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ABSTRACT

Multiple myeloma is an incurable plasma cell malignancy with only 30% of patients
surviving for more than 10 years. The bone marrow microenvironment is crucial to
the survival, proliferation and growth of these malignant plasma cells and has also
been heavily implicated in drug resistance. Therefore, therapeutic targeting of the
microenvironment has gained interest in conjunction with targeting myeloma cells
themselves.

Multiple myeloma is an extraordinarily complex hematological disease in regards to
its ability to manipulate the cells in the bone marrow microenvironment, as well as its
genesis and progression. Multiple myeloma is a malignancy that is heavily associated
to relapse after therapy. The strong dependence malignant plasma cells have on the
bone marrow microenvironment makes it extremely difficult to effectively treat this
disease, with a small residual population of drug-resistant myeloma cells remaining
within the bone marrow after nearly all cases of treatment. An important achievement
in the immunotherapeutic treatment of cancer was the discovery of the PD-1/PD-L1
pathway, its function in the evasion of tumor immunity, and the development of
targeted antibodies. The PD-1 pathway has been shown to be extraordinarily
successful in slowing or clearing tumors in multiple human cancers. Although no
definitive biomarker to predict success of PD-1 immunotherapy has been described,
the pre-treatment density of CD8" T cell infiltration and expression of PD-1 or PD-L1
in the tumor microenvironment all correlate with responsiveness to PD-1 targeted
therapies. Memory T cells likely play an important role in the response to tumor
recurrence and metastases. Blocking PD-L1 may be a more effective therapeutic
strategy than blocking PD-1, and that blocking both PD-1 and PD-L1 may be an
effective combination. Although the majority of clinical effort has been put towards
antibodies blocking PD-1, an antibody blocking PD-L1 interactions with both PD-1
and B7-1 has been approved in non-small cell lung cancer and bladder cancer. Anti-
PD-1/PD-L1 antibody treatment could be clinically effective in MM patients by
recovering T-cell cytotoxicity and inhibiting reverse signaling from PD-L1 on MM
cells. Therefore, the use of combination therapies may significantly improve the
impact of checkpoint inhibition as a treatment modality for selected patients. Flow
cytometry may be a reliable, easy and value effective tool for the assessment of
minimal residual disease in patients with multiple myeloma. Longer remissions that
cannot be accurately evaluated with conventional techniques, such as immunofixation
and electrophoresis, are achieved by novel drugs, which dramatically enhance
patients' outcomes. Understanding the distribution of PD-1/PD-L1 molecules in the
BM niche of patients with multiple myeloma and the contribution of immune
resistance mechanisms to PD-1/PD-L1 blockade represents a critical step in order to
identify the best patient subset that could benefit from this checkpoint blockade and
to provide rationale for new combined therapeutic strategies.



INTRODUCTION

1.1. Multiple myeloma

In 1844, Dr. Samuel Solly published the first clinical case of multiple myeloma'.
Myeloma is now considered as the second most frequent hematological malignancy
diagnosed in the Western World?.

In the bone marrow microenvironment, it is characterised by the accumulation and
clonal proliferation of terminally differentiated CD138"CD38" B-lymphocytes,
known as plasma cells>.

Myeloma is described by the excessive secretion of dysfunctional monoclonal
immunoglobulin, commonly known as paraprotein. In turn, this characteristic can be
used in the detection, diagnosis and post-treatment monitoring of multiple myeloma
and its associated non-malignant precursor condition, monoclonal gammopathy of
undetermined significance (MGUS). Myeloma clinically reveals in end-organ
damage that leads to renal impairment, hypercalcaemia, anemia, recurrent infections
and the formation of bone lesions, which are induced by the catastrophic
manipulation of the homeostatic process of bone remodelling®.

Although patient response rates have risen as a result of the development of new
targeted therapies, this malignancy is still incurable, with about half of patients
surviving for less than 5 years after diagnosis®.

Myeloma cells clearly rely substantially on the bone marrow microenvironment,
which contributes to increased proliferation, survival, and resistance to therapeutic
treatment®.

Drug resistant cells frequently accumulate in this microenvironment, possibly leading
to patient relapse, with the duration of remission typically decreasing with each
treatment course a patient receives’. To prevent these protective effects, it is crucial
to understand the interactions and mechanisms behind the malignant plasma cells'
reliance on the bone marrow. This could result in the discovery of novel therapeutic
targets and provide a rationale for the development of more efficient treatment
protocols for myeloma patients.



1.1.1. History of multiple myeloma

Dr. Samuel Solly described the first clinical case of multiple myeloma in 1844.
Sarah Newbury, a 39-year-old housewife with significant back pain, was the patient.
She died 4 years after her symptoms began, and a red substance had replaced the
cancellous section of her sternum, as well as both femurs, according to a postmortem
investigation. Fractures of the right radius and ulna, left tibia and fibula, and both
femurs were discovered during the autopsy.

=

Figure 1. Sarah Newbury, the first reported patient with multiple myeloma'.

In 1873, while working at Professor von Recklinghausen's institute, von Rustizky
coined the expression "multiple myeloma."

During a patient's autopsy, he discovered eight different bone marrow malignancies
that were mushy in consistency and reddish in color and were diagnosed as "multiple
myeloma".

In 1889, Kahler described the symptoms of multiple myeloma in a 46-year-old
physician, including skeletal pain, albuminuria, pallor, anemia, a precipitable urine
protein, and necroscopy results.

William Maclntyre, Henry Bence Jones, and John Dalrymple evaluated a patient of
Maclntyre admitted to the hospital with nonspecific but continuous pain in the chest,
back, and pelvis in 1845 at St. George's Hospital in London. MacIntyre contacted
Henry Bence Jones and asked him to perform a urine test on the patient.



Bence Jones discovered a chemical in his urine that was precipitated when nitric acid
was added. He observed that the precipitate was soluble in boiling water but that it
reformed when the urine was cooled.

The patient had "albumosuria," he said. The patient died shortly after the urine was
examined. Jones decided that the protein was a "oxide of albumen" and that the
"hydrated deutoxide of albumen" was the result of the final analysis. On January 2,
1846, the patient passed away. An autopsy by Dalrymple revealed that the sternum,
cervical, thoracic, and lumbar vertebrae were delicate, fragile, and easily breakable,
and that they could be cut with a knife.

Furthermore, numerous hemorrhagic cavities in bones were discovered throughout
the body. "Atrophy from albuminuria" was stated as the reason of death.
Albuminuria was the term used at the time to refer to proteinuria in general, while
Fleischer coined the name "Bence Jones protein" in 1880.

Weber hypothesized in 1898 that the Bence Jones protein is produced in the bone
marrow.

Jacobson and Walters discovered Bence Jones proteins in the bloodstream in 1917
and 1921, respectively, and concluded that they were most likely produced from
blood proteins by aberrant cells in the bone marrow.

Longsworth and colleagues used electrophoresis to analyze multiple myeloma in
1939, demonstrating the towering narrow-based "church spire" peak.

In 1953 Grabar and Williams first described immunoelectrophoresis, which makes it
easier to diagnose multiple myeloma.

Wilson first described immunofixation, also known as direct immunoelectrophoresis,
in 1964. Serum and urine protein electrophoresis, followed by immunofixation, are
used to detect monoclonal immunoglobulins.

Small monoclonal light chains, which are not visible on electrophoresis, can be
detected by immunoelectrophoresis, immunofixation, or direct
immunoelectrophoresis.

The principle behind protein electrophoresis is that proteins migrate at different rates
based on their electrical charge.

During electrophoresis, immunoglobulins migrate to the gamma area, and the
presence of monoclonal immunoglobulin causes a characteristic "M-spike" in the
gamma region that is not detected in normal people’.
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Figure 2. Serum protein electrophoresis, normal and with M spike in gamma region.
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Figure 3. Timeline description of the history and treatment of multiple myeloma from
1844 to 2005. (Kyle R.A. and Rajkumar S.V. Multiple myeloma. Blood. 2008 Mar 15;
111(6): 2962-2972)
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1.1.2. Epidemiology of myeloma

Although multiple myeloma is a relatively uncommon neoplasm, accounts for 13% of
diagnoses of blood cancer, with an average age-adjusted incidence rate of about 8
cases per 100.000 persons per year.

Myeloma is responsible for 0.8% of all cancer diagnoses and 1% of all cancer deaths
worldwide. The frequency of myeloma varies greatly by ethnicity, with black people
being diagnosed at a rate of 2:1 more often than white people?.

Australasia, Europe, and North America have the highest rates of myeloma in the
world'®. Asian populations have the lowest rates of myeloma, but recent studies have
found considerable increases in incidence in Asian countries'!. Myeloma diagnoses
are also more common in males than females (58% vs 42%)?. Whilst the exact causes
of this discrepancy are widely unknown, there is evidence to suggest that there are
gender-dependent differences in primary genetic aberrations observed in myeloma;
one study showed that males experienced a greater frequency of hyperdiploidy (62%
vs 50%), whilst females had a higher incidence of immunoglobulin heavy chain gene
(IgH) translocations (32% vs 50%)!2.

The average age of myeloma patients at diagnosis is 66, with 38% of diagnoses
occurring in patients over the age of 70. Myeloma is considerably rarer in younger
patients, with just 2% of diagnoses occurring in patients under the age of 40 years
old"*'* The current overall 5-year survival rate of patients is 51.6% for symptomatic
patients. Patients younger than 50 years old at diagnosis, had more favorable
prognostic characteristics and have considerably higher 5-year survival rates than
patients older than 50 years'>.

1.1.3. Etiology of myeloma

Since its discovery, the exact origin and etiology of multiple myeloma have been
debated. Symptomatic myeloma is now widely understood to be the result of clinical
progression from the asymptomatic disease monoclonal gammopathy of
undetermined significance'®. However, to date there has been no definitive
identification of an individual aetiological event attributed to the origin of myeloma
or its asymptomatic precursors. Obesity and a poor diet are among the environmental,
lifestyle, and occupational risk factors linked to the development of myeloma'”.
According to some research, farmers had a higher risk of developing myeloma, which
could be attributed to high levels of pesticide exposure in agriculture!®!”. To date,
little is known about hereditary associations in myeloma etiology. Overall it is not
considered to be an explicitly inherited malignancy. However some studies have
reported familial links that lead to a significant increase in risk of myeloma

development in family members with first degree relatives affected by myeloma?®2!,
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1.1.4. Plasma cell biology

Plasma cells are terminally differentiated post-germline cells of the B-lymphocyte
line that reside and mature within the bone marrow microenvironment, which plays a
crucial role in ensuring their prolonged survival®’. Despite existing in very small
proportions — representing just 1-3% of cells within the bone marrow — plasma cells
are responsible for all antigen-specific antibody secreted in circulation®. Follicular
B-cells and marginal-zone B-cells are two types of B-lymphocytes that are activated
in a T-cell dependent or independent fashion, respectively. Upon activation, these B-
cells proliferate within germinal centres in the lymph nodes and spleen, with a small
number of these cells actively dividing to become short-lived antibody-secreting
plasmablasts that ultimately differentiate into long-lived plasma cells in the bone
marrow?*. These cells are largely responsible for the secretion of monoclonal
antibodies into the peripheral circulation, which are classified as IgG, IgA, IgM, IgE,
and IgD isotypes. These isotypes are inferred by the immunoglobulin heavy chain
(IgH) sequence after the process of class switch recombination and can also be
further categorised by light-chain classification as either kappa (k) or lambda (A)%.

Figure 4. Plasma cell from bone marrow aspirate. (May-Grunwald Giemsa, 100X)

The majority of myeloma patients present with either IgG (52%) or IgA (21%)
paraprotein'®. IgM-myeloma is a relatively rare kind of plasma cell neoplasm that is
linked to a poor prognosis. It shares numerous diagnostic characteristics with
Waldenstrém's macroglobulinemia (WM) making it difficult to differentiate between
these two disorders. However, end organ damage seen in myeloma, such as the
creation of bone lesions, is unique to myeloma and not to WM, A cytogenetic link
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has also been shown between the presence of the t(11;14) translocation and IgM
myeloma, which could distinguish it from WM?’.

The presentation of IgD and IgE-myeloma are also considerably rarer than IgG, IgA
and light-chain secretory myeloma. When compared to more prevalent IgH subtypes,
[gD-myeloma accounts for about 2% of all diagnoses and is associated with diagnosis
at younger age, more aggressive illness, and a poorer prognosis*®%. The incidence of
IgE-myeloma is incredibly uncommon, with only around 50 cases being reported in
the literature®. It has been reported that up to 7% of myeloma patients are classified
as non-secretors, despite the fact that the majority of these cases were oligo-secretors
after the advent of the serum free light-chain assay. As a result, real non-secretors
currently account for about 1-2% of newly diagnosed multiple myeloma patients®!-¥.

Light-chain Proportion of

IgH classification classification p:;}/::::};) )

K 34

l9G A 18

K 13
197 A 8
K 1
gD A 1

K 0.3

lgM x 0.2
Free light chain K 9
(Bence Jones protein) A 7
Non-secretory - 7

Table 1: Proportions of heavy and light-chain immunoglobulin distributions
in myeloma patients. Data obtained from Kyle. RA et al, 20033,

1.1.5. Surface phenotype of myeloma cells

The expression of surface markers is essential to identify cells that cannot be
distinguished purely by the evaluation of morphological characteristics.

The expression of surface markers is key to determining the identity of cells that are
not able to be distinguished solely through the assessment of morphological features.
This means that cells may be accurately identified by the analysis of their particular
surface expression profile, which is crucial in the diagnosis of myeloma because it
verifies the proportion of malignant plasma cells present in the bone marrow.
Although myeloma is a cancer with significant heterogeneity, plasma cells share
characteristics that can be used to predict the disease progression and response to
therapy™>.
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This is particularly helpful in the identification of residual myeloma cells in the bone
marrow after treatment, known as minimal residual disease (MRD).

Syndecan-1, also known as CD138, is a membrane-bound receptor of the heparin
sulphate proteoglycan family**. It acts as an extracellular matrix receptor and plays a
key role in plasma cell adesion to the bone marrow extracellular matrix*>°, Amongst
cells of hematopoietic origin, CD138 is exclusively expressed on plasmablasts and
mature plasma cells, following differentiation from B-lymphocytes®’.

This characteristic is expressed by malignant plasma cells, which makes CD138 an
excellent marker for the identification of myeloma cells in the bone marrow and
peripheral blood?8. Loss of CD138 through membrane shedding, which results in an
increased level of soluble CD138, is associated with poor prognosis in patients®’.

In a number of myeloma-related studies, CD138neg myeloma cells have been found
in both primary malignant plasma cells derived from patients and myeloma cell
lines**H,

According to these studies, CD138neg myeloma cells have greater clonogenic
capability and are more resistant to existing therapies****. These cells have also been
speculated to possess stem cell-like properties and, considering the inevitable relapse
of myeloma patients after treatment, it has been hypothesised that CD138neg cells
are responsible for the regrowth of myeloma tumor sites within the bone marrow™.

The expression of CD38 is another key phenotypic characteristic of myeloma cells, to
such an extent that it has been recently highlighted for therapeutic targeting using the
monoclonal antibody treatment, known as daratumumab*®. Whilst the expression of
this marker is also found on a number of other cells of hematopoietic origin, it is
much more highly expressed on the surface of myeloma cells. Its combination of
expression with CD138 is highly specific to the myeloma surface phenotype. These
two markers are often recommended to be used in the primary gating strategy during
flow cytometric analysis of myeloma cells®.

Despite these well-established markers which can be detected using flow cytometry
to identify malignant plasma cells in patients, the heterogenic nature of this
malignancy inherently means that the phenotype of these cells can differ between
patients and alter throughout the course of treatment. Other markers also
recommended for neoplastic plasma cell identification include CD45, a pan-leucocyte
marker which is known to be expressed at varying levels in neoplastic plasma cells,
CD19 which is lost from the surface of myeloma cells following terminal
differentiation from mature B-cells*, and CD56, an adhesion marker which is found
to be expressed on malignant plasma cells in up to 80% of patients. Lack of CD56
expression is indicative of late stage disease and poor prognosis®. CD27, CD8I,
CD200, and CD117 are additional markers that can be used in MRD analysis; they
have all been previously identified as markers that frequently deviate from the
phenotype of normal plasma cells*.
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1.1.6. Development and progression of myeloma

Multiple myeloma is a bone marrow residing plasma cell neoplasm that develops
from a pre-malignant state (MGUS) and, in some cases, eventually evolves into a
symptomatic disease (Figure 5). Rarely, patients may also develop extramedullary
disease and plasma cell leukemia, in which plasma cells escape the bone marrow
microenvironment and invade peripheral circulation before settling in other tissues
and organs like the liver and kidneys. This frequently happens in relapsed/refractory
patients, and it predicts a very poor prognosis>’.

* Asymptomatic precursor
* Paraprotein (<30 g/L)

SmOIderlng * Paraprotein (=30 g/L)
multiple myeloma * Plasma cells in bone marrow (10-60%)
(SMM) * Absence of end-organ damage
Symptomatic * Hypercalcaemia
myeloma * Anemia
(MM) * Renal failure
* Bone lesions

Plasma cell
leukemia/extra-
medullary disease

* Bone marrow escape
* Home to extramedullary sites

Figure 5. Stages of multiple myeloma development. The plasma cell gammopathies that
play a role in the progression from MGUS to symptomatic myeloma and end-stage disease,
with associated symptoms, physiological and diagnostic characteristics.
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1.1.6.1. Monoclonal Gammopathy of Undetermined Significance (MGUS)

Monoclonal gammopathy of undetermined significance (MGUS) is an asymptomatic
condition that represents an accumulative life-long risk of progression to
symptomatic myeloma. Whilst not all cases of MGUS progress to symptomatic
myeloma, it is well established that myeloma is consistently preceded by MGUS!S,
The incidence of progression from MGUS to symptomatic myeloma is 1.5% per
year>2. In the general population, MGUS is more frequent than myeloma and affects
about 3.2% of people over 50 years of age>. It is often detected accidentally when
patients present with other unrelated co-morbidities. As a result, it is reasonable to
assume that current epidemiological data relating to MGUS might be biased to an
extent that could suggest that a much greater proportion of patients across the country
could be clinically classified as having MGUS.

MGUS is clinically diagnosed in patients demonstrating elevated levels of serum
paraprotein <30 g/L, a bone marrow plasma cell proportion of <10% and an absence
of end organ damage that is commonly associated with symptomatic myeloma>*.
Patients with MGUS are not recommended for treatment and are only required to be
monitored for disease progression to smoldering or symptomatic myeloma.
However, because MGUS is frequently diagnosed as a coincidental finding in
association with other co-morbidities, determining the extent to which MGUS may be
a contributing factor to such clinical presentations is difficult.

Although there is evidence that patients with MGUS have a higher risk of infections,
osteoporosis, thrombosis, and other related malignancies such as myelodysplastic
syndrome (MDS)*, more research is needed.

This is rather unsurprising, considering that MGUS is defined as a clinically
significant clonal proliferation of plasma cells that, while not causing end-organ
damage like renal failure or anemia, can certainly contribute to increased bone
fragility and thrombotic risk.

Whilst the exact cause(s) of transition from MGUS to myeloma is currently
unknown, there are factors that have been taken into consideration that account for
relative risk of progression. Abnormal kappa/lambda serum free light-chain ratios
(normal reference: 0.26-1.65mg/L) have been shown to elude to an increased risk of
progression to myeloma from MGUS%7, The type and quantity of paraprotein in the
blood has also been considered a risk factor, with a non-IgG subtype coupled with a
paraprotein count >15g/L. being linked with greater risk of progression from MGUS
to myeloma®’.

According to the International Myeloma Working Group (IMWG), low-risk patients
(paraprotein 15g/L, IgG subtype, normal FLC ratio (0.26-1.65)) should be monitored
every 2-3 years, while intermediate to high-risk patients (paraprotein >15g/L, non-
IgG subtype, abnormal FLC ratio (0.26-1.65)) should be monitored 6 months after
diagnosis, followed by annual follow-up®.
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1.1.6.2. Smoldering Multiple Myeloma (SMM)

Smoldering multiple myeloma, which develops from MGUS and precedes
symptomatic myeloma, is an intermediate and frequently asymptomatic disease.
SMM is characterised by the detection of serum paraprotein (>30 g/L) and an
increased bone marrow plasma cell count (>10%), but like MGUS, it does not cause
end-organ damage®*. In contrast to the rate of progression from MGUS to myeloma,
the rate of progression from SMM to myeloma is time-dependent®. The probability
of progression from SMM to myeloma is around 10% in the first 5 years following
diagnosis, 3% in the next 5 years, and 1% per following year®. Approximately 3.2%
of patients diagnosed with SMM possess a clonal plasma cell count >60%. Between
80-95% of patients in this category progressed to symptomatic myeloma within 2
years, according to reports, and had a significantly poorer prognosis when compared
to individuals with a clonal plasma cell count <60%°%¢!. There is evidence that an
abnormal serum free light-chain ratio (>100) indicates an indipendent prognostic
factor that increases risk of progression to symptomatic myeloma®>%3,

Additionally, it has been demonstrated that these patients have two or more focal
bone lesions, as identified through MRI scanning.

These biomarkers of elevated risk of progression from smoldering to symptomatic
myeloma were added to the criteria for the diagnosis of symptomatic myeloma as a
result, and these criteria are now known as the SLiM-CRAB criteria®*. Therefore,
patients with SMM who are at very high-risk of developing symptomatic myeloma
are now recommended to undergo appropriate treatment®,

S (60% Plasma cells) C (Calcium elevation)

Li (Light chains I/U >100) R (Renal dysfunction)

M (MRI 1 or more focal lesions) A (Anemia})
B (Bone disease)

Figure 6: SLiM-CRAB criteria defining active myeloma.
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1.1.6.3. Symptomatic myeloma

Diagnosis of myeloma is defined by the presence of paraprotein in the serum or urine
of patients (=30 g/L) and an elevated bone marrow clonal plasma cell count (>10% or
>60%). Myeloma is a clinicopathological disorder and requires evidence of end organ
damage in order to fulfil a diagnosis. Hypercalcaemia, renal failure, anemia, and
osteolytic bone lesion development are all symptoms of end organ damage, also
known as CRAB®. The International Myeloma Working Group (IMWG) determined
the most recent update to the diagnostic criteria for myeloma, which includes the
involved:uninvolved serum-free light chain ratio >100 as a diagnostic factor®.
Fluorescence in situ hybridisation (FISH) on CD138-selected bone marrow plasma
cells is also recommended to identify genetic aberrations that are linked to disease
prognosis.

The most common symptom of myeloma is bone pain, which affects 80% of
patients'®. This is principally caused by myeloma-induced upregulation of osteoclasts'
bone-resorbing activity and their combined downregulation of osteoblasts' bone-
producing activity. As a result, there is an overall increase in bone resorption, which
causes patients to develop painful bone lesions. These painful bone lesions usually
result in spontaneous fractures, which frequently occur at sites of red bone marrow,
such as the ribs, spine, skull, and pelvis®. The presence of these osteolytic bone
lesions are monitored by MRI scans that are able to quantify their number and
distribution throughout the skeleton®. Hypercalcaemia, or a high calcium level in the
blood, is a symptom that develops as a result of osteoclast-mediated bone resorption,
which results in the excessive efflux of calcium into the serum. While it is recognized
that lowering tumor burden has a direct impact on bone lesion formation and
hypercalcaemia, these myeloma-related morbidities are also treated with
bisphosphonates such as zoledronic acid and pamidronate, which limit osteoclast
activity by inducing apoptosis in these cells®%57,

Around 20% of myeloma patients have renal failure at diagnosis, with up to 50% of
patients having decreased renal function over the course of their disease®®. This is
measured by an increase in the levels of serum creatinine (>20mg/L). Cast
nephropathy is the leading cause of renal damage in myeloma patients and is
attributed to 90% of these cases. The cause is excessive production of free light
chains into the blood, which puts immense physiological pressure on the kidney's
filtration mechanisms, resulting in nephrotic injury. Free light chains are typically
filtered through the glomerulus and reabsorbed in the proximal tubules of the
nephron, but in myeloma, the resorptive capacity of this mechanism is greatly
exceeded, resulting in the production of protein casts in the distal tubules®. Through
the identification of free light chains in the urine, also known as Bence Jones protein,
this characteristic can be used as a diagnostic criterion for myeloma. Dialysis can be
recommended for patients who come with more severe cases of renal failure in order
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to restore abnormal kidney function. Decrease in tumor burden with established
therapies has been attributed to reducing these symptoms’®. Recurrent bacterial and
viral infections are also common in myeloma patients, and infection is the major
cause of death. After one year after diagnosis, approximately 22% of myeloma-
related deaths are caused by infection’!. Immunodeficiency is caused by a decrease in
the number of CD19" B-cells, CD4"and CD8" T-cells, as well as impairments in
dendritic and natural killer cell function, which leads to infections’. Despite
considerable advancements in myeloma treatment, more intensive regimens
integrating newer innovative drugs have been found to impair immune function
whilst also inducing positive responses in reducing tumor burden’.

Figure 7. Osteolytic bone lesions of skull and right humerus in a patient with MM.
(Ronald C. Walker et al. Imaging of multiple myeloma and related plasma cell dyscrasias.
Journal of Nuclear Medicine July 2012, 53 (7) 1091-1101)
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1.1.6.4. Extramedullary disease

Myeloma cells that have escaped the bone marrow, invaded the peripheral blood and
manifest as plasma cell leukemia are known as extramedullary disease (EMD).
Soft-tissue plasmacytomas can develop as a result of the invasion of external tissue
by these circulating myeloma cells’™,

Plasma cell leukemia (PCL) is a very aggressive dyscrasia that can be classified as
either primary or secondary, depending on whether it is detected at the time of
diagnosis or emerges as part of end-stage leukemic transformation from multiple
myeloma following relapse from treatment. Malignant progression from multiple
myeloma occurs in very high-risk patients, resulting in both primary and secondary
classifications, with the proportions of plasma cell leukemia patients that develop
either primary or secondary disease being approximately 1:1. Plasma cell leukemia
affects about 4% of myeloma patients, has an extremely poor prognosis due to a
high-risk genetic signature, and is associated with short remissions, with median
survival reported as low as 1.3 months’®. Malignant plasma cells escape from the
bone marrow microenvironment into peripheral circulation with a percentage
proportion of >20% and an absolute count of >2x10° circulating plasma cells’.
Secondary plasma cell leukemia occurs at the end-stage of myeloma disease and in
patients who have been heavily pre-treated thus becoming refractory to treatment.
Therefore, given the extremely short survival times of these patients, emphasis is
generally placed on appropriate supportive care and palliative treatment”’,
Myeloma cells can invade other tissues to cause plasmacytomas on bone tissue near
the primary tumor or in distant soft tissue organs after escaping from the bone
marrow microenvironment.

The location of these soft-tissue secondary tumor sites can vary between patients,
with the most common appearing in the skin, liver and lymph nodes’. Studies have
shown that patients with soft tissue plasmacytomas have a significantly shorter
overall survival than patients with localized bone plasmacytomas and patients
without extramedullary disease (EMD), with an average lifespan of just 5 months”.
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1.1.7. Genetic aberrations

Pathogenesis and progression of all known cancers have been linked to genetic
abnormalities. In myeloma, these genetic alterations are usually divided into two
categories: primary events, which are thought to play a role in disease onset and
subsequent progression from MGUS - and secondary events - which are thought to
accumulate over the course of the disease and play a role in relapse and therapy
resistance (Figure 8)%. Both of these subgroups have an effect on patient prognosis,
with over 90% of patients having at least 1 chromosomal aberration that can be
detected by FISH analysis®!#2,

Both chromosomal translocations involving the immunoglobulin heavy chain gene
locus and hyperdiploidy, which is characterized by trisomies of 2 or more odd-
numbered chromosomes, are primary genetic starting events. Although 10% of
patients show both of these abnormalities, this percentage has been shown to
overlap®®8!,

Upregulation of cyclin D proteins, which allows myeloma cells to replicate
indefinitely, is the most prevalent primary translocation event associated with
myeloma. This is induced by translocations like t(11;14) and t(6;14), which have an
impact on the activity of cyclin D1 and D3, respectively. In almost 20% of all cases
of myeloma, these are the initial pathogenesis-related events®:.

t(4;14), which increases the expression of FGFR3 and MMSET, and t(14;16), which
increases c-MAF activity, are two other major translocations.

Both of these translocations, which affect cyclin D2 activity, are present in about
15% and 5% of patients, respectively®3-3,

The most frequent genetic abnormality in myeloma, which has been found in about
50% of patients, is the deletion of chromosome 13%. Additionally, there is proof that
up to 40% of MGUS patients also have this chromosomal loss®”%8.

This suggests that this genetic event might occur early in the pathophysiology of
myeloma or that it might accumulate later on as the disease progresses.

It can manifest either as a deletion — del(13q) — or through monosomy of
chromosome 13%.

Furthermore, 90% of patients with a primary t(4;14) translocation have also been
shown to have a chromosome 13 abnormality, indicating that these two conditions
are closely related®®!,

Del(17p), which causes the loss of p53 expression and is present in about 11% of
patients, is arguably the most unfavorable secondary genetic aberration connected to
myeloma and indicates a very poor prognosis for patients®?.

Secondary genetic abnormalities include activating mutations in RAS oncogenes,
which have been found in 7% of MGUS patients, 25% of symptomatic myeloma
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patients, and 45% of relapsed patients and have been linked to increased tumor

burden and poorer prognosis®?

Rearrangements in the c-myc oncogene are seen in up to 15% of myeloma patients,
and they have been demonstrated to increase the activity of c-myc during myeloma

progression®?

Additionally, it was found that these re-arrangements were associated with high
levels of B2-microglobulin, which suggests more aggressive disease and a poorer

diagnosis™

Myeloma is also characterized by mutations in genes encoding for NF-kB pathway
components, with 17 % of patients reportedly carrying such mutations that result in

constitutive activation of both canonical and non-canonical branches of this
pathway”’. NF-kB signaling is activated as a result of mutations in the genes that

encode NIK, CD40, TACI, p50, and p52. Other mutations, such as those that affect
the genes encoding the NF-xB regulators TRAF2/3, CYLD, and cIAP1/2, result in
their inactivation. Overall however, these mutations favor the propagation of non-

canonical pathways’>°.
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1.1.8. Myeloma staging and prognostic factors

Although myeloma patients have a median survival of about 4.9 years after diagnosis,
the disease is cytogenetically heterogeneous, which accounts for a variation of post-
diagnosis survival durations. This emphasizes the need for a globally accepted
staging system that incorporates a range of physiological and genetic traits to aid in
patient outcome prediction. Durie and Salmon described the first such system in
1975, associating tumor burden to the presence of clinical symptoms®®.

However, in 2005 the measurement of serum albumin and B2-microglobulin led to a
simplification of myeloma staging. The International Staging System (ISS) for
myeloma prognosis was developed using these two different prognostic markers to
identify 3 sub-groups of patient outcomes (Table 2)*. Although widely accepted and
used, this staging method was criticized for not considering the prognostic relevance
of myeloma-specific genetic abnormalities. Since high-risk myeloma was identified
by del(17p) and/or translocation t(4;14) and/or t(14;16), this staging approach was
modified in 2015 (R-ISS) to include LDH serum quantification and situ hybridization
(FISH) analysis (Table 3). It was found that 28% of patients, 62% of patients, and
10% of patients, respectively, were staged at R-ISS I, R-ISS 11, and R-ISS TI1'%.

ISS

Stage Prognostic Criteria (ISS) Median OS (months)
I Serum albumin > 35g/L 62
B2-microglobulin <3.5g/dL
1I Neither ISS Stage I or 111 44
1 B2-microglobulin >5.5mg/L 29

Table 2: Prognostic criteria and overall survival of patients defined in the
International Staging System for patients diagnosed with multiple myeloma.
Table adapted from data published in International Staging System for Multiple

Myeloma®.
(R-)ISS Prognostic Criteria Median OS
Stage (Revised-ISS) PFS (months) (months)
ISS Stage [
I Standard risk FISH 66 Not reached
Normal serum LDH
I Neither R-ISS Stage 47 23
I orIII
ISS Stage 11
I High-risk FISH and/or high 29 43
serum LDH

Table 3: Prognostic criteria and overall survival of patients defined in the Revised
International Staging System for patients diagnosed with multiple myeloma.
Table adapted from data published in Revised International Staging System for Multiple
Myeloma!%.
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1.1.9. Multiple myeloma drugs

As standard practice, patients with myeloma are typically advised to start therapy as
soon as a diagnosis is made.

With the exception of high-risk SMM patients who have a clonal bone marrow
plasma cell count >60%, a high FLC ratio >100 (providing tumor FLC >100), or 2 or
more asymptomatic lytic lesions on cross sectional imaging, patients with MGUS and
SMM are monitored for disease progression but are not advised to start treatment
until the diagnostic CRAB criteria indicating the presence of symptomatic multiple
myeloma are met®.

Since the late 1960s, prednisone, a glucocorticoid, and the alkylating drug melphalan
have been used often in combination regimens to treat myeloma. Clinical care has
made relatively little progress since then!?!.

However, over the past 20 years, there have been a huge increase in the number of
therapies that are available to patients, which has improved clinical outcomes'?.
These novel treatments include immunomodulatory drugs (iMIDs), proteasome
inhibitors, and corticosteroids.

The following is a brief description of the main mechanisms of action for each of
these classes of drug:

* Lenalidomide, a less toxic and more potent analogue of thalidomide, is one
immunomodulatory drug that has a complex action but is known to work through
multiple mechanisms, including immune cell modulation through T-cell activation,
inhibition of pro-inflammatory cytokine secretion, and inhibition of angiogenesis.
These therapies not only target myeloma cells directly, but they also influence the
surrounding supportive microenvironment, inhibiting the proliferation of the
cancer'%,

* The cellular degradation of ubiquitinated proteins is carried out by complex protein
structures called proteasomes!®. It is well known that malignant cells depend more
on these structures to eliminate abnormal proteins, which are present in much greater
abundance in comparison to normal cells. Since bortezomib was the first proteasome
inhibitor to be clinically licensed for the treatment of myeloma, this has been proven
by the ability of proteasome inhibitors to induce tumor-specific toxic effects!®.

* Corticosteroids such as dexamethasone is one of the long-established therapies for
myeloma that has had great success in the clinic. Although it is known that these
treatments inhibit the glucocorticoid receptor, which is their target receptor, there is
still debate over the downstream effects of this inhibition, which cause apoptosis.
However, numerous studies have linked corticosteroids such as dexamethasone to the
inhibition of transcription factors including NF-xB and AP-11%.
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Patients can now receive treatment on a more customized basis to meet the
heterogeneity of this condition thanks to this development in the myeloma
therapeutic arsenal. Decisions made about a patient's treatment are stratified
depending on tumor burden, disease stage, cytogenetics, age and treatment history,
all factors that can be used as markers of a patient's ability to tolerate and respond to
treatment'?’.

Induction therapy, autologous stem cell transplant (if eligible), maintenance therapy,
and the treatment of relapsed/refractory disease are the most important steps of
myeloma treatment (Figure 9)°.

Approximately two thirds of people with myeloma are over 65 when they are first
diagnosed, making it a disease that typically affects the elderly®. Age is regarded to
be an independent prognostic factor in myeloma. Younger patients have better
survival rates and are better able to tolerate a wider variety of treatments at higher
doses, including autologous stem cell transplant (ASCT)!>1%8,

While younger, fitter people are more typically chosen for stem cell transplant, there
is evidence that older patients can tolerate high dose treatment and ASCT and have
clinical outcomes that are comparable to younger patients'%. This emphasizes how
crucial it is to evaluate a patient's general health in addition to age when evaluating
treatment alternatives. Co-morbidities that influence renal, hepatic, and cardiac
function are one of these, and it's also important to take into account a patient's
fragility due to fatigue and low levels of physical activity.

These factors assist physicians in identifying patients who have the lowest risk of
transplant-related complications and can therefore tolerate the procedure enough''°.
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1.1.9.1. Current therapies

After a myeloma diagnosis, it is advised that treatment begin as soon as possible.
NICE advises an induction therapy regimen to be used in newly diagnosed patients
who are eligible for ASCT with the aim of lowering tumor burden while also
preserving a recoverable population of CD34" hematopoietic stem cells from
peripheral circulation for a subsequent transplant.

The suggested regimen for induction therapy combines bortezomib, thalidomide, and
dexamethasone known as VID!!!,

The VTD triplet regimen has been demonstrated to be clinically superior than the VD
doublet regimen!!%113,

Where thalidomide treatment is not practicable, evidence suggests that adding
cyclophosphamide (VCD) or lenalidomide (VRD) - a 2" generation thalidomide
analogue — to the treatment is clinically preferable than VD alone!'*!!>. Based on
t(4;14) and del(17p) chromosomal abnormalities, the latter has been associated with a
higher progression-free survival in high-risk patients!'!c.

For the vast majority of patients who are eligible for a stem cell transplant, an
autologous procedure is used. When compared to patients who received only
conventional chemotherapy, high dosage chemotherapy followed by ASCT has been
demonstrated to significantly prolong median survival by up to 12 months!!”>!18 In
order to be transplanted at a later timepoint, stem cells are taken from the patient and
cryogenically frozen prior to the administration of high dosage therapy. Patients
undergo a conditioning treatment immediately prior to transplantation in order to
achieve the best response rate possible. The current standard practice for this is
treatment with 200mg/m? melphalan''®. Transplantation can then take place soon

after conditioning therapy'%°.

Compared to an autologous stem cell transplant, allogeneic stem cell transplantation
offers the advantage of eradicating any possible tumor cell contamination from the
infused stem cells, but it is much less frequently administered.

This is because graft vs. host disease and a higher risk of infection are more
frequently linked to higher levels of treatment-related mortality'*!.

When comparing the success of allogeneic transplantation to autologous
transplantation, there are some contradicting data. Two studies evaluated the
outcomes of patients who received an auto-auto SCT against the ones of patients who
received an auto-allo SCT. One study showed no significant difference between the
two tandem transplants'??, whilst the other demonstrated a superior response in the
auto-allo patient cohort'?®, The general consensus amongst clinicians is that
allogeneic stem cell transplantation is not recommended as conventional therapy and
should only be considered as a treatment option for younger patients with high-risk

disease following a first or second relapse!?!.
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The majority of these patients are ineligible for ASCT since about two thirds of
patients are older than 65. The major treatments for these transplant-ineligible
individuals are lenalidomide/dexamethasone or melphalan and prednisone
combination with bortezomib (VMP), with the latter showing promising outcomes in
high-risk patients, similar to the responses reported in standard-risk patients!?#12°,
The duration of remission is known to affect overall survival, with longer remission
periods following first therapy being linked with greater survival rates'?®. However,
the development of drug-resistant sub-clones causes post-treatment relapse in the vast
majority of myeloma patients'?”!?%, As a result, the rationale for providing patients
with maintenance therapy after induction treatment is to prolong the length of
remission. With several studies indicating a significant increase in PFS in
lenalidomide-treated patients and one study further demonstrating a significantly
improved OS, lenalidomide treatment represents a promising maintenance strategy
following ASCT'?-13!, These conclusions have been supported by data from the
ongoing Myeloma XI study, which also demonstrates that maintaining lenalidomide
monotherapy increases PFS in both transplant-eligible and ineligible patients and is
associated with better outcomes in high-risk patients, particularly those with del(17p)
cytogenetics'3?. However, these studies did note an increased risk of developing
secondary malignancies and a considerable number of hematological adverse
events'*?, Prior to administering lenalidomide to a patient, the risks and benefits must
be carefully considered, however it is generally accepted that the favorable treatment
response in patients outweighs the relatively low risk of secondary malignancy
development.

Bortezomib, a post-ASCT maintenance therapy that has been proven to increase PFS
and OS, particularly in high-risk patients, is another option'3*. Additionally, there is
evidence that bortezomib and lenalidomide were used in a triplet regimen that also
included dexamethasone (RVD), which has shown promising results of PFS and OS
in high-risk patients'¥. In patients who are ineligible for transplants, the use of
bortezomib in maintenance therapy can also increase progression-free survival. An
induction quadruplet of bortezomib, melphalan, prednisone, and thalidomide
(VMPT) followed by a maintenance regimen of bortezomib and thalidomide (VT),

resulted in a progression-free survival rate that was higher than only VMP alone'®.
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1.1.9.2. Future treatments

Progressive or relapsed disease is defined by an increase in serum paraprotein of
more than 25% and an increase in bone marrow plasma cell count to >10%.
Additional signs include the discovery of new bone lesions or the development of
end-organ damage'’’. Patients with myeloma who relapsed have a variety of
treatment-related challenges because the disease frequently becomes resistant to the
therapies they have already received. New therapies are frequently approved for
relapse in myeloma, giving patients a wider range of treatment options at this stage of
the disease course.

Peripheral neuropathy, nausea, vomiting, severe diarrhoea, and skin irritation are just
a few of the major adverse effects that myeloma patients experience as a direct result
of treatment'®8. To make these treatments more comfortable for patients, researchers
must create novel medicines with increased potency and specificity targeting
malignant plasma cells while reducing toxicity in non-malignant cells.

Carfilzomib and ixazomib, the next generation of proteasome inhibitors, as well as
pomalidomide, a third-generation immunomodulatory drug, are now approved for
treatment in relapsed disease'**'*!. Pomalidomide has been shown to produce
favourable clinical responses in patients who have been previously treated with
lenalidomide and low-dose dexamethasone!**!43, In relapsed/refractory myeloma, the
proteasome inhibitors carfilzomib and ixazomib have shown promising activity as
single treatments and in combination regimens with lenalidomide and
dexamethasone!*4-14,

The aim of immunotherapy in myeloma, which has also shown encouraging effects,
is to strengthen the host immune response against malignant cells. Recently, two
monoclonal antibodies were authorized for the treatment of relapsed myeloma.
Elotuzumab targets SLAM-F7 and has shown clinical efficacy in a triplet regimen
with lenalidomide and dexamethasone after failing to produce favourable single agent
activity'*’. In combination with pomalidomide and dexamethasone, it has recently
enhanced clinical outcomes in patients with relapsed myeloma!*. Daratumumab is an
anti-CD38 monoclonal antibody that has demonstrated extremely promising single
agent activity in relapsed patients'*1>°, It has also demonstrated promising results
when combined with lenalidomide and dexamethasone, and it was recently
authorized by NICE for use in combination with bortezomib and dexamethasone in
relapsed patients!®!"!>3, Daratumumab has not yet been approved by NICE for
induction therapy, however it is commonly used in standard practice and will
certainly be approved for this by NICE in the near future.

Another immunotherapeutic alternative is chimeric antigen receptor (CAR) T-cell
therapy, which has generated significant clinical results in patients with relapsed ALL
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and CLL and a surge of interest when used to treat myeloma'>*!>°>. CARs are artificial
receptors, independent of HLA, redirecting T-cell specificity and function toward a
cell surface tumor target. This is a very potent principle that has been applied to the
therapy of cancer to induce an incredibly focused immune response to tumor-specific
targets'®. To ensure that bioengineered CAR T-cells respond specifically to the
tumor, it is crucial to choose the appropriate target antigens.

Myeloma research is now focusing on a number of targets, with clinical studies
evaluating surface antigens such as B-cell maturation antigen (BCMA), CD19,
CD38, CD138, and SLAMF7'’. In patients with relapses after heavily treatment,
CAR-BCMA T-cell infusions revealed good overall response rates of 83%, according
to data from a recent phase 1 trial. The patients experienced a partial anti-myeloma
response or greater achieved minimal residual disease-negative status'>®,

1.2. Bone marrow microenvironment in multiple myeloma

Bone marrow tissue can be found within the majority of bones of the human skeleton.
The primary functions of the bone marrow, including hematopoiesis and the
development and subsequent maintenance of bones, are made possible by the
complex network of cellular and non-cellular compartments that compose this
microenvironment!*,

Numerous different cell types, which include the hematopoietic stem cells, stromal
cells (BMSC), endothelial cells (EC), osteoblasts, and osteoclasts, compose the
cellular compartment of the bone marrow microenvironment.

Myeloma cells depend on the bone marrow's cells for easier adherence and homing to
this microenvironment which ensure the survival, proliferation, propagation of
angiogenesis and resistance to chemotherapeutic intervention, the latter mediated
both through cell-cell contact and soluble factor signalling.

Extracellular matrix (ECM) proteins and a liquid environment rich in cytokines,
chemokines, and growth factors make up the bone marrow's non-cellular
compartment, promoting myeloma cells adhesion to the bone marrow and survival
within that milieu.

In myeloma, the involvement of the growth factor IL-6 is particularly crucial.

It is produced by myeloma cells, which in a paracrine manner also cause neighboring
bone marrow cells to express it and secrete it. It is essential for the differentiation,
maintenance, and proliferation of malignant plasma cells'®.

Collagen type 1 and fibronectin, two ECM proteins, bind to CD138 and CD49d, that
are expressed on the surface of myeloma cells, respectively!®!.

Additionally, this effect has been connected to the spread of the myeloma-specific
cell adhesion-mediated drug resistance (CAM-DR) effect!®. Myeloma patients can
now be treated more thoroughly thanks to a therapeutic targeting method made
possible by the fact that myeloma cells are dependent on the bone marrow
microenvironment!®3,
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1.3. The role of PD-1/PD-L1 axis in cancer

Immune checkpoints have emerged as effective therapeutic targets in many solid
malignancies (melanoma, non-small cell lung cancer, renal cell carcinoma, head and
neck carcinoma) and Hodgkin's lymphoma in recent years'®*!%, Immunological
checkpoints are a group of inhibitory and stimulatory molecules that are important for
maintaining self-tolerance and controlling immune responses. Several stimulatory
signals are involved in the activation and expansion of T cells, such as CD28/CD80,
CD86, CD27/CD70, CD40/CD40L, and ICOS/ICOSL; on the other hand, we can
find inhibitory pathways, such as PD-1/PD-L1 and PD-L2, CTLA-4/CD80 and
CD86, A2AR/adenosine, and LAG3/Major histocompatibility complex (MHC) class
II. However, tumor cells enhance the expression of checkpoint receptor ligands as an
immune response escape mechanism, making checkpoint inhibition with monoclonal
antibodies (mAbs) a novel cancer therapy option.

Programmed Death 1 (PD-1, CD279) is a type I transmembrane protein of 288 amino
acids and a member of CD28/CTLA-4 family. It is encoded by PDCDI1 gene located
on 2q37.3 chromosome. PD-1 consists of an Ig-V like extracellular domain, a
transmembrane domain, and a cytoplasmic domain with two tyrosine-based signaling
motifs. Src family kinases phosphorylate the cytoplasmic immune-receptor tyrosine-
based inhibitory motif (ITIM) and the immune-receptor tyrosine-based switch motif
(ITSM). PD-1 is mostly expressed on activated /exhausted T and B cells!%%:1¢7,

Programmed Death Ligand 1 (PD-L1), also known as B7-H1 and CD274, is a 40kD
Type I transmembrane glycoprotein that contains an extracellular domain that is
similar to immunoglobulin (Ig)-V and Ig-C, a transmembrane domain, and a short
cytoplasmic tail that lacks canonical signaling motifs'®.

PD-L1 and PD-L2 are encoded by CD274 and PDCDI1LG?2 genes respectively,
located on chromosome 9p.24.1.

PD-L1 is expressed at low levels by myeloid cells such as macrophages and DCs, as
well as vascular endothelial cells, pancreatic islet cells, and immunological privilege
sites (placenta, testes, eye). After activation, the expression of PD-L2, is more
restricted on DCs and macrophages'®.
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Figure 10. Interaction of PD-1 with its ligand PD-L1 between T cell and APC.

In light of its restricted protein expression and ubiquity of mRNA, several studies
have focused on the control of PD-L1 expression, which appears to be mediated by
both intrinsic and extrinsic processes.

The first are epigenetic and post-transcriptional alterations, such as deacetylation and
microRNA regulation, which lower PD-L1 expression in tumor cells'’*!"2, Several
pro-inflammatory cytokines, including the most potent interferon gamma (IFN-y), are
involved in the extrinsic processes.

This factor stimulates PD-L1 expression at the post-transcriptional level and binds to
two sites on interferon regulatory factor 1 in the PD-L1 promoter (200 and 320 base
pairs upstream of transcriptional start site)!”>.

The engagement of the PD-1 receptor with its ligands PD-L1 or PD-L2 activates PD-
1 downstream of Src-homology 2-containing tyrosine phosphatase (SHP-2) and
dephosphorylates ZAP70. This process inhibits T cell proliferation, survival and
cytokine production, induces T-cell exhaustion, enhances Tregs development, and
decreases NK cell cytotoxicity, granule exocytosis and IFN-y secretion, through the
interference with Protein kinase C (PKC)-0, Phosphatidyllnositol 3-Kinase (PI3K),
extracellular signal-regulated kinase (ERK) and AKT activation'7#17>,

It's worth noting that PD-L1 interacts with CD80 on T cells, limiting their
proliferation'’®. According to a recent study by Bar et al., in vitro PD-L1 inhibition
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promotes both monocyte-derived DC differentiation and CD40L-driven DC
maturation in healthy donors'”’. It also boosts the production of inflammatory
cytokines such as IL-6, IL-8, tumor necrosis factor (TNF)-a and IL-1. These effects
were only seen with PD-L1 inhibition, not anti-PD-1 mAbs, implying that PD-L1 has
a second role in regulating the inflammatory phenotype of myeloid cells and antigen
presentation in DCs, as evidenced by in vivo results!”’.

Aside from its action on effector immune cells, PD-L1 also sends an anti-apoptotic
intracellular signal to cancer cells, offering resistance to T cell-mediated death
without relying on PD-1-dependent T cell suppression!”®.

However, nothing is known about how these emerging pro-survival signals are
transmitted intracellularly from cell surface PD-L1.

In some tumor cells, this has been demonstrated to stimulate cancer initiation,
epithelial to mesenchymal transition (EMT), invasion and metastasis, treatment
resistance, and glucose metabolism.

A study by Chang et al. described the role of the PD-L1/PD-1 axis in metabolic
competition between tumor cells and tumor-infiltrating T lymphocytes!”™.

The extracellular acidification rate (ECAR), an indicator of aerobic glycolysis, was
higher in the progressing tumor and inversely proportional to the metabolism of TILs
isolated from that tumor in experimental data, implying that a more aggressive tumor
consumes more glucose and limits its availability in the microenvironment.

TILs in the progressing tumors were also PD-1 higher, indicating that they were
hyporesponsive.

Anti-PD-1 antibodies enhanced ECAR and oxygen consumption rate (OCR) in
progressing-TILs to values equal to or higher than those seen in regressing-TILs,
showing that the treatment improves the TILs' metabolic fitness. PD-L1 antibodies,
on the other hand, enhanced aerobic glycolysis in TILs rather than OCR!”.

PD-L1 expression is also known to stimulate glycolysis and Akt/mammalian target of
rapamycin (mTOR) activation in tumor cells while inhibiting this pathway in T cells.
The involvement of PD-1 on activated T cells enhances endogenous lipid fatty acid
oxidation rather than glycolysis or amino acid metabolism!3%18!,

T cells get polarized towards a regulatory and exhausted phenotype as a result of this
occurrence”. According to these findings, the treatment with PD-L1 inhibiting
antibodies suppressed tumor development and glucose uptake in tumor cells while
increasing T cell mTOR activity!”.

The hypoxia-inducible transcription factor 1(HIF-1), which also maintains fatty acid
and protein synthesis to support malignant cell survival, promotes Akt/mTOR
signaling activation'®?,

The number of Food and Drug Administration (FDA)-approved agents that block the
PD-L1/PD-1 axis is rapidly growing, with indications for treatment of a wide range
of cancers, including Hodgkin lymphoma, head and neck squamous cell carcinoma
(HNSCC), melanoma, and urothelial cancers, both as monotherapy and in
combination with other agents.
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Pembrolizumab, an anti-PD-1 antibody, was recently approved for the treatment of
all solid cancers with a tumor mutational burden (TMB) of 10 mutations/megabase or
above as determined by the FoundationOne CDx assay.

Cancers with a high TMB have more immunogenic neoantigens ("In 2019, the FDA
approved a third oncology treatment that targets a key genetic cause of cancer rather
than a specific type of tumor") and tumor neoantigen identification by host T cells is
one of the key determinants of immunotherapy response!®3.

However, even in tumors with relatively low mutational burden, a good response to
anti-PD-1 antibody has been shown, suggesting that mutation quality is more
essential than mutation quantity. Furthermore, PD-1 inhibitor sensitivity differs
between inflamed and non-inflamed tumors!®*, and cancer stemness and intra-tumoral
heterogeneity may have a stronger impact on immune response and better predict
immunotherapy results than TMB'®,
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1.3.1. PD-L1/PD-1 distribution in MM microenvironment

The relevance of the PD-L1/PD-1 axis in MM is still debated among hematological
malignancies.

Numerous research groups have investigated the expression profile of the PD-L1/PD-
1 axis in MM; however, the use of mAbs to block this pathway is still up for debate,
at least in part due to conflicting data on PD-L1/PD-1 distribution on malignant
plasmacells (PCs) or immune effector cells within the BM microenvironment.

In vitro studies on MM models demonstrated that PCs express PD-L1 and, as in the
other tumors, PD-L17 PCs suppress cytotoxic T cell lymphocyte (CTL) activity,
contributing to immunological escape.

Studies on human myeloma cell lines (HMCLs) found that CD138"PD-L1" cells have
a more aggressive phenotype, with higher proliferation rates and resistance to anti-
MM drugs including dexamethasone, melphalan, and bortezomib, which is mediated
by the PI3K/AKT signaling pathway 86187,

In PD-L1" myeloma cells, expression of cell cycle-related genes CCND3 and CDKG6,
as well as anti-apoptotic markers BCL2 and MCL1, was elevated!®’.

Cross-talk between MM cells and BM stromal cells (MSCs) has been shown to
increase tumor survival by inhibiting CD4" T cell activation through the PD-L1/PD-1
axis!'®s,

The scientists found that PD-L1 shRNA in BM MSCs significantly reversed BM
MSC-mediated suppression of IFN-y and stimulation of IL-4 and TGF-f production
in CD4" T cells, correcting Th1/Th2 and Th17/Treg decrease. Furthermore, PD-L1
knockdown decreased BM MSCs' promotion of STGMI cell proliferation, suggesting
a function for PD-L1 in BM MSCs-induced MM growth!8¥. In addition, BM MSCs
cause MM cells to produce PD-L1, resulting in an aggressive phenotype!®¢.

Ex vivo investigations, on the other hand, reveal several inconsistencies.

PD-L1 expression is limited to PCs (assessed as CD138"/CD38" cells) from MM
patients and missing in HDs, according to several studies!3%!%,

PD-L1 expression has also been found to be higher in MM PCs than in MGUS 86189,
Other research groups, on the other hand, found no variations in PC PD-L1
expression between MM, MGUS, and healthy donors (HDs)!*°. SMM patients are
still understudied. High PD-L1 expression on PCs was related with disease
progression in patients with MGUS and asymptomatic MM, according to a study
from Dhodapkar et al.””!. PD-L1 on PCs increased from SMM diagnosis to the
development of active MM after 2 years, according to a minor study on bone
biopsies'®?. Lee BH et al.!”* developed a prognostic nomogram, finding that a
combination of PD-L1 expression in PCs evaluated by the quantitative
immunofluorescence (QIF) method and clinical parameters (age, cytogenetics, and
lactate dehydrogenase) effectively predicted poor prognosis in newly diagnosed MM.
Furthermore, SMM and active MM patients have a comparable PD-L1/PD-1 BM
immunological profile, according to a recent study'*.
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Moreover, high PD-L1 levels in relapsed or refractory MM patients suggest that the
PD-L1/PD-1 axis is implicated in the establishment of clonal resistance'®°.
Paiva et al."”” also discovered PD-L1 overexpression in patients with minimal
residual disease (MRD), suggesting that residual PD-L1" myeloma cells had a higher
potential to survive and evade immunosurveillance.
The majority of the research looked at PD-L1 using a standard flow panel to detect
PCs (CD1387/CD38" cells), with only one study focused on PC clonality with k/A
staining!!, which found no differences between clonal and non-clonal PCs. To select
and examine only PCs with abnormal phenotype, two studies used a more extensive
panel containing CD45/CD19/CD56',
Immunohistochemistry found PD-L1 expression on PCs from patients with extra-
medullary disease, together with PD-1" T cells infiltrating the extra-medullary
lesions, suggesting a possible link between the PD-L1/PD-1 axis and a poor
prognosis'®. However, more studies are needed to find whether this checkpoint is
involved in the onset of extra-medullary disease. Myeloid cells, such as monocytes,
dendritic cells (DCs), and myeloid-derived suppressor cells (MDSCs), express PD-L1
in the MM BM microenvironment. Ray et al.!® discovered that plasmacytoid DCs
(pDCs), which play a key role in MM cell growth and survival, express PD-L1 at
higher levels than MM PCs, and that blocking PD-L1/PD-1 interactions between
pDC-T cells/NK cells inhibit MM proliferation.
Moreover, unlike myeloid CD141" DCs, which are positively connected with PD-L17"
PCs %, PD-L1" DCs are mostly localized in the BM of MM patients, with a small
fraction found in the peripheral blood. Immune dysfunction has been linked to PD-
L1" DCs' reduced ability to induce T cell responses'®’. MDSCs, particularly myeloid
MDSCs in newly diagnosed MM (NDMM) and granulocytic MDSCs in relapsed
MM (RMM), appear to express PD-L1 at high levels, as Gorgun et al. showed!®®.
In contrast, Castella et al found no differences in total PD-L1" MDSCs % between
NDMM, RMM, and MM patients in remission'®’.
On the other hand, data on PD-L1 expression by MDSCs in patients with
asymptomatic myeloma are still limited.
Dhodapkar's group recently discovered that PD-L1 was higher in the myeloid
compartment of MGUS and MM patients as compared to HDs using single-cell mass
cytometry analysis of bone marrow mononuclear cells; however, no differences were
observed between MGUS and MM patients®®.
A study from An et al. demonstrated PD-L1 up-regulation during in vitro
osteoclastogenesis, suggesting that osteoclasts (OCs) in the myeloma
microenvironment have an immune-suppressive function. OCs, in turn, stimulated
PD-L1 expression in MM cell lines via an APRIL-dependent mechanism, providing
OCs with further immunological inhibition®!. In terms of PD-1 distribution, multiple
studies have found that T cells from MM patients have higher PD-1 expression levels
than HDs, which is followed by a loss of function on both circulating T cells and BM
CD8" T and NK cells'®,
In MM patients, PD-1 expression was also linked to T cell exhaustion/senescence®®,
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Paiva et al. found no variations in T and NK cell expression between MM, MGUS,
and HDs, but found a significant increase in PD-1 expression on both CD4" and
CD8" cells in MRD" and RMM patients compared to NDMM'*°,

In contrast to these findings, Kwon M et al.?®* examined the % CD8'PD-1" cells in
MGUS/SMM and NDMM which displayed a higher percentage as compared with the
other group. PD-1 expression has also been found on the anergic BM VgoVvd2 T cell
subset from MGUS patients, and it was found to be increased in MM after clinical
remission'”. A soluble form of PD-L1 has also been found in BM plasma of MM
patients. It has been shown how PD-L1 soluble levels predict therapy responsiveness
and progression-free survival (PFS) in newly diagnosed MM patients®*; furthermore,
elevated PD-L1 soluble levels in MM patients have been associated to lower overall
survival (OS) rates and poorer outcomes after autologous stem cell transplantation
(ASCT)?**. There was no significant association between soluble PD-L1 levels and
cytogenetic risk. However, the mechanisms that cause soluble PD-L1 are still
unknown.
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1.3.2. Mechanisms of PD-L1 regulation in MM

Several studies have examined the possible mechanisms that regulate PD-L1
expression in MM. IFN-y, like other malignancies, has been shown to play a role in
upregulating PD-L1 expression via IRF1'73, IFN-y, produced by activated Th1,
macrophages, NK, and natural killer T (NKT) cells in the BM microenvironment,
activates the Janus kinase/signal transducers and activators of transcription
(JAK/STAT) as well as mitogen-activated protein kinase (MEK)/ERK pathways,
strongly inducing PD-L1 expression'®. Toll-like receptors (TLRs) such as TLR2,
TLR4, TLR7, and TLRY, which are widely expressed in MM cells?%, also induce
STAT]1 activation via the MyD88/TRAF6 pathway. Inhibition of the TLR pathway
adaptor proteins MyD88 and TRAF6 blocked not only PD-L1 expression caused by
TLR ligands but also that mediated by IFN-y'®.
Other mechanisms mediated by the phosphatase and tensin homolog deleted on
chromosome 10 (PTEN)/PI3K/AKT/mTOR pathway have been described in solid
tumors, where loss of PTEN promoted cell proliferation, cell invasion, and a
significant increase in the levels of phospho-AKT and phospho-mTOR, resulting in
increased PD-L1 protein translation'”’,
Through cell-to-cell interaction and the release of soluble factors, BM MSCs improve
PC proliferation and survival in the myeloma microenvironment.
PD-L1 upregulation on MM cells is similarly mediated by BM MSCs!®¢. In MM
cells, PD-L1 was found to be downregulated after treatment with the JAK inhibitor
ruxolitinib??’.
Binding between the proliferation-inducing ligand (APRIL), released by eosinophils,
OCs, and myeloid cells, and B-cell maturation antigens (BCMAs) on MM cells is
another method of PD-L1 up-regulation in MM.
MEK1/2 is phosphorylated as a result of this interaction, which causes PD-L1
upregulation in MM?°!, Several studies revealed the effect of different anti-MM
therapies on PD-L1 expression. Immunomodulatory drugs (IMiDs), with the
exception of thalidomide, have been shown to induce PD-L1 expression in IMiDs-
resistant HMCLs and primary PCs from relapsed/refractory MM patients (RR-MM).
The BCMA—-APRIL pathway was responsible for this effect. In fact, IMiDs promote
APRIL production in MM cells via Ikaros degradation, which is known to up-
regulate PD-L1 expression®®.
In contrast, an in vitro study on primary cells from RR-MM treated with lenalidomide
found that the drug reduced PD-L1 surface expression on malignant PCs and more
significantly on monocytes/macrophages or myeloid MDSCs.
Furthermore, in vitro treatment with lenalidomide and pomalidomide significantly
reduced PD-1 surface expression on CD4* and CD8" T cells, as well as NK cells'®®,
Bortezomib, carfilzomib, and ixazomib, proteasome inhibitors, also impact PD-L1
levels in MM by up-regulating it. Moreover, Ray et al. found that treatment with
histone deacetylase inhibitors (HDACis) increased PD-L1 expression in MM cells
Finally, Stocker et al. demonstrated that when monocytes, myeloid cells, and pDCs
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are treated with bortezomib-thalidomide-dexamethasone (VTD), PD-L1 expression
increases; however, daratumumab blocks this effect?!®. All of these findings together
give a rationale for therapeutic combinations to improve PD-L1/PD-1 blockade
clinical activity in MM.

However, the FDA has put on hold clinical trials in MM using anti-PD-1/PD-L1
mAbs and IMiDs due to significant adverse effects, whereas HDACi combinations
are only available for patients with advanced melanoma (NCT02935790 and
NCT02032810).

In MM patients, a phase I clinical trial (MK-3475-023/KEYNOTE-023) investigated
the effect of pembrolizumab in combination with standard treatment, including
lenalidomide and carfilzomib.

However, no findings from combining pembrolizumab with the proteasome inhibitor
are currently available.
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1.3.3. The immune suppressive role of PD-L1/PD-1 axis in MM
microenvironment: preclinical and clinical evidence

In MM, preclinical studies on PD-L1/PD-1 inhibition showed promising results.

In vitro, PD-L1/PD-1 blockade inhibited BM MSC-mediated MM development and
increased anti-MM responses in NK and T cells',

When compared to PD-L1-negative myeloma cells, PD-L1-expressing MM cells can
block the function of CTLs, gaining a proliferative advantage that leads to immune
evasion and resistance to anti-myeloma treatments'®S,

Furthermore, after treatment with PD-L1/PD-1 blocking mAbs, the ability of PD-L1"
pDCs to generate cytotoxic activity of T cells and NK cells against MM PCs was
restored!”S. PD-L1 blockage increased animals’ life after autologous (syngeneic)
stem-cell transplantation combined with the administration of a cell-based
vaccination or after irradiation in in vivo investigations on the 5T33 murine MM
models®!°,

By acting primarily on CD4" or CD8" T cells, PD-1 inhibition also improved survival
in disseminated myeloma-bearing mice?!°.

In these models, PD-1 expression on both CD8" and CD4" T cells was higher in mice
with advanced MM compared to non-tumor bearing mice; additionally, a correlation
was discovered between the tumor burden and the percentages of PD-1" T cells that
were defective for the production of pro-inflammatory cytokines (IFN- and IL-2)
after in vitro stimulation. In addition, these cells showed higher levels of exhausted T
cell marker, TIM-32!!,

Gorgun et al. demonstrated that lenalidomide therapy increases the cytotoxic effects
of PD-L1/PD-1 inhibition in RR-MM™%,

Overall, these studies suggested that PD-L1/PD-1 inhibition, alone or in combination
with other anti-MM therapeutic strategies, could be an effective treatment for MM.
Several phase III trials using pembrolizumab alone or in combination with IMiDs
were designed and achieved a 44 % or 60 % overall response rate (ORR) in RR-MM
patients, respectively.

However, the FDA put them on hold in 2017 due to a higher rate of adverse events
such as neutropenic sepsis, myocarditis, and Stevens-Johnson syndrome, which could
be linked to an excessive autoimmune reaction®!2.

Nonetheless, results from the KEYNOTE 183 (pomalidomide + dexamethasone +
pembrolizumab) and KEYNOTE 185 (Ienalidomide + dexamethasone +
pembrolizumab) suggested that anti-PD-1 mAbs are more effective than NDMM in
patients with immune system activation; however, it is still unclear which
combination, dose, and regimen is best to avoid toxicity while increasing the anti-
tumor effect of this class of treatments.
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1.3.4. CD38 and its role in MM microenvironment

The growing relevance of CD38 in the biology of MM and as a therapeutic target has
been recognized in recent studies. CD38 is a 45-kDa type Il transmembrane
glycoprotein that works as a receptor and an ectoenzyme?!3.
CD38 is overexpressed in myeloma PCs and activates T and NK cells. CD38 is
implicated in T cell proliferation, B cell differentiation, and neutrophil chemotaxis®'?.
In addition, IFN- y stimulates monocyte CD38 expression and plays a role in their
activation and adhesion pathways?!*,
A study showed that CD38 is expressed on the surface of early OC progenitors, but it
is lost during in vitro progression toward an osteoclastogenic phenotype?!”.
Moreover, in vitro experiments showed that the completely humanized anti-CD38
mAb daratumumab (DARA) reduces OC production and activity in MM patients,
confirming the role of CD38 in bone remodeling®!>.
Through IFN- y signaling, CD38 also controls the migration, survival, and Th-1
polarizing capacity of mature monocyte-derived dendritic cells?!®.
CD38 also interacts with the non-substrate ligand CD31, which is expressed by
endothelial cells. CD38 and CD31 co-expression was also seen in MM cells, but not
in PC leukemia®!”. A recent study reported that CD38 expression can be lost in
extramedullary MM cells?'®. It's unclear if this effect is related to a drug-induced
alteration in the microenvironment or to the selective survival and proliferation of an
antigen negative subpopulation.
CD38 is an ectoenzyme that plays a role in the extracellular conversion of
Nicotinamide adenine dinucleotide (NAD)" to calcium signaling regulators such the
immuno-suppressive factor adenosine (ADO)?".
This effect is mediated through the alternative axis that includes other ectoenzymes
such as CD73 and CD203a, bypassing the conventional pathway mediated by CD39,
and it is dependent from the pH status®*. According to literature data, MM patients
have higher BM plasma levels of ADO than asymptomatic monoclonal
gammopathies such as MGUS and SMM; additionally, ADO levels correlated with
International Staging System (ISS) staging in patients with active disease, indicating
that ADO is produced in the MM niche by an ectoenzymatic CD38 network and
partially identifying the source of ADO generation in the MM microenvironmen
In vitro research showed that interactions between MM PCs and other BM niche
cells, including as OCs, osteoblasts (OBs), and stromal cells, result in the production
of ADO.
ADO was not observed in isolated BM microenvironment cells, implying that MM
cells play a role in this pathway'®!. A study has recently explored the expression and
function of ectoenzymes on microvesicles (MVs) isolated from BM plasma samples
from MM patients. When MV produced from MM patients were compared to
MGUS and SMM, the percentage of MVs expressing high levels of ectoenzymes had
increased. The MV immunophenotype of MM patients revealed high levels of
expression of CD38, CD39, CD73, and CD203a ectoenzymes, which were also seen
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in CD138" PCs. Finally, they demonstrated that MVs from MM patients had higher
ATP,NAD", ADPR, and AMP to ADO catabolism than controls. This suggests that,
in comparison to MGUS and SMM, the ectoenzymes expressed by M Vs isolated
from BM samples of MM patients were functionally active and involved in increased
ADO production. ADO release is additionally promoted by the hypoxic and acidic
conditions of MM BM niche. Because aerobic glycolysis is the primary source of cell
energy, hypoxia stimulates the Warburg effect. The subsequent increase of lactic acid
activates ectonucleotidases, which decrease ATP and enhance NAD", the substrate of
the non-canonical CD38/CD203a/CD73 pathway for ADO synthesis. The anergic
immune state that emerges from this accumulation in the BM niche promotes tumor
survival. ADO's immune suppressive role has been thoroughly investigated. By
acting on A2b signaling, one of the particular G protein-coupled receptors, ADO
limits DCs ability to stimulate and enhance Th1 immune responses in favor of a pro-
angiogenic and tolerogenic Th2%?,

Furthermore, combining ADO with the other receptor A2a on T cells reduces T cell
growth and release of many components, as well as causing T cell anergy.

In activated T cells, A2a activation also inhibits the mitogen-activated protein kinase
(MAPK) pathway, causing them to polarize toward a LAG3" regulatory phenotype??.
In vitro experiments on murine models indicated that A2a signaling can increase PD-
1 expression on both effector and regulatory T cells, confirming ADO's immune
suppressive role??*,

In light of these findings, new therapeutic strategies targeting ADO-mediated
immunosuppression via CD73 and A2a receptor were developed and have entered in
phase I clinical trials in different solid tumors, including non-small-cell lung
carcinoma (NSCLC), melanoma, and renal cell carcinoma?®®,
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1.3.5. The possible link between CD38 and PD-L.1 in MM

Resistance to anti-PD-1/PD-L1 antibodies is mediated by the up-regulation of CD38
caused by the production of both all-trans retinoid acid and IFN-f in preclinical
models of several solid tumors, according to a recent study?2°.

CD38 expression by cancer cells is thought to promote immunological suppression
via ADO synthesis and its effect on CD8" cytotoxic T cells, according to the authors.
Indeed, it has previously been demonstrated that ADO inhibits CD8" T-cell activity
by interacting with ADO receptors ADORA2a and ADORA2b??’,

CD38-expressing tumor cells impair CD8" T-cell function and proliferation,
according to mouse studies; however, treatment with ADO receptor antagonists
effectively reversed the CD38 suppressive effect on tumor infiltrating CD8" cells,
indicating that CD38-mediated ADO production inhibits CD8" T-cell proliferation
via adenosine receptor signaling. These preclinical findings were validated in human
lung and melanoma cancer specimens, which revealed a strong link between CD38
expression and the presence of a cytolytic T cell tumor infiltration?%S,

In addition, Ng HH et al. discovered that CD38 expression on immune cells,
particularly macrophages, predicts sensitivity to PD-1/PD-L1 blocking therapy in
hepatocellular cancer patients?®.

Moreover, suppressing ADO production or signaling via CD73 or A2AR improved
tumor sensitivity to anti—-PD-1 treatments. ADO, on the other hand, increases PD-1
levels in CD8" T cells?”®. All of these evidences indicate the existence of a vicious
loop in tumors between CD38/ADO and the PD-1/PD-L1 axis; however, this
approach has not been well investigated in MM patients. In MM patients, treatment
with anti-CD38 mAb daratumumab (DARA) has been shown to reduce the increase
in PD-L1 expression on antigen-presenting cells caused by conventional treatment
without DARAZ.

Furthermore, it has been demonstrated that MM cells enhance PD-1 expression by
NK and PD-L1 expression by monocytes, and that the PD-1/PD-L1 axis suppresses
the antibody-dependent cellular cytotoxicity (ADCC) mediated by the anti-CD38
mADb isatuximab. Isatuximab combined with anti-PD-L1 or anti-PD-1 antibodies
consistently improved the killing of MM cells*!. Isatuximab, but not DARA, inhibits
CD38 enzymatic activity, reducing ADO synthesis®*. Isatuximab-mediated ADO
reduction and PD-1/PD-L1 inhibition could thus help to reverse immunological
suppression in MM patients. BM MSCs, which have immune suppressive activities in
the MM microenvironment, are involved in ADO release via the
CD31/CD73/CD203a pathway expressed on their surface, as well as in promoting
MM cell proliferation and T cell inactivation via the PD-L1/PD-1 axis'®®.

Blocking both CD38 and PD-L1 could thereby reverse the effects of BM MSCs and
prevent myeloma growth. Surprisingly, Verkleij et al. found that long-term therapy
with anti-mouse PD-1 mAb significantly increased anti-mouse CD38 ADCC in vivo
in the murine CD38" myeloma model J558 and other CD38" cancers?>.
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Overall, these findings support the rationale for combining anti-CD38 and anti-PD-
1/PD-L1 blocking antibodies to increase anti-tumor activity in both solid tumors and
MM. In RR-MM patients, phase [-II trials with DARA and anti-PD-1 mAbs
pembrolizumab?**, nivolumab (NCT03184194, NCT01592370) or anti-PD-L1,
durvalumab (FUSION-MM-005) and atezolizumab are currently in progress
(NCTO02431208). In contrast to prior trials utilizing DARA in monotherapy, which
showed CMV and herpes zoster reactivation due to NK cell depletion®®, preliminary
data from FUSION-MM-005 revealed a low rate of viral reactivation (1 out of 18
patients). These findings suggest that combining anti-PD-L1/PD-1 mAbs with CD38
blocking Abs may result in less infection-related damage than combining IMiDs;
however, more data from ongoing clinical trials will be needed to confirm this.
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AIM OF THE PROJECT

Current research aims to identify biomarkers that can predict which patients will
benefit from PD-1 pathway interference, with the aim to effectively guide treatment
selection and improve patient outcome.

PD-L1 expression is heterogenous among cancer and immune cells, and is highly
dynamic depending on signals from the tumor microenvironment. Because patients
with PD-L1 negative tumors have been shown to respond to anti-PD-1 therapy.
Identifying tumor growth-inhibitory effects of antibody-mediated PD-1 blockade at
the level of the myeloma cell might help refine PD-1-targeted therapies to further
improve outcome in patients.
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MATERIALS AND METHODS

2.1. Flow cytometry

According to the literature review, CDs are frequently employed to identify
populations that share similar phenotypical characteristics and to determine the
functional status of a cell. The expression of receptors on the surface of granulocytes
has been linked to the granulocytic functions examined in the literature study. When
membrane-bound receptors are activated, they may undergo up- or down-regulation,
and since some receptors are found on granule surfaces, their mobility projects the
receptors to the cell membrane. The receptors can then be measured using flow
cytometry and surface staining.

Flow cytometry is a highly complex technique that allows simultaneous measurement
of various physical characteristics of particles (cells) from heterogeneous
populations, as they are interrogated by laser beams through a fluid stream. By
combining fluidic, optic and electronic systems, flow cytometry provides information
on each particle’s size, internal complexity and relative fluorescence intensity. To be
evaluated by the optical system, each cell must be sorted into a single file by the
fluidics system. It does this by examining the dynamical characteristics of coaxial
laminar flow and the physical principles of flow systems as described by Reynolds
(1883).

In a nutshell, the sample is injected through a central channel that is surrounded by an
outer sheath that contains fluid moving at a higher velocity, causing a drag effect
(hydrodynamic focusing) on the central channel.

As the center tube narrows, a parabolic profile of flow velocities is generated,
positioning each particle in the flow cell at the observation area at the optimal
velocity. The lighting (laser), light collection, and detection systems make up a flow
cytometer's optical system.

Light is deflected, scattered, emitted, or absorbed as the laser beam's path is
interrupted by the flow of the cell.

The extent of forward scatter (FSC) determines the size of the cell, whereas the side
scatter (SSC) is proportional to the nuclear structure, cytosolic complexity, and
granularity of the cell. The measurement is primarily made from diffracted light
detected in the axis of the laser beam (by a photodiode) or from light reflected and
refracted at 90° to the laser beam (by photomultiplier tubes - PMT), respectively,
making the detection of these properties independent of fluorescence.

When combined, the data from FSC and SSC offer sufficient details to distinguish
between several cell types in a heterogeneous cell population.
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The ability to couple light-excitable molecules (i.e. fluorophores) to a desired specific
target, frequently through receptor-ligand qualities, allows for the detection of
additional characteristics in a particle.

Fluorophores are excited to a higher, but very unstable, energy state following the
laser interrogation.

The excited molecule loses the newly gained energy by emitting light at a greater
wavelength than the one that excited it since it is unable to tolerate such excitation.
These wavelengths are detected by fluorescence-exclusive detecting PMTs, which
guarantee specificity through filters that allow passage of certain wavelengths while
blocking others.

Scientists have developed single and tandem fluorochrome dyes, which are
frequently combined with antibodies, to increase the number of properties that may
be analyzed simultaneously. Tandem dye antibodies are composed of two covalently
linked conjugated dyes with similar absorption spectra (30-50 nm).

A nearby dye receives the emission from an excited dye, which causes it to produce
its fluorescent signal at a higher wavelength. Multicolour immunofluorescent staining
is essential in identifying mixed cell populations or characterizing multiple
parameters in single cells by flow cytometry or immunofluorescence microscopy.
Tandem dyes expand the possibilities for fluorescence colour selection of antibodies
for use in multicolour flow cytometry. These tandem dyes can provide a much higher
wavelength fluorescence emission relative to the excitation wavelength and thus
allow for multiple distinct emission ranges from a single laser. The electrical system
subsequently processes the gathered emissions by translating the voltage produced
into digital values.

Flow cytometers identify the detector (channel) numbers using a series of voltage
amplifiers and analogue to digital converters, and then plot the values on a linear or
logarithmic scale. Events of interest may be gated to enable more research on this
particular subpopulation. This enables the simultaneous investigation of several
parameters and subsets present in a heterogeneous solution (such as blood) and aids
in improving the definition of subpopulations that are not well defined.

Flow cytometry is frequently employed in immunological research because to its
capability to quickly analyze various parameters in each individual cell as well as to
detect and sort different cell populations.

Early cytometers, which were created in the late 1960s, monitored three parameters:
one fluorescent signal and two scatter light signals, FSC and SSC.

Modern flow cytometers can now measure more than 12 fluorescent signals thanks to
technical advancements.
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This study used a Navios EX Flow Cytometer (Beckman Coulter Life Sciences,
Marseille, France) and a multi-colored panel to distinguish between various leucocyte
populations and measure the expression of PD-1/PD-L1.

The Navios EX Flow Cytometer used contains three spatially separated lasers: (1) a
violet laser that emits at a wavelenght of 405 nm; (2) a blue laser that emits light at a
wavelength of 488 nm; and (3) a red laser that emits light at a wavelength of 638 nm.
For this study, based on the capabilities of the flow cytometer, the fluorochromes
used were as follows:

Excitation Emission

Fluorochrome

(nm) (nm)
Fluorescein isothiocyanate (FITC) 495 520
R-Phycoerythrin (PE) 480 575
R-Phycoerythrin-Texas Red-X (ECD) 480 620
R-Phycoerythrin-Cyanine 5.5 (PC5.5) 480 694
R-Phycoerythrin-Cyanine 7 (PC7) 480 767
Allophycocyanin (APC) 650 660
Allophycocyanin Alexa Fluor 700 650 719
(APC-A700)
Allophycocyanin Alexa Fluor 750 650 780
(APC-A750)
Pacific Blue (PB) 405 455
Krome Orange (KrO) 398 528

Table 4. Fluorochromes — excitation and emission wavelengths
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2.1.1. Protocol analysis

Monoclonal antibodies that target particular CDs were used to identify immune cell
groups utilizing CD antigens. Each CD was carefully selected to identify a particular
cell population (table 5).

Gene identity Function and relation to plasma cell phenotype
T-cell surface  Aberrant expression of CD3 is extremely rare in plasma
CD3 glycoprotein cell neoplasm (PCN), and only a few cases have been
CD3 delta chain reported®’’.
The frequency of cytotoxic CD4 T cells was negatively
T-cell surface  linked with the frequency of circulating plasma cells in
CD4 glycoprotein MM patients. CD4 T cell-mediated cytotoxicity was
CD4 present in MM patients naturally and might be used in
antitumor therapies**.
CD8" effector T cells, especially in the bone
T-cell surface : )
: marrow, of myeloma patients are increased but cells are
CDS8 glycoprotein : : : :
: functionally severely impaired and display several
CDS8 alpha chain : 202
features of exhaustion and senescence”"-.
Expressed by B-lymphocytes and is lost as a result of
B-lvmphocvte terminal differentiation to plasma cells. Evidence has
CD19 r-1 g] E CD}i 9 reported CD19" cells being representative of cancer
antee stem-like cells**®, with CAR T-cell therapy also being
developed against CD19 to be used in treatment®”.
Highly expressed in MGUS and heterogeneous
CD27 CD27L receptor expression and low intensity in MM. Lack of CD27 is
associated with shorter PFS and OS*%.
Surface receptor that is uniformly expressed on the
surface of plasma cells and is used extensively in the
CD38 Cyclic ADP identification of myeloma cells alongside CD138%.
ribose hydrolase ~ Novel immunotherapies have been designed to target
this antigen in the treatment of myeloma, namely
daratumumab*’.
Marker related to adhesive function that is variably
Protein tyrosine expressed on plasma cells. Increased expression is
CD45  phosphatase, more commonly associated with plasma cells at an
receptor type, C  earlier stage of differentiation, an observation which is
also replicated with disease stage*!.
Adhesion marker used to distinguish identity of
Neural cell . 242
. malignant plasma cells from normal plasma cells*~.
CD56 adhesion ¢ : 1d al link T
molecule Loss of expression could also be linked with late stage

disease, with CD56 expression being found to be
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inversely correlated with the number of myeloma cells
in peripheral circulation®.

Associated with CD19 expression, CD81 possesses

Target of the  important roles in cell growth, motility and plasma cell
CD81 Antiproliferative  homing. Whilst little is currently known about its role
Antibody 1 in myeloma pathology, there have been studies that
(TAPA-1) have implicated CD81 expression in disease
prognosis®®,
Growth factor receptor found to be expressed on a
Mast/stem cell proportion of malignant plasma cells, which
CD117  growth factor surprisingly infers good prognosis in patients and is
receptor used as a marker to distinguish between normal and
malignant plasma cells**.
Extracellular surface glycoprotein with adhesion-
related roles, almost exclusively expressed on plasma
cells and is used as the primary marker in the
CD138 Syndecan-1 identification of malignantp plasrr?a]l cells. Correlates
with loss of CD19 during B-lymphocyte terminal
differentiation’.
Transmembrane receptor that has been highlighted as
0X-2 . ) :
an independent prognostic marker in myeloma, where
CD200 membrane : : .
) increased expression resulted in lower event-free
glycoprotein 245

survival rates“*.

Table 5. Summary of the identity and function of surface markers used in
immunophenotyping of myeloma cells.

All samples came from patients of UOC Hematology of A. O. Ospedali Riuniti
Marche Nord, Pesaro, who underwent immunophenotypic analysis as periodic

checks. Negative control samples were obtained using patients who revealed negative
for hematological disease. Bone marrow aspirate was collected into vacutainers (BD,
Heidelberg, Germany) containing EDTA for anticoagulation.

Premixed, dry reagent cocktail (DuraClone RE PC antibody panel) as well as CD117
ECD antibody used for the assessment of residual abnormal plasma cells and T cells
were obtained from Beckman Coulter (Marseille, France). To determine the number
of leucocytes was used a hematology analyzer (DxH 900, Beckman Coulter).

DuraClone RE PC tubes contained dried antibodies and 5 pL of CD117 ECD
antibody dosed to stain up to 20 x 10° leukocytes in 100 pL volume of bone marrow
aspirate: CD81 FITC; CD27 PE; CD19 PC5.5; CD200 PC7; CD138 APC; CD56
APC-A750; CD38 PB; CD45 KrO.
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A second tube was prepared with 5 uLL of each antibody: CD62L FITC; CD279 PE;
CD27 ECD; CD4 PC7; CD274 APC; CD8 APC-A700; CD3 APC-A750; CD45 RA-
PB; CD45 KrO. 100 pL of bone marrow aspirate was added to the tube.

Both tubes were incubated at room temperature for 15 minutes.

Then, at room temperature for 15 minutes, erythrocytes were lysed with 2000 uL of
VersaLyse solution (Beckman Coulter). After being centrifuged at 300 x g, cell
suspensions were then resuspended in 2000 puL of phosphate buffered saline (PBS,
Beckman Coulter) + fetal bovine serum (FCS, Euroclone); for two times.

The resulting pellet was resuspended in 500 uLL PBS + FCS.

All these steps can be done automatically through the cell washer HT4150L (hta,
Brescia, Italy).

Tube CD Marker Clone Fluorophore
CD81 JS64 FITC
CD27 1A4CD27 PE
CDI9 J3-119 PC5.5
CD200 OX-104 PC7
T1 CD138 B-A38 APC
CD56 N901 APC-A750
CD38 LS198-4-3 PB
CDA45 J33 KrO
CDI117 104D2D1 ECD
CD62L LECAM-1 FITC
CD279 PDI1.3 PE
CD27 1A4CD27 ECD
CD4 SFCI12T4DI11 PC7
T2 CD274 PD-L1 APC
CD8 B9.11 APC-A700
CD3 UCHTI APC-A750
CD45 2H4LDHI11LDB9 RA-PB
CDA45 J33 KrO

Table 6. Antibody panels used in 10 color multi-parameter flow cytometry protocol.
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Using preset parameters, samples were acquired using 9-color, 3-laser NAVIOS flow
cytometer (Beckman Coulter). By properly adjusting the FSC recording trigger,
debris was excluded. Using just one CD117 staining and the eight DuraClone RE PC
compensation tubes, the acquisition parameters were established in accordance with
the manufacturer's instructions.

Target channels for all scatter and fluorescence detectors were defined using acquired
photomultiplier tube (PMT) voltages and calibration bead particles (Flow-Set Pro
beads, Beckman Coulter). To avoid target mismatch, matching of the target channels
was checked every day using a new calibration run. Furthermore, using additional
calibration bead particles, all instruments underwent daily verification of optical
alignment and fluidics (Flow Check beads, Beckman Coulter).

The Navios™ EX Cytometer software, version 2.2, was used to examine all data files
that were acquired (Beckman Coulter).

Cell doublets were eliminated by choosing either the events with the greatest FSC
peak signals or the events with the shortest FSC signal breadth.

Furthermore, a forward scatter time versus side scatter dot plot was used to remove
cell debris from the data.

Plasma cells were characterized as events with a high density of CD138 and CD38
expression. Patients' abnormal phenotypes varied and were identified by a
combination of the following characteristics: increased expression of CD56,
asynchronous expression of CD117, and CD200, and decreased expression of CD19,
CD27, CD38, CD45, and/or CD81.
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RESULTS

A total of 14 diagnostic hematological patient samples were analysed using MFC
panels encompassing 15 surface markers associated with MM (Table 6). The patients'
median age was 70 years (range 51-84). The sex ratio (M/F) was 1.3. Cytogenetic
test results were available for all patients and there were 5 patients with poor
prognosis. Patient characteristics are listed in Table 7.

Age | Sex | Hb |ESR |[LDH| Ca | B2M | Ig | FLC g‘(’:;i ;/é c-‘yl:l‘:lgt:“t‘fot:lcs
67 | M | 93 | 40 | 109 | 890 | 3.74 |IgG |lambda| + 8

76 | F |12.1] 116 | 167 | 920 | 259 |IgA | kappa | + | 62

76 | M [135] 6 | 571 | 950 | 11.69 |IgG |lambda| + 3

70 | M | 86 | 37 | 161 | 860 | 5.18 |IgG| kappa | + | 0.1

77 | M | 154 14 | 467 | 940 | 330 |IgG | kappa | - 10

84 | M |12.7| 57 | 188 | 157 | 9.98 |IgG |lambda| + 13

51 | F |10.1| 43 | 146 | 950 | 2.76 |IgG | kappa | + 17

69 | M |123] 32 | 164 [10.70| 8.00 |IgG| kappa | + | 22 t(4;14)
74 | F [103] 70 | 121 | 870 | 2.64 |I1gG| kappa | + | 28

58 | F | 74| 48 | 195 | 11.70| 4.64 |IgG | kappa | - 39 1q21
76 | M [ 147] 23 | 185 | 960 | 195 |IgG | kappa | + 12

73 | F [124] 12 | 145 | 940 | 3.00 |IgG | kappa | - 5 t(4;14)
60 | F |74 55 | 119 | 970 | 1637 |IgG |lambda| + 15 1q21
66 | M | 9.1 | 116 | 496 | 8.69 | 810 |IgG |lambda| + | 70 1q21

Table 7. Patients’ characteristics (Hb: hemoglobin, ESR: erythrocyte sedimentation rate,
LDH: lactate dehydrogenase, Ca: calcium, B2M: beta-2-microglobulin, Ig:
immunoglobulins, FLC: serum free light chain, PC: plasma cells).
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Figure 14. PD-1 and PD-L1 expression in CD4" negative control samples’ cells.
Flow cytometry was utilized to assess the percentage of PD-1 and PD-L1 protein
expression in CD4" negative control samples’ cells.
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CD8+ NEGATIVE CTR

100
90

80

%PD-1 %PD-L1

7

o

6

o

5

o

pit

o

3

o

2

o

1

o

Figure 16. PD-1 and PD-L1 expression in CD8" negative control samples’ cells. Flow
cytometry was utilized to assess the percentage of PD-1 and PD-L1 protein expression in
CD8" negative control samples’ cells.
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Figure 17. PD-1 is overexpressed in CD4* and CD8" patients’ samples.
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Figure 18. PD-L1 is overexpressed in CD4" and CD8" patients’ samples.

Our study showed that, if compared with negative control samples, PD-1 and PD-L1
are more expressed in CD4" and CD8" cells of patients with multiple myeloma.
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Figure 19. PD-1 and PD-L1 expression in CD4" patients at disease onset.

36

Progression 1

CD4+ PATIENTS' DISEASE PROGRESSION

91 95
63 64
24 2
Progression 2 Progression 3 Progression 4 Progression 5 Progression 6

%PD-1 = %PD-L1

Figure 20. PD-1 and PD-L1 expression in CD4" patients with MM progression.
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Figure 21. PD-1 and PD-L1 expression in CD8" patients at disease onset.
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Figure 22. PD-1 and PD-L1 expression in CD8" patients with MM progression.

Our study showed that PD-L1 is more expressed at disease onset and PD-1 during
disease progression.
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DISCUSSION

Multiple myeloma is an incurable plasma cell malignancy with only 30% of patients
surviving for more than 10 years*. The bone marrow microenvironment is crucial to
the survival, proliferation and growth of these malignant plasma cells and has also
been heavily implicated in drug resistance®. Therefore, therapeutic targeting of the
microenvironment has gained interest in conjunction with targeting myeloma cells
themselves®*°. This highlights the importance of the microenvironment in supporting

disease pathogenesis and progression®*’.

Multiple myeloma is an extraordinarily complex hematological disease in regards to
its ability to manipulate the cells in the bone marrow microenvironment, as well as its
genesis and progression.

It is well documented in the literature that malignant plasma cells are dependent on
the bone marrow milieu for their survival, proliferation, and ability to control
angiogenic processes that ultimately facilitate metastasis and dissemination
throughout the bone marrow. Migration is an essential process that facilitates the
dissemination of malignant plasma cells throughout the bone marrow>*°. While the
precise mechanics of this process are still up for debate, it is evident that myeloma
cells can influence endothelial cells' ability to create microblood capillaries in the

bone marrow, which subsequently facilitates their migratory capacity®*®.

A lot of elucidations are still to be done regarding the precise subset of myeloma cells
that are in charge of these processes, as well as the ways in which they carry out these
abnormal tasks. In addition to the variability shown across patients, myeloma has
been reported to exhibit intra-clonal heterogeneity, which means that there is a
significant chance of genetic and phenotypic heterogeneity within a patient's
malignancy®®. This leads to further complications in the ability to tailor treatments
that would be most effective for patients on an individual basis.

Malignant plasma cells can be identified using a combination of phenotypic markers
that are widely used in this field*°. Strategies for determining these cells must fulfil
specific criteria that, first, distinguish them from healthy plasma cells and, second,

distinguish them from other cell types®**.

This has made immunophenotyping an useful technique to aid diagnosis and
subsequently monitor the progression of the disease and the response of the patient to
therapy.

Multiple myeloma is a malignancy that is heavily associated to relapse after
therapy'®’. The strong dependence malignant plasma cells have on the bone marrow
microenvironment makes it extremely difficult to effectively treat this disease, with a
small residual population of drug-resistant myeloma cells remaining within the bone
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marrow after nearly all cases of treatment®!. It is evident that these chemo-resistant,
malignant plasma cells are ultimately responsible for the eventual propagation of
disease that causes inevitable relapse.

The presence of drug-resistant cells that are strongly reliant on the cells of the bone
marrow microenvironment are responsible for re-populating this environment in a
post-treatment scenario. Determination of the presence and load of minimal residual
disease is directly associated with time until a patient’s next relapse?2. The
identification of these chemo-resistant cells has been of interest in order to tackle the
small number of malignant plasma cells that remain in the bone marrow after
treatment, in order to fully eradicate the malignancy.

The PD-1 pathway has been shown to be extraordinarily successful in slowing or
clearing tumors in multiple human cancers®>®. Although no definitive biomarker to
predict success of PD-1 immunotherapy has been described, the pre-treatment density
of CD8" T cell infiltration and expression of PD-1 or PD-L1 in the tumor
microenvironment all correlate with responsiveness to PD-1 targeted therapies®*.
Memory T cells likely play an important role in the response to tumor recurrence and
metastases.

The next great challenges in checkpoint blockade therapy are to extend the efficacy
to additional patients and to define biomarkers that can be used to predict success
prior to initiation of therapy or assess success early during treatment. In order to
achieve these goals, we need a more mechanistic understanding of the anti-tumor
immunity induced by PD-1 blockade.

Blocking PD-L1 may be a more effective therapeutic strategy than blocking PD-1,
and that blocking both PD-1 and PD-L1 may be an effective combination. Indeed,
this combination is currently being investigated in clinical trials. Although the
majority of clinical effort has been put towards antibodies blocking PD-1, an
antibody blocking PD-L1 interactions with both PD-1 and B7-1 has been approved in
non-small cell lung cancer and bladder cancer®’. Further studies will be needed to
compare the efficacy of this and similar antibodies versus antibodies that block PD-1
interactions.

Anti-PD-1/PD-L1 antibody treatment could be clinically effective in MM patients by
recovering T-cell cytotoxicity and inhibiting reverse signaling from PD-L1 on MM
cells. This is because the PD-1/PD-L1 pathway may be connected to the pathogenesis
of MM. Additionally, DCs in the MM microenvironment expressed PD-L1 and
through the PD-1/PD-L1 pathway suppressed immune functions of T-cells and NK-
cells that expressed PD-12%, In the bone marrow, PD-L1-expressing MM cells were
found to be localized with elevated PD-L1 expression on plasmacytoid DCs, which
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are crucial for the proliferation and extended survival of MM cells'’. The therapeutic
target of the PD-1/PD-L1 blockade may be PD-L1 on both these cells and MM cells.

Therefore, the use of combination therapies may significantly improve the impact of
checkpoint inhibition as a treatment modality for selected patients. The increased
response rates however were also accompanied by a sharp increase in systemic
toxicity, and therefore, combination therapies with several different checkpoint
inhibiting antibodies may present benefits only for restricted subgroups of patients.

Even though our study was based on a reduced number of patients, we are confident
that the better comprehension of PD-1/PD-L1 mechanism could be very useful for the
identification of the best therapeutic individual approach.

In addition to the pandemic diffusion of Covid 19, which impeded us to collect a
wider casuistic of samples, their intra and interindividual variability is of crucial
importance, considering that we analyzed patients of various subsets and not
standardized cell lines.
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CONCLUSIONS

An important achievement in the immunotherapeutic treatment of cancer was the
discovery of the PD-1/PD-L1 pathway, its function in the evasion of tumor immunity,
and the development of targeted antibodies.

Additional investigation of these patients could lead to the identification of more
novel targets that could further unravel the mechanisms that contribute to myeloma
disease pathology. In order to maximize the clinical impact of anti-PD-1 therapy, it
may be possible to find additional immunomodulatory pathways and
immunosuppressive variables by understanding the molecular and cellular
mechanisms underlying myeloma-PD-1-driven tumor immune evasion.

Secondly, cancer cell-expressed PD-1 was identified as a novel tumor cell-intrinsic
growth-promoting mechanism, including in the absence of immunity.

The possible link between cancer cell-expressed PD-1 and hyperactivation of
oncogenic pathways, including PI3K/AKT/mTOR, PD-L1 expression, cancer cell
metabolism, cell cycle progression, metastasis, and therapeutic resistance could
critically enhance the basic understanding of cancer initiation and growth. Combining
anti-PD-1 Abs with therapies that target oncogenic pathways downstream of cancer
cell-expressed PD-1 might work synergistically to further improve the clinical
efficacy of PD-1 inhibition.

This could also help in the discovery of additional targets downstream of PD-1
expressed by cancer cells, which might also function as indicators of response or
targets for therapeutic intervention.

Flow cytometry may be a reliable, easy and value effective tool for the assessment of
minimal residual disease in patients with multiple myeloma. Longer remissions that
cannot be accurately evaluated with conventional techniques, such as immunofixation
and electrophoresis, are achieved by novel drugs, which dramatically enhance
patients' outcomes.

Understanding the distribution of PD-1/PD-L1 molecules in the BM niche of patients
with multiple myeloma and the contribution of immune resistance mechanisms to
PD-1/PD-L1 blockade represents a critical step in order to identify the best patient
subset that could benefit from this checkpoint blockade and to provide rationale for
new combined therapeutic strategies.
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