by their close proximity to each other, was determined. This
interaction was significantly prominent in patients with ITP and was influenced by disease
duration. MK-T cell clustering, defined as the presence of multiple T cells around a single MK,

was also determined.

A strong correlation between MK-T cell interaction and MK-T cell clustering in patients with

ITP, which was present in controls.
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12.2. Results

12.2.1 Patients characteristics

Bone marrow (BM) biopsies were taken from 21 ITP patients (Table 12-1) and 8 non-ITP
subjects which served as disease-controls. The control subjects had no history of
thrombocytopaenia and no evidence of BM pathology as reported by the clinical
histopathologists. The patient cohort for the BM examination was different from the patients

studied in the previous section (Section 11).

Eight of the patients with ITP were male and 13 were female, whereas all the control subjects
were males. The median patients’ age was 51 years (range 27-88) and the control median age
was 70 years (range 39-74). At the time of BM biopsy sampling 6 of the ITP patients were
receiving TPO-RA (Elt n=1; and Romi n=5), 3 on prednisolone and the remainder were on no

treatment.

Based on the duration of the disease at the time of collection, 8 patients were classified as

newly-diagnosed, 3 as persistent and 10 as chronic patients.

All BM trephines were examined independently at the histopathology department at the
Hammersmith hospital, reporting findings consistent with a diagnosis of ITP and not associated

with any other BM pathology.
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Platelet

PaIt[i: nt Age Gender | Dx classification Treatment™ count
(x 10%/L)*

1 24 F Chronic No treatment 27
2 48 M Chronic Eltrombopag 19
3 55 M Chronic No treatment 95
4 18 M Chronic No treatment 40
5 44 F Persistent No treatment 319
6 49 M Chronic No treatment 111
7 51 F Chronic Prednisolone 135
8 77 F Chronic Romiplostim 30
9 24 F Newly-Diagnosed No treatment 3
10 39 F Newly-Diagnosed Romiplostim 17
11 44 F Newly-Diagnosed Prednisolone 33
12 67 F Newly-Diagnosed Romiplostim 12
13 27 M Chronic No treatment 32
14 32 M Persistent Prednisolone 7
15 58 M Chronic Romiplostim 155
16 76 F Newly-Diagnosed No treatment 75
17 77 F Newly-Diagnosed No treatment 26
18 52 F Chronic No treatment 5
19 74 M Newly-Diagnosed No treatment 62
20 79 F Persistent Romiplostim 42
21 88 F Newly-Diagnosed No treatment 9

Table 12-1. Clinical parameters of the patients with ITP enrolled in this bone
marrow study. The patients’ IDs for this part of the study are different from the ones used
in the previous section 11.2.1. *Received treatment and platelet count at the time of sample

collection.
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12.2.2. Automated Identification of the different cells in the BM trephines

Whole stained BM trephines were captured using three different lasers to detect the

differentially-labelled cells, namely CD4" and CD8" T cells and CD42b" mature MK.

With the assistance of Mr Stephen Rothery from the FILM facility, a macro was developed to
examine the whole trephine sections (0.57 — 4.97 mm?). This macro was set read each
fluorescent channel, representing a separate marker, individually and count these cells based
on a pre-set size and signal intensity limits. After that, the macro combined these channels
together to determine the frequency of MK-T cell IP as well as clustering in the whole trephine.
The fluorescent signal intensity of each marker was set at a fixed threshold and was applied to
all trephines. This was done in order to minimise the impact of background staining on the

automated counting process and ensure consistency between the trephines.

A size gate/limit was set, based on previously described physical characteristics of T cells and
MK (174), to better identify the cells and exclude non-specifically stained sections. A minimum
diameter of 5 pm was set to identify CD4" and CD8" T cells, whereas a minimum diameter of

20 um was set for MK (Figure 12-1A).

After optimising the signal intensity and the size thresholds, these parameters were provided

to the macro to analyse all the captured trephines excluding any analytical biases.

As some sections showed variation in their cellular distribution, cellular density was calculated
based on the cell frequency per mm? of the trephine. Cellular interaction between MK and T
cells was characterised based on their immediate proximity (IP). Any T cell that were within
the range of a single pixel, the smallest value that could be set, from the MK membrane was
considered to be in IP (Figure 12-1B). MK-T cell clustering was determined when multiple T

cells were in IP to a single MK (Figure 12-2).
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Figure 12-1. IHF staining of bone marrow trephine. IHF staining of BM trephines

showing (A) CD42b* mature MK (green) with CD4*T cells (red) and CD8* T cells (blue).
Images showing (B) CD4* T cell interacting with MK, and (C) a CD4* cluster around a single

MK. Images were captured at (A) 20x magnification and (B-C) 40x magnification.
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Figure 12-2. Identifying MK and T cells IPs and clustering.

Based on the established fluorescent signal intensity and the size limit, the macro
could (A) identify the cells of interest in a trephine and highlight them in red. (B) A
focused field of a single MK in close proximity with multiple T cells, which the
software can differentiate and (C) outline the MK and count the number of clustered

T cells.
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12.2.3. Increased MK frequency in patients with ITP, more prominently in TPO-

RA patients

Differences in MK density, defined as the frequency of MK per mm?, were observed in the BM
of patients with ITP compared to controls (Figure 12-3). Patients had significantly higher MK
density compared to controls [94.03/mm? vs 52.33/mm?; P value < 0.01] (Figure 12-4A). This
increase in MK density was more prominent in patients who received TPO-RAs compared to
those who did not and to the control group [155.7 vs 88.69 vs 52.33/mm?; P value < 0.01]
(Figure 12-4B). No significant difference was observed in MK densities between acute and

chronic patients [P value > 0.05].

Although MK diameter was not significantly different between controls and the patients [P
value > 0.05], MK of patients on TPO-RA had significantly longer diameters compared to
controls [21.84 vs 18.09um; P value < 0.05] (Figure 12-4C). Moreover, chronic patients had
significantly longer MK diameter compared to patients in the acute phase of the disease [21.59

vs 16.83um; P value < 0.05] (Figure 12-4D).
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Controls Patients

Figure 12-3. Examples of BM trephine staining in controls and patients with ITP.

Images showing an overview of the BM trephines stained for MK (green) and CD4* T
cells (red). The contrast difference in MK density between controls and patients can
be visually appreciated. Images were captured at 20x magnification using the exact

fluorescent settings.
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Figure 12-4. MK densities and diameters in patient cohorts and controls.

Figures showing (A) the significant difference in MK density between controls (blue)
and patients with ITP (red). (B) The figure shows the difference in MK densities
between patients receiving TPO-RA (purple) and those not receiving TPO-RAs (green)
in comparison to controls. The differences in MK diameter (C) based on treatment;
between patients who are on TPO-RAs and those who are not, (D) based on disease
duration; between patients in the acute (oil green) and chronic (turquoise blue)

phases of the disease.
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12.2.4. T cell changes within the bone marrow in patients with I'TP

Unlike peripheral blood findings described in the previous chapter of significantly reduced
CD4" and increased CD8" T cells in patients with ITP (Chapter 11), BM CD4" (Figure 12-5A)
and CD8" T cell densities (Figure 12-5B) were slightly increased in patients when compared
with controls [P value > 0.05]. However, CD4/CD8 T cell ratio was significantly lower in
patients compared to control [1.7 vs 4.3; P value < 0.01] (Figure 12-5C), similar to the
described finding in peripheral blood (Chapter 11). No significant differences were observed
in the CD4" and CD8" T cell densities as well as CD4/CD8 T cell ratio between patients

according to their treatment nor disease duration (P value > 0.05).

Interestingly, the diameter of CD4" T cells was significantly shorter in patients compared to
controls [4.2 vs. 4.67um; P value <0.05] (Figure 12-5D). This could indicate apoptotic changes
of the BM CD4" T cells (175), however, this is something that needs further evaluation. No
observed difference in the CD8" T cells (Figure 12-5E), and no significant differences were
found in the CD4" and CD8" T cell diameter between patients based on their treatment or

disease duration.

113



CD4/CDB8 ratio

CD8 density
CD4 density
800+
1000+
_— o~ ﬁ_
¢ 800 )\ Eﬁoo- n
E @
@ 6004 o =
= A, S 400-
¢ - o
— 400+ 1
= Aafya ® AlA
fa S 2004 Ki
e ol —F Gl
Aglad o A
0 0 ‘-*_'_*—

& & & &
o°o Q% °o° be‘\

D. E

CD4/CDS8 ratio R .

- CD4* T cell diameter CcD8* T cell diameter
5.5+ * 6.0

— 5.0 —o— — 0.5 ¢

o Y

e
Diameter (U
PN
9
° +=
o e
® - A
Al
Diameter (um
A
i
oo d
%P

S
oot o0 3.5- 4.0
[ ]
° )
£ - 3.0 r r 3.5 T T
o 4 e & 3@ @
& O O O <0 &
& o ) 8 X
u N & ¥ & o
® & S & oy < &
¢ ¢

Figure 12-5. T cell densities and diameters in the BM of controls and patients with ITP.
Figures showing (A) CD4* and (B) CD8* T cell density in controls (blue) compared to
patients (red). (C) CD4/CDS8 ratio was significantly lower in patients, as well as (D)
CD4* T cell diameter compared to controls. (E) CD8" T cell diameter was slightly

higher in patients.
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12.2.5. Increased MK-T cell interaction in the BM of patients with ITP
The frequency of MK-T cell interaction was determined by the frequency of their immediate

proximity (IP).

The frequency of both MK-CD4" T cell IP and MK-CDS8+ T cell were significantly higher in
patients compared to controls [26 vs 7.5; P value < 0.05] (figure 12-6A) and [9.5 vs 3; P value

< 0.05] IP (Figure 12-6B), respectively.

Chronic patients had higher frequency of MK-CD4" T cell IP [37 vs 14; P value < 0.05] (figure
12-6C) and MK-CDS8 IP [13 vs 3; P value < 0.05] (figure 12-6D) compared to acute patients,
suggesting evolution of disease. However, there was no difference in MK-T cell IPs in patients

treated with TPO-RA and those who are not on TPO-RA [P value > 0.05].
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Figure 12-6. MK - T cell IPs in controls and patients with ITP.

Figures showing the significantly higher (A) MK-CD4* and (B) MK-CD8"* T cell IPs in
patients (red) compared to controls (blue). The increase in (C) MK-CD4* and (D) MK-
CD8" T cell IPs were more prominent in chronic patients (turquoise blue) compared

to acute patients (oil green).

116



12.2.6. Increased MK-T cell clustering in the BM of patients with ITP

MK-T cell clustering was defined as more than one T cell in IP to a single MK.

There was a significant increase of MK-CD4" T cell clustering in patients compared to controls
[7 vs 1; P value < 0.01] (Figure 12-7A). However, there was no significant difference in MK-
CD8" T cell clustering between patients and controls [P value > 0.05] (Figure 12-7B).
Interestingly, 3 patients with ITP had very high numbers of CDS8 clustering, suggesting there

may be different types of disease.

The chronicity of the disease did not influence the rate of either MK-CD4" T cell nor MK-
CD8" T cell clustering. Hence the differences in MK-T cell clustering were not statistically

significant between acute and chronic patients [P value > 0.05] (Figures 12-7C-D).

There was a strong correlation between numbers of IPs and clustering of IPs in both CD4-MK
[r=0.93; P value <0.0001] (Figure 12-7E) and CD8-MK [r=0.90; P value < 0.0001] (Figure 12-

7F) in patients with ITP, but not in controls.
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Figure 12-7. MK - T cell clustering in controls and patients with ITP and its

correlation to IP. Figures showing the significantly higher (A) MK-CD4+ T cell clustering in

patients compared to control. (B) MK-CD8+ clustering did not differ significantly, nor the

disease duration had an impact on MK-T cell clustering (C-D). The significant correlation

between MK and T cell subsets IP and clustering are demonstrated (E-F).
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12.3. Discussion

ITP is a disease diagnosed by excluding other conditions that could lead to a reduced platelet
count. Routine BM examination is not generally indicated in patients with ITP following the
international consensus report and the American Society of Haematology guidelines (110,111).
This has led to a shift in studies focusing on the peripheral blood pathophysiology rather than

its central pathology i.e. BM pathology.

Addressing the BM pathology, previous studies used a single-colour IHC staining of bone
marrow trephines to examine BMs of patients with ITP. This is usually followed by counting
stained cells manually in a single or multiple power fields of the trephines. Using this approach,
human error is unavoidable which would not be corrected appropriately by having multiple
human assessors. This approach also may not demonstrate the interactive nature between
different cells as it will only stain on type of cells, making evaluating such interaction prone to

€1ror.

To address these challenges in this study, multi-colour Immunohistofluoroscent staining (IHF)
has been used to identify multiple cellular components of the BM. Using this technique allowed
us to assess MK and T cell interaction precisely based on their staining positively. Moreover,
an automated approach has been used to identify the different cells, quantify them and assess
their interaction based on their close proximity to each other. This automated approach was
achieved through developing a macro which is a set of commands to perform different
analytical functions based on provided parameters on the signal intensity and cell size. This

macro eliminated any variabilities in examining the slides between the different users.

The expected response to the peripheral thrombocytopaenic nature of ITP is a compensatory
increase in platelet production from the BM either via a rise in MK density or their capacity to

produce more platelets demonstrated as an increase in their size. The significant increase in
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MK density found in the cohort of patients in this study is consistent with this idea. This is in
line to what has been previously demonstrated using a similar single-staining IHC technique
(79,176). However, other reports suggested that MK density either remained unchanged in
patients or even lowered relatively in comparison to controls (177-179). This could be
attributed to the difference in the technique and the marker used to identify and count the MK
as some of these studies have used CD41 and CD61 which are early megakaryocytic markers
and hence the inclusion of early MK might have influenced such findings. The increase in the
MK density was, as would be expected, more prominent in patients receiving TPO-RAs, which
act on TPO-R on MK as well as MK progenitors, leading to the increased MK density in the

BM (117,118).

This study did not address overall MK’s morphology nor link it to previously published studies,
however, MK’s diameter, as a physical feature, was measured in patients and controls. MKs in
patients with ITP have been previously reported to be structurally abnormal with apoptotic and
para-apoptotic features by electron microscopy (79,80), which could be expected to impact MK
diameter. No significant differences in MK diameters were observed between patients and
controls in this study. However, an observed longer diameters i.e. larger MK in chronic ITP
patients compared to acute ITP, which has not been previously described. These findings
suggest that these changes could be either part of the physiological response to chronic
thrombocytopaenic state of the disease, or it is part of the pathological progression of MK in
patients with ITP representing apoptotic changes. However, a longer follow up post treatment
and more detailed examination such as electron microscopy would address if these changes are

reversible which could be corrected by treatment.

CD4" and CD8" T cell densities did not differ significantly between patients and controls in
our study, which are in agreement with previous studies reporting no significant differences of

CD4" and CD8" T cell density in the BM of patients with ITP (178,180).
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The interaction of MK with different immune cells in ITP has been of interest to many
researchers, especially the in vivo interaction. MK capacity to produce proplatelets has been
shown to be affected by autoantibodies from patients with ITP in vitro (82,84). This
autoantibody-mediated pathology was also supported by in vivo evidence of MK being
surrounded by IgG antibodies in the BM of patients with ITP (178). However, the role of T cell

in interacting with MK in the BM in ITP remains to be explored in vivo.

In our patients’ cohort, MK-CD4" and MK-CDS8" T cell interactions were significantly higher
in patients compared to controls. Moreover, this observation was more prominent in chronic
patients compared to patients with a disease duration of less than a year suggesting evolution
of disease over time. Although the increased MK-T cell interaction could be a coincidental
finding due to the increased MK density, this seems to be a physiological response as there was
no significant difference in MK density between Acute and chronic patients. Furthermore, the
correlation between MK-T cell interactions and clustering in patients, but not in controls,
further supports the active interaction between MK and T cells rather than just a coincidental
colocalisation. The work of Song and colleagues on BM aspirates have shown that there was a
significant increase in the IL-17" CD3"CD8" T cells and CD8" effector memory populations in
patients (180). The proximity between MK and CD4" and CD8" described here suggest that
these may be active interactions rather than just co-localisation within the BM
microenvironment. These findings also suggest a novel mechanism in which both major T cell
subsets, CD4" and CD8", are actively involved in the BM pathology in ITP. This involvement
might be an indication of chronicity in which T cells are triggered and actively interact with

MK following an initial T cell-independent pathology.

The clustering of CD4" T cells around MK was more prominent in patients compared to
controls. This was an unexpected finding and suggests there may be education of the immune

cells by megakaryocytes. This has not been previously described in human data. Mouse
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literature suggests that MKs can interact with T cells at early stages of megakaryocytic
development. MK progenitors were observed to be capable of driving Thi/Thi7 response (59)
via MHC-II. However, MHC Class II expression falls over time and late megakaryocytes
would therefore not have the possible machinery to interact with T cells. Human MKs have
some differences to mouse MKs. The work presented here shows this needs further evaluation.
The rate of T cell clustering was higher in chronic patients, although not statistically significant,
compared to acute patients. As this study has not determined the subset of these CD4" T cells,
such as the proinflammatory Thi7 or Treg, the interactive nature between MK and these CD4"

T cells could not be determined (60,180).

Although MK-CDS8" T cell clusters were not increased as a whole compared to controls, a small
number of patients did have very high numbers of CD8 clusters. This could reflect the
heterogeneity of the disease; where only a proportion of patients might have a CD8" T cell-
mediated disease or it could be attributed to the functional differences between the interactive
nature CD4" and CD8" T cells. The killing function of CD8" T cells does not require long
period of time when it is detected in in vitro and in vivo conditions (181-183) in contrast to
CD4" T cells. Le., once a CDS cell has engaged with the megakaryocyte, it may induce MK

death, and hence not be detectable by this method.

Interestingly, MK-T cell interaction, calculated as IPs, and MK-T cell clustering had a
significant correlation in patients with ITP but not in controls. As this has not been described
before, it would be interesting to see if immunosuppressive therapy could interrupt such

correlation.

The challenges in studying the pathophysiology of ITP in BM can be identified as both

technical and clinical challenges. Technically, using multi-coloured IHF imaging especially in
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paraffin-embedded fixed tissues requires rehydrating the tissue and optimising the antigen

retrieval conditions which greatly impact the staining quality.

In order to establish the nature of MK-T cell interaction, ideally different established markers
to identify T cell subsets should be used, as demonstrated previously in peripheral blood
(Chapter 11). However, the different steps of preparing BM trephines of fixation, paraffin-
embedding, deparaffinisation and antigen retrieval significantly affect the integrity of many

molecules that could be used to identify T cell subsets.

Due to these technical challenges and despite efforts to standardise such protocols (184), many

scientists have resorted to using single-coloured IHC staining of serial slides (185,186).

Clinically, BM examination is not routinely indicated in patients with ITP (110,111). BM
examinations may be reserved for old patients, which studies have shown to be of little value
(80,179), patients with presence of lymphadenopathy or splenomegaly, or for patients with
persistent ITP not responding to first- and second-line therapies (134). Therefore, the BM
studied in these patients may reflect only a particular pathology in persistent or treatment-

resistant patients, rather than common features shared between patients with ITP.
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13. In vitro assessment of the megakaryocyte-CD8" T cell

interaction and its regulation

13.1. Introduction

The findings described in chapter 11 show activity of CDS cells in the peripheral blood in patients with
ITP. The findings from chapter 12, suggest an active role of T cell in the bone marrow pathology in
ITP. These findings included strong evidence of interactions between both CD4 and CDS cells and
megakaryocytes. However, given the fixed nature of the trephines, the nature of these interactions and
its regulation could not be further explored in this system. Furthermore, little is known of the ability of
MAKSs to interact with the immune system. Early MK progenitors in mice have been described to express

functional MHC-II capable of mounting a Tyi/Thi7 response (59).

In this chapter, an in vitro megakaryopoietic assay has been developed to generate MKs from BM-
derived CD34" HSC. This established in vitro culture system is used to generate MK from HSC cells

using a set of cytokines driving HSC towards MK differentiation and maturation (47,82,187,188).

The proliferation of HSC and their differentiation into MK were imaged using the imaging system
Incucyte, which captured serial images at 2-hour intervals over the course of 6 days. The flow
cytometric approach was based on tracking the expression of the early HSC marker and other

established MK-lineage specific markers.

Given the interactions described in chapter 12, and the paucity of data exploring T cell interactions with
MK, this system was first used to investigate the change in expression of MHC class I and II as CD34
HSC develop in to MKs. Furthermore, it was used to explore whether immune regulators such as PD-
L1 and PD-L2 are also expressed on developing MKs. These are important regulatory processes which

inhibit T cell proliferation, which are yet to be explored.
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In order to explore how ITP may change the nature of the bone marrow environment, MKs were then
cultured with plasma from patients with ITP, the impact of such co-culture was determined by MK cell

death as well as the surface expression of PD-L1 on MK.

The functionality of the described receptors on MK in governing the MK-CD8" T cell interaction was

assessed.
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13.2. Results

13.2.1. Megakaryocyte development and maturation from bone marrow-derived
CD34" HSC.

Isolated BM-derived CD34" haematopoietic stem cells (HSC) from healthy donors were
cultured in media supplemented to promote the production of megakaryocyte (MKs). The cells
were cultured for 10 days and their abundance was tracked over a period of 6 days using the
Incucyte system (Figure 13-1 A-C). Cells were multiplying steadily within the first 72 hours
of culture before they started expanding in size and forming colonies (Figure 13-1D). Images
of the growing MK in culture were captured and counted automatically every 2 hours across

whole wells for a total period of 6 days as described previously (Chapter 10).

The different MK developmental stages were characterised on Day 3 (D3), D7 and D10 using
early HSC progenitor markers; CD34 and CD38, early MK progenitor marker; CD41 (GP I1Ib/)

and the mature MK marker; CD42b (GP Ib).

The expression of CD34 was at its highest early in the culture and decreased gradually through
the culture until its disappearance by D10 (Figure 13-2A). By D3, almost 20% of the cultured
cells expressed CD41. Expression of CD41 continued to increase throughout the culture
(Figure 13-2B). CD42b expression appeared as early as D3, although in a very small percentage
of the cultured cells (less than 5%). CD42b was it at its highest by D10 (Figure 13-2C). Mature

MK were identified as CD34°CD38°CD41"CD42b".
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Figure 13-1. Tracking the development of MK using the real-time imaging system (Incucyte).

Images showing MK development trom CD34" HSC at ditterent times points at (A) day O
(D0), (B) D3 and (C) D6. (D) The graph shows the increase in cellular confluence, the area of
the plate covered by cells, over time (n=6). Images were captured at 5x magnification and

the 300um - scale bar for measurements.
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Figure 13-2. Tracking the development and maturation of MK using flow cytometry.

Dot plots demonstrating the developing and maturation of MK over time. After gating on
the appropriate forward scatter, side scatters and excluding dead cells (A) demonstrates the
surface expression of CD34 with CD38 at Day 3, 7 and 10. With development, (B) there was
an increase in the expression of CD41 and a reduction in CD34 expression. (C) The dual
expression of CD41 and CD42b, representing mature MK, increased through development

reaching its highest at D10.
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13.2.2. MHC-I and MHC-II surface expression on developing MK.

I next examined the surface expression of MHC-I; characterised using anti human HLA-A/B/C
and MHC-II; characterised using anti human HLA-DR, on developing MK to determine how

they might interact with T cells.

The surface expression of MHC-I remained highly positive throughout developmental stages

of MK (Figure 13-3A).

On the other hand, the surface expression of MHC-II on developing MK was at its highest in
the early stages of maturation at D3 (Figure 13-3B). As MK continued to mature, there was a
reduction in the expression of MHC-II to its lowest levels at D10 (Figure 13-3C). Taken

together, mature MKs could be phenotyped as CD34 CD38°MHC-I"'MHC-II°CD41*CD42b".

Although expression of MHC-II reduces over time, during the intermediate phases, there are
dual positive cells which express both CD41 and MHC-II, similar to mice, suggesting that MKs

could interact with CD4 cells through this period.
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Figure 13-3. HLA-A/B/C and HLA-DR surface expression on developing MK.

(A) Histograms showing consistently high surface expression of HLA-A/B/C (MHC-I) at
different MK developmental time points at D3, D7 and D10. The surface expression of HLA-
DR on developing MK was decreasing over time. This is demonstrated as (B) a shift towards

the left when plotted against the expression of CD41 or as (C) histograms demonstrating the

expression of HLA-DR on developing MK.
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13.2.3. PD-L1 and PD-L2 expression in developing MK.
I next determined the surface expression of the immunomodulatory receptors; PD-L1 and PD-

L2, that could potentially govern the MK-T cell interaction.

The surface expression of PD-L1 on MK was tracked over time at D3, D7 and D10. PD-L1
expression increased throughout MK maturation reaching its highest at D10 (Figure 13-4A).
PD-L1 surface expression on mature MK was confirmed using confocal microscopy
demonstrating a differential expression from CD41 and CD42b (Figure 13-4B). To confirm the
developmental nature of PD-L1 on MK, median fluorescent intensity (MFI) was compared
between the different developmental stages of MK. PD-L1 MFI was significantly higher in
mature (CD41°CD42b") MK compared to immature (CD41°CD42b") MK and early MK
progenitor (CD41°CD42b") [259.20 vs. 43.32 vs. 5.83; P value < 0.0001], respectively (Figure

13-5A).

Data provided by our collaborator Dr Beth Psaila (Oxford) on PD-L1 expression, quantified as
transcripts per kilobase million (TPM), on developing MK using single-cell RNA sequencing
confirm a significant increase in PD-L1 expression from immature MK to mature MK [4.3

TPM vs 10 TPM; P value < 0.001] (Figure 13-5B).

Similarly, PD-L2 expression increased throughout MK development. PD-L2 MFI was
significantly higher on mature MK when compared to immature and early MK progenitors

[674 vs. 429 vs. 248; P value < 0.0001], respectively (Figure 13-5C).
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Confocal microscopy of a mature MK showing the differential expression DAPI (Light Blue),

Figure 13-4. Surface expression of PD-L1 on developing MK.

magnification and a scale bar of 5um is provided.
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(A) Dot plots representing developing MK at different developmental stages; D3, D7 and

D10. The dot plots demonstrate the increase in PD-L1 expression on CD41* cells. (B)

PD-L1 (Green), CD42b (Red) and CD41 (Yellow). The image was captured at 20X
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Figure 13-5. PD-L1 and PD-L2 expression on developing MK.

(A) The graph demonstrates the difference of PD-L1 surface expression between early MK
progenitor (Blue), Immature (Red) and mature MK (Green). (B) Single-cell RNA sequencing
showing the significant difference of PD-L1 expression between immature and mature MK.

(C) PD-L2 surface expression in early MK progenitor, Immature and mature MK.
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13.2.4. ITP plasma reduces PD-L1 expression on MK and increases MK death.
To assess the impact of ITP on mature MK and the expression of PD-L1, mature MK (taken at
D7) were cultured overnight with plasma from 5 different patients with ITP. The coculture of

MK with plasma from HC or medium served as experimental controls.

Plasma from patients with ITP had the biggest impact on PD-L1 expression on developing MK
(Figure 13-6A). PD-L1 MFI was significantly lower when cocultured with plasma from
patients (Figure 13-6B) compared to HC plasma [170 vs 364; P value < 0.05] (Figure 13-6C).
However, no significant difference observed in PD-L1 expression between MK cultured with

medium only and HC plasma [P value > 0.05].

Using L/D discrimination marker, the percentage of dead cells caused by culturing MK with
plasma was measured (Figure 13-6D). Culturing MKs in plasma from patients with ITP led to
a significant increase in MK cell death compared to HC plasma [9.93% vs 6.79%; P value <
0.05] (Figure 13-6E). There were no significant differences in MK cell death between MK

cultured with HC plasma and medium only [P value > 0.05].
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Figure 13-6. The impact of plasma from patients with ITP on developing MK.

Histograms demonstrating the expression of PD-L1 on MK cultured with (A) HC plasma and
(B) plasma from patients with ITP. (C) The bar chart demonstrates PD-L1 MFI on MK when
cultured with medium only (blue), HC plasma (red) and plasma from patients with ITP
(green). (D) Dot plots showing the gating strategy to evaluate MK cell death starting from
gating on the forward and side scatter followed by the Live/Dead marker staining (B) The
bar chart demonstrates the impact of plasma from patients with ITP (green) on MK death
compared to plasma from HC (red) and medium only control. Plasma from patients with ITP

resulted in the least PD-L1 expression and highest cell death in developing MK.
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13.2.5. Blocking PD-L1 and PD-L2 on MK promotes the development of the
polyfunctional CD8" T cells, when cultured with PBMC.

To underline the mechanism involved in the MK-T cell interactions, blocking antibodies were
used to block the different receptors on mature MK before culturing them with PBMC from
patients with ITP. These receptors on MK included MHC-I, PD-L1 and PD-L2 (Figure 13-7A).
isotype-matched to the blocking antibodies were used as controls in this experiment. This
blocking has been confirmed by staining these receptors. Unblocked receptors will be
positively stained, whereas blocked receptors will not be stained (Figure 13-7B). After
blocking these megakaryocytic receptors, MK were cultured with PBMC from patients with
ITP. The outcome of this interaction by determining percentage of polyfunctional

CDS8'TFNy ' TNFa" T cells as described previously (Chapter 11).

Blocking PD-L1 on MK significantly increased the polyfunctional CD8" T cells compared to
an isotype antibody control or MK cultured in medium only [37.15 %, 19.5% and 18.4%; P
value < 0.001] respectively (Figure 13-8). This stimulation of CD8" T cells was mainly
mediated through MHC-I molecule as blocking MHC-I molecule on MK led to significant
reduction of polyfunctional CD8" T cells when compared to blocking PD-L1 [13.35% vs.

37.15%; P value < 0.05].
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Figure 13-7. Interrogating MK - T interaction governed by Immune-related
molecules.

(A) Schematic representation of the blocked pathways using blocking antibodies against

HLA-A/B/C, PD-L1 and PD-L2 which govern MK-T cell interaction. Drawings demonstrate the

blocked surface receptors on MK prior to their culture with PBMC. (B) Dot plots

demonstrate an example of confirming the blocking of PD-L1 on MK demonstrated by lack

of staining in PD-L1 blocked MKs (right), compared to the positive staining in unblocked MKs

(left).
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Figure 13-8. Examination of the molecules governing the MK-T cell interaction.

All experiments were performed in a supplemented media where PBMCs were co-cultured

with MK. Different MK surface markers were blocked using blocking antibody prior to their

co-culture with PBMCs. Baseline activation of CD8* T cells was observed when PBMCs are

cultured alone (blue), with MK (red) or isotype control antibody (green). This activation was

downregulated by blocking HLA/A/B/C (MHC-I; purple). Blocking PD-L1 on MK led to the

highest levels of polyfunctional CD8* T cells (orange), and less so with PD-L2 (black)

compared to other conditions. + indicates the presence of a blocking antibody.
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13.3. Discussion.

The pathophysiology of ITP has mostly been considered to be due to platelet destruction in the
spleen (130). However, an increasing number of studies have shed light on the platelet-
progenitors, MK, and their contribution to the ITP pathophysiology. These studies suggest that
megakaryopoiesis and platelet production are impaired in ITP, under the influence of
autoantibodies targeting the MK (189-191). The focus of these studies has been centred on
MK -related parameters such as survival, apoptosis, ploidy and maturation. However, these are
small studies and they lack investigation into the regulatory factors governing possible

interaction between MK and immune cells.

To recapitulate the bone marrow pathology in ITP, I developed an in vitro megakaryocytic
assay to interrogate several aspects of MK development and maturation in ITP. CD34" HSC
mobilised from peripheral blood of a healthy donor were used to generate MKs. Developing
MK can be tracked using established surface markers including loss of the HSC marker CD34,
gradual appearance of the early MK progenitor marker CD41 (GP IIb) and mature
megakaryocytic marker CD42b (GP Ib) (46,192). These markers followed the reported pattern
of MK development of decreasing CD34 and MK maturation of being CD41" and CD42b*

(188,193).

Following on from the BM trephine results described in chapter 12, one of the aims of this
study was to interrogate the MK-T cell interaction. In order for MK cells to interact with T
cells, they must express specific receptors, MHC class I and II. MHC class I is expressed on
all nucleated cells (2), which further confirms our finding of the persistent positive expression
of MHC-I at the different developmental stages. The expression of MHC class II has not been
fully determined in mature MK in humans. Previous studies have suggested that class II

expression is only seen in early MK progenitors (60).
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In this study, consistent with existing literature, MHC-II expression began high in stem cells
and decreased as MK continued to develop. It was however still expressed at later stages of
MK maturation than has previously been described, allowing for potential interactions with T
cells even as CD41 begins to be expressed. Although this has not been addressed in this in vitro
assay, these MHC-II molecules are functional receptors through which MK prime T cells and

drive their Tni/Th17 differentiation in disease (59,60).

Currently, only a few studies have addressed the contribution of immune checkpoint molecules
PD-1 and PD-L1 to ITP pathophysiology (102—104). These studies have focused on the
expression of these molecules in serum and immune cells such as PBMC and DCs showing
conflicting results of dysregulated PD-L1 in peripheral blood, potentially due to fluctuations in
disease activity. PD-L1 and PD-L2 have clear importance in the pathophysiology of
autoimmune conditions. Given the potential for T cell interactions with MKs, this study further
addressed the expression pattern of PD-L1 and PD-L2 on MK (something that has not been

previously reported) (32,36).

In this in vitro megakaryocytic assay, the expression of PD-L1 was tracked from the early MK
progenitor stages (CD41°CD42b) up to mature MK (CD41°CD42b"). PD-L1 expression
started to appear on immature (CD41°CD42b") MK, reaching its highest expression on mature
MK (CD41°CD42b") suggesting that its high expression could be used as a marker of mature
MK. The unpublished work of our collaborator Dr Bethan Psaila at the University of Oxford
has confirmed this finding. The single-cell RNA sequencing has demonstrated a significant
increase in PD-L1 expression from immature MK to mature MK. The use of confocal
microscopy has also confirmed the expression of PD-L1 on mature MK. Mature MK
demonstrated differential PD-L1 expression that was not overlapping with to CD41 and CD42b
expression. The absence of PD-L1 on HSC has previously been reported and has served as the

basis for the patented bioengineered modified HSC that expresses PD-L1 aimed to be used in
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transplant of autoimmune disorders such as type I diabetes (194). Similarly, PD-L2 expression

was at its highest on mature MK compared to MK progenitor and immature MK.

The capacity of MK to express immunomodulatory molecules such as PD-L1 and PD-L2 has
not been reported before. This dual expression of PD-L1 and PD-L2 has only been attributed
to professional antigen-presenting cells such as dendritic cells (195). These findings suggest
that MK could serve as an immunomodulator of activated immune cells as well as a

professional antigen-presenting cell through their MHC-I and MHC-II expression.

In order to examine the influence of ITP on MK and the expression of PD-L1, developing MK
were cultured with plasma from patients with ITP or HC. Plasma from patients caused the
highest cell death in MK confirming the previous findings of Houwerzijl and colleagues that

culturing healthy MK with plasma from ITP patients caused increased cell death (79).

In addition to increasing MK death, plasma from patients significantly reduced the expression

of PD-L1 on MK when compared to HC plasma.

The findings described here that plasma from patient with ITP downregulate PD-L1 on MKs
lead us to hypothesise that this may be the cause of the increase in polyfunctional CD8" T cells

observed in patients.

To examine the interactive nature between MK and CD8" T cells and how it is regulated,
mature MK were culture at D7 with PBMC from patients with ITP. The outcome of this
interaction was determined by quantifying the frequency of polyfunctional CD8" T cells. To
interrogate the mechanism of MK-T cell interactions and determine whether these molecules
are functional and contributing to such interactions, blocking antibodies were used to block
key receptors including MHC-1, PD-L1 and PD-L2. Culturing MK derived from HC HSC with
patients’ PBMC led to a baseline CD8" T cell activation that was significantly reduced upon

blocking MHC-I. This activation could be attributed to the MHC-I mismatch, which has been
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reported to be a key player in BM transplant failure (196). Blocking PD-L1 on MK led to the
highest percentages of polyfunctional CD8" T cells, which was significantly higher than
blocking PD-L2, or MK blocking with isotype-control antibodies. These findings suggest that
MK directly interacts with CD8" T cells leading to its activation and promoting the production
of the polyfunctional CD8" T cells. This interaction is mediated via MHC-I, modulated mainly

by PD-L1, and PD-L2 also contributes to such immunoregulation.

The use of plasma from patients with ITP to mimic the in vivo condition evaluating its impact
on cells i.e. impact on the PD-L1 expression on MK in this study, has been used previously
(79,191,197). However, further work is needed to specify which element of the plasma is
responsible for the demonstrated effect to take this work further. This is to determine whether

a cytokine or an antibody mediated such effect.

In this study, PD-L1 expression was described on MK developed from CD34" from HC. It
would be interesting to examine PD-L1 expression on MK derived from patients HSC and also

from MK taken directly from bone marrow aspirates.

Here, the polyfunctionality of CD8" was used as an indication of an active interaction between
MK and CD8" T cells. This approach is more indicative than the surface activation maker
CD69 used by Zufferey and colleagues to demonstrate the murine MK capacity to present
antigens to CD8" T cells (61). MK were cultured directly with PBMC from patients with ITP,
with the assumption of the presence of autoreactive CD8" T cells in patients PBMC would
react directly to the normal peptide presented on the MK MHC-I molecule. However, it would
be necessary to repeat such experiment with MK and PBMC from the same person to see
whether there would be a similar CD8" T cell activation. Future work should also determine

whether the effector T cells are able to directly kill MKs.
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14. Discussion

Consistent with early work from Olsson et al (94), this work further confirms the involvement
of CD8" T cell in the pathophysiology of ITP. In peripheral blood, there was an expansion in
the CD8" T cell compartment leading to a significant reduction in CD4/CD8 T cell ratio, as
previously reported (144-146). This expansion was mostly evident in the significantly
increased antigen-experienced terminally-differentiated effector CD8" T cells in patients with
ITP. The increased effector CD8" T cells has been described as a key feature of other
autoimmune conditions such as AA (160) and myelodysplasia (150). Furthermore, this effector
population was a result of a dynamic interaction rather than a bystander effect as it was shown
to be significantly higher in patients with low platelet count which could serve as an indication
of disease activity/severity. As there was no corresponding increase in regulatory T cells in
these patients, the resulting immune imbalance in the form of reduced Treg/effector CD8" T
cell ratio could serve as a better indication of disease activity than the debatable Treg frequency

or functionality in ITP (87,98,99,101,172).

This is the first study to address CD8" T cell polyfunctionality in ITP and demonstrates an
active role of CD8" T cells in contributing to the previously reported proinflammatory milieu
of ITP (86,155,156). The increase in these cytokines is in line with previously reported
increased gene expression of IL-2, IFNy and GnB-related genes in CD3" T cells in patients
with ITP (94,159) 1t further confirms that these effector CD8" T cells are not exhausted, as

exhausted cells would express lower intracellular IFNy and IL-2 (136).

The reactivity of these cells, shown in the I[FNy ELISpot assay, suggests this activity is driven
by platelets. This approach to assess function is safer and more reproducible than the

radiological method used by Olsson ef al. (94)
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The upregulated effector CD8" T cells displayed downregulated exhaustion markers PD-1 and
Tim-3 (151,152). This downregulation prevents the immune system from eliminating these
activated cells, which confirms previous reports of low PD-1 and Tim-3 in patients with ITP.
This further confirms the immune-dysregulatory nature of the effector CD8" T cells and could
be attributed to the low gene expression of the anti-apoptotic BCL2 in patients with ITP

(91,153,154).

The novel immunomodulatory impact of Elt on CD8" T cells described here is of particular
interest in autoimmune diseases of the bone marrow. Elt is a mainstay of treatment in both ITP
and AA, and in both diseases long term remissions are being described (133,198). In this study,
Elt-treated patients had significantly lower effector CD8" T cells compared to Romi-treated
subjects. Furthermore, Elt significantly reduced CD8" T cell functionality in vitro, in a dose-
dependent manner which was not seen with supratherapeutic dose of Romi. These findings
highlight a possible additional therapeutic benefit of Elt, besides correcting the platelet count,

in ITP and refractory AA (168—170).

Our group has previously reported the iron chelating effect of eltrombopag on myocyte and
liver cell lines (125). Iron is required by all cells for the essential DNA synthesis, however,
rapidly proliferating cells i.e. neoplastic cells uptake iron at much higher rate compared to
normal (199) . Consistent with this, iron chelators have previously been shown to reduce
proliferation of T cells and inhibit their activation (200,201). This mechanism of immune
modulation — reduction in highly proliferative cells and impairing their activation through iron
chelation - would be consistent with the impact of high doses of Elt on the metabolically active

CD8" cells described here ex vivo. This needs further functional confirmation.

To address whether these CD8" T cells are also active in the bone marrow in vivo, IHF staining

has been used on bone marrows from patients with active disease, a technique widely used to
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determine cellular interaction in organs such as brain and lungs (202,203). This is the first study
to describe the increased MK-T cell interaction and clustering described here in patients with
ITP compared to controls. These novel findings demonstrate an active role of T cells in the BM
pathology in ITP, which appears to occur in addition to the reported in vivo involvement of
autoantibodies (178,204). This further demonstrates the complexity of ITP pathophysiology

that it is not only taking place in peripheral blood, but also in the BM.

Given the unexpected interactions with both CD4 and CD8 cells we further characterised
whether MKs have the ability to interact with T cells at all stages of maturation. Consistent
with expected biology, MHC-I was expressed on all stages of MK maturation, confirming that
it is expressed on all nucleated cells (2). MHC-II expression began high in HSC and decreased
as MK continued to develop, similar to what has been described previously in mouse MK
development. Unexpectedly however, MHC class II remained present on some mature
CD41°CD42b" MK. This helps to explain the CD4 cell interactions described in the trephine

biopsies (59).

To further determine the interactions of MK cells with T cells, and given the importance of
PD-L1 and PD-L2 contribution in autoimmune disorders such as SLE and graft-versus-host
disease (GVHD) (32,36), we assessed the expression of these checkpoint inhibitors on MKs
which is something that has not been previously reported. While PD-L1 was not expressed on
HSCs, it increased throughout MK development reaching its highest on mature MK. Single-
cell RNA sequencing confirmed this increase in PD-L1 expression from immature MK to
mature MK. Similarly, PD-L2 expression was at its highest on mature MK compared to their

progenitors.

The expression of MHC-I, MHC-II, PD-L1 and PD-L2 have only been attributed to

professional antigen-presenting cells such as dendritic cells (195). These findings suggest a
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novel role for human MK serving as a professional antigen-presenting cell, presenting peptides
via their MHC-I and MHC-II, as well as controlling T cell activation through PD-L1 and PD-
L2 receptors. The ability of MKSs to change their nature and surface expression also shows it to

be a plastic system which could be changed with infection or inflammation.

I therefore explored the MK development iv vivo in two manipulatable systems. First, |
explored the impact of plasma from patients with ITP on MK development. In addition to the
previously reported increased MK death (79), patients plasma significantly reduced the
expression of PD-L1 on maturing MK. Second, I explored the impact of MKs on T cells. Upon
culturing MK with PBMC from patients, blocking MHC-I led a significant reduction of
polyfunctional CD8" T cells, while blocking PD-L1 on MK resulted in an increase in
polyfunctional CD8" T cells. This preliminary data suggests that human MK-CD8" T cell
interaction is mediated via MHC-I, and that PD-L1 could be the main regulator of this

interaction (Figure 14-1).
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Figure 14-1. Proposed mechanism of MK-CD8+ T cell interaction.

The figure demonstrates how MK could interact with CD8+ T cell leading to balanced CD8+ T
cell activation due to their interaction via MHC-1 and PD-L1. (B) The absence of PD-L1 leads
to a continuous unbalanced CD8* T cell activation, whereas (C) the absence of MHC-I causes

a suppression via the dominant expression of PD-L1.
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These findings highlight two areas for further exploration. First that MKs are modulated by

their culture conditions, with changes in their ability to interact with immune cells depending

on their environment, and second that they have the ability to interact with and modulate the

adaptive immune system. This highlights the emerging knowledge of the role of MK cells as

well as platelets in host defense and immunity (54). How this system is hijacked in

autoimmunity in conditions such as ITP is not yet clear, but shows the importance of better

understanding this system.

14.1. Limitations of this study

1.

This study has provided a comprehensive analysis of the CD8" T cell compartment in
the periphery of patients with ITP. In contrast (and due to time restrictions) Treg
functionality was addressed only by intracellular expression of IL-2. Treg suppression
assay would have been more reflective of functionality.

For ELISpot analysis, PBMC have been initially used. Ideally, isolated CD8" T cells
should have been used to underline the CD8" T cell-specificity to platelets, as the source
of IFNy could be from CD4" T cells or B cells. Whole platelets have been used in this
proof-of-principle experiment to demonstrate the specificity of T cells. Alternatively, a
platelet-derived antigen should have been used such as platelets GP IIb/IIla presented
on a multimer to elucidate CD8" T cell response.

A major shortcoming of the in vivo BM study was the use of disease-control rather than
healthy controls BM. Obtaining healthy donor BM is very challenging due to the
invasive nature of the procedure and the associated risks. In view of this, the controls
used in this study were from subjects with other conditions in remission and without

reported BM abnormalities. Ideally, the studied parameters should have been compared

148



between patients with ITP and HC to allow for better interpretation of the findings.
However, it is most likely that the immune system in these disease controls would be
more active than controls, hence differences would be further highlighted if healthy
controls had been used.

4. Using plasma from patients with ITP to mimic the in vivo condition in an in vitro system
has been previously used (79,191,197). However, the resulted effects could be due to
multiple factors, that are yet to be determined.

5. Here, MK were cultured directly with PBMC from patients with ITP, with the
assumption of the presence of autoreactive CD8" T cells in patients PBMC. However,
it would be necessary to repeat such experiment with MK, derived from a patient’s

HSC, and CD8" T cells from the same patient to determine self-reactivity to MK.

14.2. Future work

The work presented here describes the presence of platelet-activated CD8" T cells in the
peripheral blood as well as interactions between CD4" and CD8" T cells and MKs in the bone
marrow of patients with ITP. Further work is needed to determine whether these cells are
directly targeting platelets or MKs. For example, whether CDS cells directly lyse platelets or
activate their thrombotic cascade is yet to be determined. Also, the effect of CD8" T cells on

MK, and whether they could directly kill MK is to be determined.

With respect to treatment effects, an interesting effect of Elt has been described on activated
CDS8" T cells. This needs to be confirmed by analysing CD8" T cells before and after treatment
with Elt and Romi. Additionally, Elt effect can also be tested in vitro using a cytotoxicity assay

to demonstrate a potentially reduced CD8 -mediated function. Also, an established cell line
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system will be used to interrogate the mechanisms behind these results i.e. to assess the iron

chelating effect on T cell activity (166).

The in vivo MK-T cell interaction could be further assessed using advanced microscopy such

as electron microscopy, to assess interaction at the level of the synapses.

The in vitro megakaryocytic assay was used to describe PD-L1 expression on MK developed
from CD34" from HC. It would be interesting to examine PD-L1 expression on MK derived
from patients HSC and also from MKs isolated directly from the bone marrow aspirate of
patients with ITP. Additionally, further work is needed to specify which element of the plasma
is responsible for the demonstrated effect on MK. This is to determine which cytokine or

antibody mediated such effect.

14.3. Conclusion

ITP is an autoimmune disorder characterised by a proinflammatory milieu. This study
demonstrates the involvement of CD8" T cells in the disease pathology. This involvement is
characterised by a skew towards an effector phenotype defined by the high expression of
intracellular IL-2, IFNy, TNFo, GnB and Perforin. These autoreactive CD8" T cells display
immune dysregulation in the form of low expression of exhaustion markers; PD-1 and Tim-3,

and are activated by platelets.

Elt, in addition to the thrombopoietic effect it shares with Romi, appears to have an additional
immunomodulatory effect. It affects CD8" T cells by normalising T cell subsets as well as

reducing their polyfunctionality in a dose-dependent manner.

T cells are also involved in the BM pathology of ITP. This involvement includes an increased

MK-T cell interaction and clustering. This interaction, when recapitulated in vitro, was an
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active interaction mediated via MHC-I. The newly described PD-L1 expression on MK may

be the main regulator of MK-T cell interaction, which is downregulated in ITP.
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