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As gamapatias monoclonais constituem um grupo de doencas, como a gamapatia
monoclonal de significado indeterminado e 0 mieloma multiplo (MM), que resultam da
proliferacdo de células plasmaticas clonais. As células plasmaticas diferenciam-se a
partir de linfocitos B que sobreviveram ao processo de maturacdo por afinidade no centro
germinativo e que depois migraram para a medula dssea. Especula-se que o evento
responsavel pela transformacéo das células plasmaticas saudaveis em células patologicas
ocorre no centro germinativo, provavelmente durante o processo de hipermutacdes
somaticas. A manutencao dos centros germinativos, bem como a sele¢éo de células B de
elevada afinidade, depende das células T, especialmente do subtipo células T foliculares.
Este estudo teve como objetivo a analise das diferentes popula¢des de células T na
medula 6ssea de doentes com gamapatias monoclonais, particularmente as células T
foliculares. Recorrendo a técnica de citometria de fluxo, analisimos as subpopulacdes
de células T CD4", CD8", y6*, CD4'CD8 oap* e CD4"CD8". As células com fenétipo
folicular foram identificadas com base na expressao de CXCR5 e as células T ativadas
de acordo com a expressdo de CD25 ou HLA-DR. Os nossos resultados mostraram um
aumento na frequéncia das células T com fenoétipo folicular nestes doentes, obtendo
significado estatistico no subconjunto das células T reguladoras com fenotipo folicular,
quando comparados os grupos com MM e controlo. Contudo, a frequéncia de células T
y&* com fendtipo folicular estava diminuida em todos os grupos com MM. Curiosamente,
observou-se uma diminuigdo na frequéncia de células T com fenotipo folicular ativadas.
Em suma, apesar de as células T com fendtipo folicular se apresentarem tendencialmente
aumentadas em doentes com gamapatias monoclonais, estas parecem estar menos
ativadas, o que sugere que estas células se encontram irresponsivas ao microambiente
medular ou, por outro lado, estdo a ser reguladas negativamente. Atendendo a que a
nossa amostra de estudo era limitada, estudos adicionais sdo necessarios para estabelecer
o papel das células T foliculares na medula 6ssea e no microambiente tumoral de doentes
com gamapatias monoclonais.
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Monoclonal gammopathies result from the proliferation of a single clone of plasma cells
(PCs) and include disorders such as monoclonal gammopathy of undetermined
significance (MGUS) and Multiple Myeloma (MM). It is speculated that the triggering
event that turns healthy PCs into pathological PCs happens in the germinal centre (GC),
most likely during a process known as somatic hypermutation (SHM), which takes place
during antigen affinity maturation. GC maintenance, as well as, GC B-cell selection
depends on T cell help, particularly on follicular T cells. In this study we aimed to
analyse different T cell populations in the BM microenvironment of patients with
monoclonal gammopathies, focusing on follicular-like T cells. Through multiparameter
flow-cytometry we analysed CD4", CD8", y6*, CD4°'CD8 aff* and CD4"CD8" T cells
and identified follicular-like cells based on the expression of CXCR5, as well as
activated T cells according to CD25 and HLA-DR expression, in all T cell
subpopulations. We observed a general increase of follicular-like T cells in these
patients, reaching statistical significance in the Th reg follicular-like cell subset when
comparing the MM group with controls. The y&* follicular-like T subset was, however
decreased in all MM groups. Interestingly, a decrease in activated follicular-like T cells
was observed. In conclusion, despite of follicular-like T cells being increased in
monoclonal gammopathy patients, they tend to less activated, which suggests that these
cells are either not responding to the BM microenvironment or being negatively
regulated. Our study population was small so further studies concerning follicular-like
T cells in the BM of patients with monoclonal gammopathies may help understand the
role of these cells in the BM microenvironment.
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1. State of the art

1.1 Monoclonal Gammopathies

Monoclonal gammopathies, also called paraproteinaemias or immunoglobulinopathies,
comprise a group of disorders including the monoclonal gammopathy of undetermined
significance (MGUS), smouldering multiple myeloma (smoulMM) and multiple myeloma
(symptMM), which result from the proliferation of a single clone of plasma cells (PCs) ©.
These pathological PCs secrete a homogeneous monoclonal (M) protein (paraprotein),
characteristic of this group of disorders & 2, in the form of intact immunoglobulins,
immunoglobulin fragments and/or free light chains (FLC) ®). Each M protein consists of two
heavy (H) polypeptide chains of the same class and two light (L) chains of the same type.
The heavy polypeptide chains can be one of five and correspond to the major classes of
immunoglobulins: p (IgM), vy (IgG), a (IgA), & (IgD) or & (IgE). The two possible types of
light chains are kappa (k) and lambda (A) &%, The preferred method to detect the presence
of M protein in serum and urine samples is agarose gel electrophoresis, followed by
immunofixation, in order to confirm the presence of the paraprotein and to ascertain its

immunoglobulin heavy chain class and light chain type ©.

1.1.1 Monoclonal Gammopathy of Undetermined Significance

MGUS is defined by the presence of a monoclonal protein in the serum at a concentration
lower than 3g/dL, 10% or fewer PCs in the bone marrow, as well as the absence of CRAB
(i.e., hypercalcemia, renal insufficiency, anaemia and bone lesions) symptoms related to the
proliferative process of PCs (Table 1) ¢ 67, It is the most common monoclonal gammopathy
and its incidence increases with age, with a prevalence of 3.2% among people 50 years or
older, increasing to 5.3% among people over 70 years of age " ®. According to a study
conducted by Therneau et al., this increase in the prevalence of MGUS is a result of
cumulative damage and is not related with an accumulation of new cases, because the longer
the life-span the higher the probability of an individual to develop this disorder ®. MGUS
is more frequent in males than in females, with incidences of 4% and 2.75% at 50 years of

age or older, respectively " ®. Multiple studies found a 2- to 3-fold higher prevalence of



MGUS in the African and African-American populations than in the Caucasian population
@11 However, the reason for this race-related difference is yet to be determined.

MGUS can be classified in two main subtypes: IgM and non-lgM ®?. This distinction is
of utter importance because the rate and nature of progression of IgM differs from that of
non-IgM @3, Moreover, the risk of progression is higher among patients with IgM MGUS
than those with the non-lgM subtype of the disorder * *: 1|gM MGUS is associated with a
risk of progression of 1.5% per year to malignant lymphoid disorders, such as Waldenstrém
macroglobulinaemia, whereas non-IgM MGUS is associated with a risk of progression of
1% per year to symptMM © 1219 Risk factors for progression of MGUS have been studied
and include not only the type of serum M protein, but its size as well, i.e., its (initial)
concentration in the serum, along with the free light-chain ratio and serum albumin
concentration ¢ 1517,

According to the International Myeloma Working Group (IMWG) @8, management of
MGUS should be based on: 1) the concentration, i.e., size of the serum monoclonal protein,
2) monoclonal protein type and 3) ratio of free light-chains. If the M protein is present at a
concentration < 1.5 g/dL, the protein type is IgG and the free light-chain ratio is normal, a
serum protein electrophoresis should be done 6 months after diagnosis and if the condition
is stable the patient can be followed every 2-3 years, or when symptoms indicative of
malignancy develop. In case the concentration of serum monoclonal protein is > 1.5 g/dL,
the protein is IgM or IgA type, or the ratio of the free light-chains is abnormal, then an
aspiration and biopsy of the bone marrow should be performed to verify whether an
underlying PC malignancy is present on not. Levels of lactate dehydrogenase, [-2-
microglobulin and C-reactive protein should be evaluated as well. If these tests’ results are
acceptable, the patient should have a complete blood count and a serum protein
electrophoresis done in 6 months and then should be followed annually ®®. In both cases
preventive strategies/trials are not advised because of the associated side-effects and elevated

cost (16),



Table 1. Diagnostic criteria for monoclonal gammopathies

Disorder Criteria

Serum M protein < 3 g/dL
Bone marrow plasma cells < 10%
Absence of end-organ damage (CRAB symptoms)

MGUS

SRR

Serum M protein (IgG or IgA) > 3 g/dL or urinary M protein > 500
mg/24h and/or clonal bone marrow plasma cells 10-60%
Absence of end-organ damage (CRAB symptoms)

smoulMM

ANIERN

Percentage of clonal bone marrow plasma cells > 10%, or presence
symptMM of bony or extramedullary plasmacytoma and one or more of the
following:
e Tissue and/or organ damage attributable to the underlying
plasma cell malignancy:
v" Hypercalcemia: serum calcium > 11 mg/dL or > 1 mg/dL
above the normal upper limit
v" Renal Insufficiency: serum creatinine > 2 mg/dL or
creatinine clearance < 40mL/min
v Anaemia: haemoglobin levels > 2 g/dL below the normal
lower limit or a haemoglobin level < 10 g/dL
v" Bone lesions: one or more site of osteolytic bone lesions on
CT or PET-CT
e Biomarkers of malignancy:

v" Percentage of clonal bone marrow plasma cells > 60%

v Serum free light chain ratio > 100

v >1 focal lesion (involving bone or bone marrow) on
MRI studies of at least 5mm in size

1.1.2 Smouldering (asymptomatic) Multiple Myeloma

smoulMM is a heterogeneous intermediate clinical stage between MGUS and
symptMM, which encompasses patients whom, like MGUS, have no end-organ damage
that can be attributed to the underlying PC proliferative disorder, but whose serum
monoclonal protein and bone marrow plasma cell (BMPC) percentage values are higher
than MGUS patients. This stage is characterized by a serum M protein (IgG or IgA) >3
g/dL and/or clonal BMPCs 10-60%, but no evidence of end-organ damage. A urinary



monoclonal protein > 500 mg per 24 h may also be used as an inclusion factor for

diagnosis (Table 1) 12 18.19),

Patients with smoulMM are at a higher risk for progression than MGUS patients due to
the greater plasmacytosis extent and size of the monoclonal protein. The risk of progression
is about 10% per year for smoulMM patients in the first 5 years after diagnosis 2. Important
risk factors for progression are increased numbers of PCs in the BM, elevated serum M
protein level, abnormal FLC ratios and atypical MRI imaging, such as focal lesions and
diffuse bone marrow abnormalities 2 & 202D |n 2018, the IMWG proposed a risk
stratification system based on BMPC percentage, serum M protein level and FLC ratio @,
The cutoffs for these prognostic factors were: BMPC percentage > 20%, serum M protein
level > 2g/dL, and FLC ratio > 20. smoulMM patients who didn’t exhibit any of these risk
factors were assigned to the “low-risk™ category, those exhibiting one risk factor were
assigned to the “intermediary-risk™ category and those exhibiting two or more risk factors
were considered at “high-risk” for progression. It was recommended that this latter group of
patients be followed every 2-3 months and repeat blood and urine tests. Intermediate-risk
patients should redo the tests 3 months after diagnosis and then repeat them every 4 months.
Patients in the low-risk category should be re-tested 3 months after diagnosis as well.
However, their evaluation can be carried out every 6 months for the first 5 years and then

annually @9,

1.1.3 (Symptomatic) Multiple Myeloma

symptMM s a heterogeneous clonal PC proliferative disorder and is virtually always
preceded by MGUS @222 |n 2014, the International Myeloma Working Group (IMWG)
updated the criteria for the diagnosis of symptMM. In contrast to the criteria released in
2003, there is now a minimum percentage of BMPCs that need to be met for the diagnosis
of MM: clonal BMPCs must be >10% or, in those cases where patients present a number
inferior to 10%, a biopsy must be performed to prove the presence of a bony or
extramedullary plasmacytoma. All the criteria that should be met for the diagnosis of
symptMM, according to the IMWG, is listed on Table 1 @2,

SsymptMM has a high symptom burden in all stages of disease, which impacts the patient’s
quality of life. Therefore, it is important to know the most common symptoms to provide

better palliative care ?®. Furthermore, this knowledge may also be helpful for the diagnosis



because, clusters of specific symptoms when associated with signs and/or laboratory
findings, can be indicative of symptMM @4, Pain, primarily back pain, and fatigue are the
most common symptoms among symptMM patients, followed by weight loss, breathlessness
and malaise. Anaemia, bone fractures, nose bleeds and recurrent infections are some signs
commonly observed in patients, as well as laboratory findings such as hypercalcemia,
elevated creatinine levels, leukopenia and low haemoglobin values @429, Table 2 displays
the incidence of some these common signs and symptoms. According to Shephard et al.,
hypercalcemia alone has a low positive predicative value for symptMM, but when
considered together with any one of the symptoms mentioned before, the probability of the
patient suffering from symptMM increases and further investigation should be conducted
@4, Similar to what is observed in MGUS, symptMM is far more prevalent in the elderly
population, with the median age at diagnosis being between 65 and 70 years old. MM is also
more frequently diagnosed in men than women @28 and there is a 2-3 times higher
incidence of symptMM in the black population. However, survival rates of the black
population are higher than those of the white population, which may be suggestive of disease
heterogeneity between races .

According to the 2021 European Society for Medical Oncology (ESMO) guidelines,
treatment of newly diagnosed symptMM comprises induction therapy, followed by high-
dose therapy (HDT) with autologous stem-cell transplantation (ASCT) and lenalidomide
maintenance, in transplant-eligible patients. Induction therapy usually consists of either a
three-drug combination, including bortezomib, lenalidomide and dexamethasone (VRd) or
a four-drug combination, such as daratumumab, bortezomib, thalidomide, dexamethasone
(DaraVTD). High-dose melphalan (HDM) is the standard regimen before ASCT.
Daratumumab, bortezomib, melphalan and prednisone (DaraVMP), as well as
daratumumab, lenalidomide and dexamethasone (DaraRd) are the standards of care for
transplant-ineligible patients ?. Recently, therapeutic monoclonal antibodies have been
developed and added to the therapeutic arsenal for symptMM. The US Food and Drugs
Administration (FDA), as well as the European Medicines Agency (EMA) approved, in 2015
and 2016, respectively, the use of two monoclonal antibodies for the treatment of symptMM
patients, namely daratumumab, as mentioned above, and elotuzumab €%, Daratumumab is a
human monoclonal antibody whose target is CD38, a transmembrane glycoprotein expressed

at low levels on normal hematopoietic cells and in non-hematopoietic tissues 2, but highly



expressed in MM cells @2, It acts both as an ectoenzyme @ and surface receptor which
mediates cell adhesion and migration ©Y. Daratumumab affects the immune
microenvironment, depleting CD38" regulatory cells and promoting T-cell expansion,
thereby enhancing an anti-tumour response ©. Elotuzumab is a human monoclonal antibody
as well and is directed against signalling lymphocytic activation molecule family
(SLAMF)7, also known as CS1, which is a glycoprotein highly expressed on MM cells, as
well as natural killer (NK) cells G®. It exerts its anti-tumour activity through activation of
NK cells, induction of NK-mediated antibody-dependent cellular cytotoxicity (ADCC) and
inhibition of MM cell adhesion to BM stromal cells ©”. Therapeutic monoclonal antibodies
differ from conventional anti-MM agents in their ability to recruit both innate and adaptive
immune cells to eliminate the tumour and favourable toxicity profiles G 38 thus both

commonly being used together in what is called combination therapy ©2.

Table 2. Incidence of signs and symptoms present in patients with newly diagnosed
multiple myeloma @®

Signs and symptoms Incidence, %
Anaemia (haemoglobin < 12 g per dL) 73
Bone pain 58
Elevated creatinine (> 1.3 mg/dL) 48
Fatigue 32
Hypercalcemia (calcium > 10.1 mg per dL) 28
Weight loss 24

1.2 The immune system and its role in monoclonal gammopathies

As mentioned above, monoclonal gammopathies result from the proliferation of a
monoclonal population of PCs M. A PC is a type of cell of the immune system which
synthesizes and secretes antibodies and results from the differentiation of activated B cells.
Activation and differentiation of these cells into PCs requires the help of T cells and their
secreted cytokines ©9. The immune system and monoclonal gammopathies are
interconnected and, therefore, a good knowledge of the former is vital for a better

understanding of the latter.



1.2.1 Immune System

When an individual is attacked by a pathogen the immune system initiates a response,
which can be divided into two sequential stages, namely innate immunity and adaptive
immunity. Innate immunity is the first line of defence against pathogens functioning in two
steps: 1) prevention and 2) elimination. Prevention against entry of foreign pathogens into
the host is achieved through physical and/or chemical barriers. Physical barriers comprise
the epithelial layers of the skin and mucous membranes, while the chemical barriers consist
of acidic pH, temperature and soluble substances that possess antimicrobial/antiviral
properties, such as lysozymes and interferons %49, When pathogens manage to breach these
barriers, the second step of the innate immune system — elimination — is activated. This step
consists on a cellular response, carried out by phagocytic cells, such as macrophages,
neutrophils and dendritic cells, which express surface receptors capable of recognizing
specific patterns present on the surface of pathogens. These patterns, which can be anything
from carbohydrates to lipoproteins and/or nucleic acids, are called pathogen-associated
molecular patterns (PAMPSs). Pattern recognition receptor (PRR) is the designation given to
the cell surface receptors that bind PAMPs “Y. Regarding microbes, phagocytes are also
able to recognize them through soluble proteins, called opsonins, that bind to the microbial
surface, in a process called opsonization. This recognition process is possible because
phagocytes carry specific receptors on their surface that bind opsonins, called membrane
opsonin receptors 9. Both direct or indirect recognition of pathogens, through PAMPs or
opsonins, respectively, lead to phagocytosis, followed by intracellular killing. Upon
activation of the phagocytic cell, it can secrete inflammation-promoting cytokines and
chemokines, that recruit white blood cells to the infection site, promoting inflammation ¢
4D, The innate immune system consists on a rapid, non-specific response to invading
pathogens that, simultaneously, helps activating a response from the adaptive (acquired)
immune system ©9),

The adaptive immune response is slower but much more specific, relying on antigen
receptors of a single specificity expressed by B and T lymphocytes. Lymphocytes that bind
to an antigen are activated and undergo proliferation, leading to their clonal expansion in the
lymph node. Activated B cells can develop into either PCs or memory B cells. PCs secrete
soluble antigen-specific antibodies that can circulate and bind to antigen, marking it for

elimination. Unlike B cells, which recognize free antigen, T cells usually only recognize



antigen that has been digested by antigen presenting cells (APC) into small peptides and are
complexed to the Major Histocompatibility Complex (MHC) ©. 42 Both B and T
lymphocytes exhibit immunological memory, meaning that upon subsequent encounter with
the same antigen, the immune system responds faster and with heightened efficiency.
Adaptive immunity and innate immunity are interconnected. The phagocytic cells that
participate in the innate immune response are involved in the activation of the adaptive
immune response. One example is that of dendritic cells which phagocyte and process
antigens and then function as an APC, migrating to the lymph nodes and presenting the
processed antigen to T cells, a process that initiates the adaptive immune response % 40,

1.2.1.1 B Lymphocytes

B lymphocytes arise from the differentiation of hematopoietic stem cells (HSC) in the

BM. HSC, through multiple rounds of differentiation, originate a progenitor cell called
common lymphoid progenitor (CLP), which, in turn, can give rise to either B cells or T cells
@9, CLPs that stay in the bone marrow differentiate into pro-B cells “®, which are
irreversibly committed to the B-cell lineage. Once these cells express immunoglobulin M
(IgM) on their surface, through recombination of the immunoglobulin genes, they migrate
to the secondary lymphoid organs, such as the spleen and lymph nodes, to complete the
maturation stage.

In the secondary lymphoid organs, mature B cells start expressing IgD on their surface in
higher levels than IgM. Naive B cells circulate in the blood and lymphoid organs, where they
enter the B-cell follicles . There, with the help of follicular dendritic cells (FDCs), B cells
encounter antigen, becoming activated and start producing antibodies as a response, in a
CD4" helper T cell (Th cells) dependent or independent manner. However, despite T-
independent or -dependent activation, optimal proliferation of B-cells always requires
involvement of cytokines produced by Th cells “9. B-cells are professional antigen-
presenting cells (APCs) that process antigen and present it as a peptide-MHC complex on
their surface to Th cells. Upon binding of the complex to a Th cell, the B cell receives signals
to become fully activated and initiate proliferation G242,

Some of the activated B cells move to the primary foci, located at the borders of T-cell
and B-cell zones, where they differentiate into short-lived antibody-secreting PCs, whereas

others re-enter the follicle and form a GC under the influence of follicular helper T cells



(Tfh) @ 44 In the GC, B cells undergo clonal expansion, affinity maturation and
differentiation (Fig.1). An antigen-specific B cell clone proliferates and experiences somatic
hypermutation (SHM) of the variable regions of the Ig chains that code for its antigen-
receptors, followed by a selection process in which only B cells capable of binding antigen
with high affinity survive. In addition, it also undergoes class switch recombination (CSR),
where Th cells influence antibody production of isotypes other than IgM G449 Some
surviving cells become long-term memory B-cells, responsible for the immune response in
case of subsequent attack by the same antigen. However, the majority differentiate into
plasmablasts, which migrate to peripheral blood and after to BM and become long-term PCs,
secreting high-affinity antibodies and releasing them into circulation “% 4%, These antibodies
are soluble versions of the antigen receptors present on the surface of the B cell that
originated them, hence making them highly specific for the antigen that induced the immune
response % 40),

PCs are terminally-differentiated B cells that are no longer capable of division and
antigen-presentation “%. Furthermore, they also stop expressing immunoglobulins on their
surface, releasing them instead as soluble antibody molecules “2. The common antibody
structure consists of two heavy and two light polypeptide chains arranged in a Y shape. The
tips of the Y make up two identical antigen-binding regions with portions of both the heavy-
and light-chain amino-terminal domains ©. Despite this common structure, there are five
classes of antibodies that differ in their heavy chains. The designation of the antibodies
corresponds to that of their heavy chains: 1gG corresponds to vy, IgM to y, IgA to a, IgD to
5, and finally IgE to &€ “Y. IgG, IgA and IgM are regarded as the major immunoglobulin
classes because together they make up over 95% of the total immunoglobulins in a healthy
human individual “?. Each heavy chain is linked to its assigned light chain by a disulfide
bond. The light-chains can be one of two types: k (kappa) or A (lambda). The antibody
molecule can only have one type of light chain, never both. In normal individuals, production
of heavy- and light-chains is balanced, so that assembly into an antibody molecule without

surplus is possible ¢-42),
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B lymphocytes undergo somatic hypermutations, clonal selection and differentiation into
either PCs or memory B-cells (Fig. 1), being responsible for the humoral immune response
and long-term protection of the host against subsequent attacks by the same antigen,

respectively.

1.2.1.2 T Lymphocytes

The maturation stage of T lymphocytes takes place in the thymus, hence their
designation. There, immature T lymphocytes, also known as thymocytes, generate surface
antigen-receptors and undergo selection events, in order to become mature T cells. In
general, mature T lymphocytes are either CD4* or CD8" receiving the designations of T

helper (Th) or T cytotoxic (Tc) cells, respectively G,
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T cell precursors migrate from the BM into the thymus through the blood stream, where
they become committed to the T cell lineage. These cells lack a T-cell receptor (TCR) and
expression of the co-receptors CD4 and CD8, and are therefore called double negative (CD4"
CD8, DN). Through rearrangement events of TCR genes, specifically TCR a-chain and -
chain genes, T cell precursors become double positive (DP) thymocytes, expressing both
CD4 and CD8 co-receptors “1:42. Then, DP cells are subjected to a selection process based
on their affinity to bind self MHC-peptide complexes, present on the surface of thymic
stromal cells. Cells that are moderately reactive to self-MHC undergo positive selection,
receiving survival signals through their TCRs and then proliferating, whereas cells whose
TCRs are highly reactive to self MHC-peptide complexes undergo negative selection and
are eliminated. Positively selected DP cells must then commit to an effector T cell lineage
and become either CD4* helper or CD8" cytotoxic single positive (SP) T cells “% 42),

T cells are considered naive until they make contact with an antigen. As mentioned above,
T cells can only recognize antigen-processed peptides complexed to MHC molecules
expressed on the surface of APCs. There are two main classes of MHC molecules: class |
MHC molecules which are expressed by virtually all nucleated cells in vertebrates and are
specialized in presenting intracellular antigens, and class Il MHC molecules which, by
contrast, are expressed mainly by APCs and specialize in presenting extracellular antigens.
CD4* T cells recognize and bind to antigens complexed with MHC class Il molecules,
whereas CD8" T cells recognize and bind to peptide-MHC class | complexes ©%. Naive T
cells migrate from the thymus to the periphery in order to browse for peptide-MHC
complexes. When they bind such complexes, they can become activated and receive signals
to proliferate and differentiate into effector cells “V).

Stimulation of both the TCR and its CD4 or CD8 co-receptor by a peptide-MHC complex
on the surface of an APC is not enough to activate a naive T cell. Simultaneous co-
stimulation of the TCR and its co-receptor CD28 is needed for efficient activation “7 48),
Thus, two signals are required to successfully activate a T cell: signal 1, which is provided
by the engagement of the TCR with a peptide-MHC complex (and enhanced by the co-
receptors CD4 and CD8) and signal 2, which is provided by the interaction of the co-receptor
CD28 on the T cell with its ligand (CD80 or CD86) on the APC. When the T cell receives
both signals, it enters the cell cycle, moving from the Go to the G1 phase, proliferates and

becomes either an effector or a memory cell %42, However, T-cell activation is also
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influenced by the activity of local cytokines produced by APCs and T cells. These cytokines
are, therefore, mentioned, by some, as signal 3 ®®. After T-cell stimulation by signal 1 and
signal 2, soluble cytokines bind surface cytokine receptors, triggering a gene expression
program that will promote T-cell proliferation and survival (Fig. 2) Y.

When a CD8" T cell is successfully activated it acquires cytotoxic properties, earning the
designation of cytotoxic T cell. This newly activated Tc cell kills the target-cell via release
of pro-apoptotic molecules which contain two different types of cytolytic granules:
perforins, which are proteins capable of forming pores on the membrane of the target-cell,
and granzymes, which are serine proteases that indirectly induce DNA fragmentation of the
target-cell, activating an apoptotic pathway. Because Tc cells recognize antigen bound to
MHC class | molecules, which, as mentioned above, is present in virtually all nucleated cells
of the body, they are perfect for clearance of cells that have been infected by an intracellular
pathogen, such as a virus, or have become cancerous ¢ 49,

On the other hand, activated CD4" T cells acquires the ability of assisting in the activation
and proliferation of other cells, like B cellsand CD8* T cells, hence the designation of helper
T cells. Following activation, some Th cells stay in the secondary lymphoid organs and
regulate activation of B cells, antibody production and generation of lymphocyte memory,
whereas others migrate to the site of infection, where they enhance the activity of
macrophages and other cells involved in the immune response ©%. Th cells can be divided
into a variety of subsets according to the functions they exert and cytokines they excrete:
Th1 cells regulate the response to intracellular pathogens and secrete IL-2 and interferon
(IFN)-y; Th2 cells activate B-cell production of antibodies as a response to extracellular
pathogens and secrete IL-4, IL-5, IL-10 and IL-13 ©9; Th17 cells promote elimination of
extracellular bacteria and fungi by inducing a B-cell immune response and secrete I1L-17,
IL-17F and 1L-21 @15 follicular helper T (Trn) cells play a crucial role in GC maintenance,
aid B-cell differentiation and secrete 1L21 ©259_ The predominant helper cell subtype during
an immune response depends mainly on the type of pathogen (e.g.: extracellular bacteria)
that has infected an individual ¢,

There is yet another subpopulation of CD4" T cells that doesn’t fit in the category of Th
cells, the regulatory T (Treg) cells. They are characterized by the presence of CD25 on their
surface, as well as the expression of the intracellular transcription factor forkhead box

protein 3 (FoxP3). These cells regulate the magnitude of immune responses, assuring that
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other immune cells attack the pathogen and not the host (self-tolerance) ©* Y. Treg cells
maintain self-tolerance by supressing the roles of a variety of other cells assisting in the
immune response, including proliferation and cytokine production of conventional CD4* T
cells ©9, as well as, B-cell antigen-specific antibody production and affinity maturation ©°,
Depletion of Treg cells can, therefore, lead to the development of autoimmune diseases and

organ-specific autoimmunity 657,

Cytokine )
o:°‘:F",° Signal 3:
Cytokine
— ,_../Cytokine receptor
P D -

Signal 2;

Costimulation

Signal 1:
TCR/peptide
/MHC
recognition

T cell proliferation
and differentiation

Figure 2. T cell activation requires 3 signals. Signal 1 consists on the recognition of the peptide-MHC complex, present on
the surface of APCs, such as dendritic cells, by the TCR. Signal 2 is provided by binding of costimulatory molecule CD28 on
the T cell to its ligand B7 (CD80 or CD86) on the APC. Signal 3 results from the influence of polarizing cytokine signals from
local environment and nearby APCs and T cells. Reprinted from Fishman’s Pulmonary Diseases and Disorders (p. 253), by
Grippi MA et al., 2015, New York: McGraw-Hill Education 9. Copyright 2015 by McGraw-Hill Education.

T lymphocytes can be categorized based on their receptors. This categorization generates
yet another subpopulation, the y8* T cells. CD4" and CD8" T cells express o/B TCRs, which
are the most common TCRs among recirculating T cells, and bind antigen that has been
processed by the APC and then complexed to a type I or type Il MHC molecule. In contrast,
T cells bearing yd TCRs are usually found in mucosal tissues and, despite some y3* T cells
bind the conventional antigenic peptide-MHC complex, others recognize components of the
pathogen (e.g.: virus, bacteria), or molecules produced by the latter as a result of the
interaction with the host. Furthermore, there is evidence that some y8* T cells are capable of
recognizing self-generated heat-shock proteins (Hsp) which are produced by a variety of

cells during stress, either because of host-bacteria or host-tumour cells interactions ¢ 59,
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Most y8* T cells are DN, not expressing either of the MHC co-receptors, CD4 or CD8,
perhaps because, unlike T cells bearing o/f TCR, they recognize antigen that isn’t
complexed with a MHC molecule ©9,

T lymphocytes are comprised by a complex group of subpopulations which can be further
divided into more subpopulations, all being crucial for the correct functioning of the immune
system. (a/B*) T cells are responsible for the initiation of the adaptive immune response by
binding with antigenic peptide-MHC complexes on APCs. This interaction activates T cells
and initiates a cascade of events that eventually lead to the elimination of the pathogen and
generation of immunologic memory against that same pathogen upon subsequent attack.

1.2.1.3 Requlatory and follicular T cells

Regulatory T cells are not restricted to the CD4" T cell population. CD8" and DP T cells
have also been described to have regulatory properties %2, though these reports are few.
Similarly, CD4" T cells are also the most well studied concerning follicular phenotype, but
CD8" and y&* T cells have been reported to express CXCR5* as well (63-66),

a) Regulatory T cells

Trec cells consist of a heterogeneous population responsible for suppressing immune
responses and maintaining peripheral tolerance, and reside mainly within the CD4" T cell
compartment. This population is mainly made up of thymic-derived Trec (tTreg) cells, also
called natural Trec (tTres) cells, and induced Tres (iTrec) cells €7 %), The latter originate
from CD4"CD25FoxP3" T cells activated by an antigen in the presence of TGF-B and
absence of the pro-inflammatory cytokine IL-6 ©®. Treg cells are CD4*CD25* T cells and
the majority express FoxP3. FoxP3 is a transcription factor which expression on Trec cells
is required for the maintenance of tolerance ©,

TGF-B-mediated generation of iTrec cells is inhibited by IL-6 and activation of T cells in
the presence of this cytokine and TGF-f generates Th17 cells, which might be suggestive of
both populations stemming from the same precursor T cell, depending on the cytokines
present at the time of differentiation. Therefore, in the absence of inflammation and hence,
in the absence of pro-inflammatory cytokines, production of effector cells is supressed and
TGF-B induces the differentiation of Trec cells, thereby enforcing peripheral tolerance ©3),

Accordingly, conditions that induce generation of effector cells and suppress Trec cells,
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resulting in reduced numbers or even complete depletion of the latter, lead to chronic
inflammation and autoimmune disease 85770,

Expression of trafficking markers on FoxP3" Trec cells depends on their stage of
activation and differentiation. Naive Trec cells (CD45RA™) mainly express CCR7, CD62L
and CXCR4, which are receptors associated with lymphoid tissue homing phenotype (V).
Activated memory Trec cells (CD25RO") express few lymphoid tissue homing receptors.
However, they highly express receptors associated with effector cells trafficking, such as
CCR4, CCR5, CCR6, CXCR3 and CLA, which represent the phenotype for nonlymphoid
and inflamed tissue sites "7, This change in trafficking receptors is crucial for Treg tissue-
specific migration.

A subset of Trec cells specialized in the regulation of GC reactions has been identified
(3, Cells in this subset are called follicular regulatory T (Trr) cells given their resemblance
to Trr cells, including expression of the chemokine receptor CXCR5 and its ligand CXCL13,
transcription factor Bcl-6, programmed cell death protein 1 (PD-1) and inducible T cell co-
stimulator (ICOS), as well as their ability to access the B-cell follicle and GCs * ™), Ter
cells also retain the suppressive function and expression of several markers characteristic of
Trec cells, such as CD25 and FoxP3 (/®, CXCR5" Trec cells don’t exist in the thymus but
are rather induced in the periphery. There is some debate regarding their origin and
specificity. Initial reports described Ter cells as deriving from CXCR5FoxP3* thymic Trec
cells ™71 and, therefore, being specific for self-antigen ”. However, a recent study
reported that these cells can originate from naive conventional CD4" T cells, consequently
being specific for the immunizing antigen, either self or foreign "®. Ter cells are suggested
to undergo a multi-stage differentiation process similar to that of Tew cells 7 7, which is
described below. However, unlike Trq cells which only express Bcl-6, Ter cells express,
simultaneously, Bcl-6 and B lymphocyte-induced maturation protein-1 (Blimp-1), which are
mutual antagonists and repressors. Linterman et al., suggested that while Bcl-6 is important
for the acquisition of Trn-like phenotype, Blimp-1 regulates the size of the Trr population
and may be necessary for their Trec-like suppressive function 4. Ter cells have been shown
to regulate GC reactions by inducing a suppressive state on Try and GC B cells, which
translates in the inhibition of Try cell-mediated antibody production, IL-4 and IL-21

production by Trn cells and class-switch recombination . Other groups have also reported
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the ability of Ter cells to control the numbers of Tey, antibody affinity maturation and
differentiation of plasma cells (47,

CD8" T cells can also regulate an immune response by downregulating lymphocyte
activation and proliferation. These cells belong to a specialized subset of CD8" T with
regulatory activity €89 CD8* regulatory T (T:) cells may be generated both in the thymus
and in the periphery © and share some phenotypic markers with CD4* Treg cells, such as
expression of CD25 and FoxP3 ©9. One study reported that BM stromal cells could induce
the generation of CD8" T, cells from CD8" T cells, but these cells presented lower levels of
FoxP3 mRNA ©Y. DP T, cells have been reported to acquire regulatory phenotype during
the DP stage in the thymus and are thought to be the precursors of SP T, cells ©2 83,

b) Follicular T cells

CD4" CXCR5" T cells, designated follicular helper T (Trn) cells, are a population of cells
which localize to the lymphoid follicles and are specialized in B cell help, inducing B cell
differentiation and high affinity antibodies production 2 8 &) They are considered a
distinct subset of effector T cells with different gene expression and cytokine production, as
well as, an independent developmental pathway &+ & 87 Ty cells don’t express the typical
markers for Thl or Th2, such as IFN-y and T-bet, as well as, IL-4 and GATAS3, respectively
(84,86, 87) Despite IL-21 expression being shared between Trn cells and Th17, the former
population doesn’t express the distinctive Th17 markers, which include IL-17A, IL-17F and
RORyt ®9), Ty cells express PD-1 5 79.84.85.87-89) |cQg (65.84.87) Bc|-6 (658789 gnd CXCR5
(53, 84,86, 87) among other markers, and secrete 1L-21 ©2 84 87.89) Fyrthermore, blockage of
IL-4, IFN-y and TGF-p, using antibodies, did not have any effect on the proportion of Trn
cells nor did it change the cytokines these cells secrete ®® which is suggestive of an
independent developmental regulation. Both the distinct gene expression pattern and the
developmental pathway indicate that Te cells are, in fact, a distinct subset of CD4™ T cells.

CD4* T cells are activated in the T cell zone by dendritic cells (DCs). During this priming
phase, induction of Bcl-6 is mediated by ICOS-ICOSL interactions and results in the
upregulation of CXCR5 ©9. After this stage, almost all CD4* T cells transiently express
CXCR5 Y, put only Ten cells continue to express this chemokine receptor during the
effector phase. Bcl-6 induction through intracellular ICOS signalling is probably enhanced

by cytokines present in the environment, including IL-21 and IL-6 (® %), DCs are sufficient
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to initiate the differentiation process of Trn cells, but B cells are required for their
maintenance ©% %29 most likely because antigen-presenting mature DCs die approximately
four days after initiation of infection. Additionally, B cells share the same location with TrH
cells and undergo clonal expansion, which results in increased availability of antigen-
specific B cells to function as APCs ©9. Upon DC priming, CD4* T cells also downregulate
CCRY7, allowing Trx cells to migrate to the B-cell follicle 9, There, they interact with their
B-cell cognates and receive a second round of ICOS signals needed for Tr4 maintenance ©9.

Trn cells express the costimulatory molecule CD40L @99 which is required for B cell
maturation and survival 8+ 9%) as well as maintenance of GCs in vivo %), These cells also
secrete IL-21, which has been implicated as one of the mechanisms through which Tey cells
exert their B cell helper function. 1L-21 stimulates B cells to undergo proliferation and
differentiation into antibody secreting cells 2 53.8.97) pheing a potent inducer of antibody
production both by naive and memory B cells ®2). This cytokine induces production of the
three major Ig classes, 1gG, IgA and IgM ©2). Furthermore, a study performed with IL-21
deficient mice outlined the importance of this Trn cell-derived cytokine in promoting normal
GC formation and survival, optimal affinity maturation and maximal expression of Bcl-6
@), However, Trn cells can also promote negative selection of GC B cells through CD95
(Fas) signalling ©®. Fas/FasL interactions control the number of memory B cells and prevent
the accumulation of mutated B cells in the memory B cell pool.

CXCR5* CD8* T cells are predominantly located in B cell follicles ©* 1% where they
regulate autoantibody production ©®. These cells develop in response to prolonged Ag
exposure and are capable of eradicating infected Try and B cells 9. CXCR5* v&* T cells
have been reported to originate from y5* T cells through yd TCR activation ¢, They can act
as APCs, presenting Ag to naive CD4* T cells via MHC-11 ®), as well as aid B cell activation

and Ab production ©9),

1.2.2 Immune System in Monoclonal Gammopathies

Centroblasts, which are activated B cells that have undergone proliferation, are submitted
to multiple rounds of SHMs in GCs, and differentiate into centrocytes. These cells undergo
a selection process known as affinity maturation; those that bind the antigen with high

affinity survive, whereas those that secrete low affinity antibodies or are autoreactive are
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eliminated by apoptosis. Positively selected centrocytes can further differentiate into
memory B cells or PCs ¢,

However, during the SHM or CSR processes, aberrant genetic events can occur which
originate malignant centrocytes that proliferate uncontrollably. Such events, which
frequently are chromosomal translocations, can cause B-cell lymphoma or MGUS,
depending on their intensity. If malignant centrocytes replicate at a fast-enough rate, they
accumulate at the exit of the GC and give rise to a B-cell lymphoma. Translocations that do
not cause B-cell lymphoma but still originate malignant centrocytes will cause either
indolent or more aggressive forms of MGUS. Although these translocations are required for
onset of MGUS, a second step is necessary for progression of disease in the BM. Further
genetic events take place in the BM which allow cells to survive and proliferate in hypoxia
and to replicate independently of inflammatory cytokines, eventually leading progression of
disease to symptMM (10D,

T cells play an important role in B cell activation and differentiation into memory B cells
or PCs. Both T-cell count and function are altered in monoclonal gammopathies %, A
decrease in the PB CD4*/CD8" T-cell ratio has been reported in MGUS and symptMM
patients, either due to an increase in CD8" T cells, a decrease in the CD4" T cell population,
or a combination of both %1% |n contrast, Perez-Andres et al., found that the proportion
of CD4" T cells was elevated in the BM of patients with monoclonal gammopathies but
observed no significant changes in the CD4*/CD8" T-cell ratio, when compared to healthy
subjects 199,

There are conflicting reports regarding the frequency and function of Treg cells in
MGUS and symptMM patients, most likely due to differences in the methods and
monoclonal antibodies used. Feng et al., described a decrease in the Trec population and its
secreted cytokines, IL-10 and TGF-B, in the PB of symptMM patients 9. Another study
by Prabhala et al., also found reduced Trec cell numbers, as well as decreased suppressive
function of these cells in the PB of MGUS and symptMM patients V. However, other
groups reported increased Trec frequencies in PB of patients with monoclonal
gammopathies 12 113, The exact role of Tres cells in MGUS and symptMM remains
unclear, but the abnormal activity of these cells might be a contributing factor for MM-

related immune dysfunction 14,
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Despite their important role in the generation of long-term PCs, Trn cells have hardly
been studied in the context of monoclonal gammopathies. A study by Zhou et al., found
increased ratios of peripheral Trn cells in symptMM patients, as well as elevated expression
of the Trn markers ICOS and PD-1 9, They also observed a decreased Ty ratio in those
patients with effective treatment and an even lower ratio in those patients with complete
remission, which suggests a possible involvement of this cell subset in the progression of
symptMM. Similar results were observed regarding ICOS and PD-1 expression.
Additionally, IL-21 levels were reported to be increased in the plasma of symptMM patients,
compared to healthy subjects, however, significant differences were only found between pre-
treatment and second treatment course, with IL-21 levels being decreased after two rounds
of treatment. A negative correlation was established between prognosis and IL-21 19,
which is consistent with the finding of 1L-21 growth-promoting and anti-apoptotic effects
on myeloma cells 9. A group studying Ten cells in the context of follicular lymphoma
found that tumour cells produce the chemokines CCL17 and CCL22 in response to cross talk
with Ty cells. Overexpression of these chemokines induces preferential recruitment of Trec
and IL-4-producing CD4" T cells to the tumour microenvironment, which will stimulate
further chemokine production, leading to the generation of an autocrine loop. Such an
immunosuppressive microenvironment stimulates tumour growth and survival and promotes
immunosurveillance evasion. This group also reported that the IL-4-producing T cells were
Trn rather than Th2 cells @19, Considering that follicular lymphomas are B-cell lymphomas
and that both B-cell lymphomas and symptMM originate from B cells that have undergone
SHM in the GCs ™% it is fair to speculate that Try cells might behave similarly in both
diseases.

Given the role of the immune system in symptMM, immunomodulatory drugs (IMiDs)
are used in the treatment of symptMM. IMiDs are thalidomide analogues, which display a
variety of anti-myeloma effects, including T-cell co-stimulatory, anti-proliferative and anti-
angiogenic effects '8, These compounds can function as a secondary co-stimulatory signal
for partially activated T cells (either by anti-CD3 or DC), thereby enhancing the T-cell
response 19, IMiDs are also capable of inducing production of Thl-type cytokines, IFN-y
and IL-2, while displaying inhibitory properties towards Th2-type cytokines, IL4 and I1L-10

(118) In addition, they have been shown to supress Trec function and FOXP3 expression 29,
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All this suggests that IMiDs may enhance tumour cell elimination by promoting tumour-

specific immunity.

1.3 Flow Cytometry in the study of Monoclonal Gammopathies

Flow cytometry is a technique used to analyse the phenotype and other characteristics of
cells, including cell size and granularity ©®. In flow cytometric immunophenotyping, cells
in suspension are labelled using fluorochrome-conjugated monoclonal antibodies 2%, These
cells then pass through a laser beam and scatter light in all directions. The light scattered in
the forward direction (forward scatter, FSC) is proportional to cell size whereas side
scattered (SCC) light is proportional to the intracellular complexity of the cell © 38,

Multiparameter flow cytometry applied to immunophenotyping is regularly used in both
clinical and research settings. It allows for the identification and qualification of a specific
group of cells based on the detection of molecules expressed on the surface of these cells,
known as cell surface markers, by antibodies 1?2, This can be achieved by staining cells
with fluorochrome-conjugated antibodies, all of which with different fluorescence excitation
and emission patterns 12, commonly referred to as immunophenotyping panels.

Flow cytometry-based immunophenotyping is important for the diagnosis and
monitoring of monoclonal gammopathies @24 and has many advantages, including the
possibility of analysing the proportion of PCs in the BM that are normal, clonal and not
reactive, which is relevant information for the differential diagnosis, as well as for predicting
the risk of progression in MGUS and smoulMM patients. Moreover, it allows the assessment
of treatment efficacy @2 and can often detect recurrence of cancer before changes in

morphology, for instance, become noticeable (29),
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2. Objectives

T cells play a crucial role in B-cell activation and further differentiation into either
memory B cells or PCs. Particularly, T cells with follicular phenotype, such as Trw cells, are
required for GC maintenance and GC B-cell selection. Recently, a T cell subset with both
follicular and regulatory properties has been identified, which is capable of regulating GC
reactions. Given the importance of the follicular phenotype in GC reactions and B cell help
and the fact that the triggering event that leads to monoclonal gammopathies is thought to
occur in the GC during or after SHM, we propose to study different T cell populations,
including CD4", CD8", y&*, DN of* and DP T cells and its subpopulations with follicular-
like phenotype.

Therefore, the aims of this thesis are as follows:
e Evaluate the frequency of follicular-like and regulatory T cells in monoclonal
gammopathy patients and in a control group
e Evaluate the frequency of activated T cells in monoclonal gammopathy patients
and in a control group
e Analyse the implication of follicular-like and regulatory T cells in the

physiopathology of monoclonal gammopathies and disease progression.
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3. Material and Methods
3.1 Patients and controls

EDTA-anticoagulated BM samples from 5 individuals with normal BM, 14 MGUS
patients, 7 smoulMM patients and 20 symptMM patients were used in this study. These BM
samples were obtained from BM aspirates sent to the Unidade de Gestdo Operacional de
Citometria (UGOC) of the Centro Hospitalar e Universitario de Coimbra (CHUC) for
diagnosis. Normal BM samples were acquired from normal BM aspirates which arrived at
UGOC with suspicion of gammopathy which was not confirmed by immunophenotyping
nor serology, and without inflammatory markers and cytopenias nor any other
haematological disease. The characteristics of the studied population is summarized on table
3.

Table 3. Demographic characteristics of the study participants
Controls MGUS smoulMM symptMM
Number 5 14 7 20

Sex, n F,2 M, 3 F, 7 M, 7 F, 2 M, 5 F,9 M, 11

Age(meant 54+16 71+8 76+8 68+12 65+28 71+12 77+6 7612
standard

deviation) 64 + 14 72+11 68 £ 19 77+10

F, female; M, male; MGUS, patients with monoclonal gammopathy of undetermined significance; n, number;
smoulMM, patients with smouldering multiple myeloma; symptMM, patients with symptomatic multiple

myeloma.

3.2 Multiparameter flow-cytometry immunophenotypic study of bone marrow T cell

subsets

One antibody (Ab) panel was used to identify and characterize T cell subsets present in
the bone marrow samples, as described in table 4. This panel aimed to quantify T follicular-
like cells and analyse Trn/Trec plasticity. The volume of Ab used is in accordance with the

laboratory recommendations.
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Table 4. Antibody panel used for T cell identification and characterization

Ab CD3 CD4 CD8 CXCR5 CD25 CD127 TCRy/5 HLA-DR
Fluorochrome g;{ﬁg . PB APC-H7  APC PE BV510 PE-Cy™7 FITC
Clone SK7 RPA-T4  SK1 51505 2A3  HIL-7TR-M21 11F2 L243
Volume (uL) 10 2,5 25 5 10 2,5 1 10
Brand BDB BDBP BDB R&D BDB BDH BDB BDB
Systems

PerCP-Cy™5.5, peridinin-chlorophyll-protein Complex-cyanine 5.5; PB, pacific blue; APC-H7, allophycocyanin-Hilite® 7;
APC, allophycocyanin; PE, phycoeritrin; BV510, brilliant violet™ 510; PE-Cy™?7, phycoerythrin-cyanine 7; FITC, fluorescein
isothiocyanate; BDB, Becton Dickinson Bioscience; BDBP, Becton Dickinson Bioscience Pharmingen™; BDH, Becton
Dickinson Horizon™.

Direct immunofluorescence staining of the sample was performed. 100 pL of original
sample or 150-200 pL of sample washed with PBS, (Corning) was aliquoted to the test tube
already containing the monoclonal antibodies, followed by an incubation period of 15
minutes at room temperature in darkness. Then, a lyse and wash protocol was followed:
incubation with 2mL of FACS Lysing Solution (BD Bioscience) for 15 minutes,
centrifugation at 3500 rotations per minute (rpm) for 4 minutes and removal of supernatant,
followed by a washing step with 2mL of PBS. Cells were subsequently resuspended in

approximately 0,5mL of PBS before acquisition on the flow cytometer.
3.3 Flow cytometry data acquisition and analysis

Data acquisition was performed in a FacsCanto Il flow cytometer (BD Bioscience)
using the FacsDiva software (BD Bioscience). For data analysis the Infinicyt™ software,
V.1.7 (Cytognos SL, Salamanca, Spain) was used.

T cells were identified according to their CD3 positivity and typical side scatter. Among
these, CD4", CD8", yd", DN of3" and DP T cells were analysed: CD4™ T cells were identified
by the expression of CD4 and absence of CD8, whereas CD8" T cells were identified by the
expression of CD8 and absence of CD4; y6" T cells were identified according to their
positivity to yé and typical side scatter, as well as, by the absence of both CD4 and CD8,
while DN off” T cells were identified by the lack of expression of CD4 and CD8, in addition
to their negativity to yé and typical side scatter; and, finally, DP T cells were identified by
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the expression of both CD4 and CD8. Two subsets of these T cell populations were also
analysed: Treg cells were identified based on their expression of CD25 and lower to no
expression of CD127, and T follicular-like cells were identified by their positivity to CXCR5
and typical side scatter. Furthermore, activation of these subsets was also analysed according
to their positivity to HLA-DR and CD25, and typical side scatter.

3.4 Statistical analyses

Data were statistically analysed using the non-parametric Kruskal-Wallis (KW) test.
The pairwise Mann-Whitney test was used as a post hoc to identify the groups with statistical
differences. Furthermore, a two-sample Mann-Whitney (MW) test was performed to
determine the existence, or lack thereof, of significant statistical differences between two
groups, specifically, Controls and MM, as well as, MGUS and MM, the MM group
consisting of an agglomeration of both smoulMM and symptMM groups. Differences were
considered to be statistically significant when the p-value was less than 0.05. All statistical
analyses were performed using Paleontological Statistics software package for education and
data analysis PAST 4.04 (Natural History Museum — University of Oslo, Norway) and
GraphPad Prism 8.0.0 (San Diego, California USA).
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4. Results

4.1 Frequency of regulatory and follicular-like cells in different T cell populations in
the BM

To assess the BM T cell repertoire in patients with monoclonal gammopathies we
performed a detailed FACS analysis of controls’ and patients’ BM samples, in which we
analysed CD4*, CD8", y&", CD4'CD8 ofi* and CD4"CD8" T cells and identified follicular-
like cells based on the expression of CXCRS5, as well as activated T cells according to CD25
and HLA-DR expression, in all T cell subpopulations.

No significant differences were found between controls and patients with monoclonal
gammopathies regarding the frequency of regulatory cells in the different T cell studied
populations (Th, Tc and DP) (Table 5).

Concerning follicular like T cells we observed an increase in the frequency of Th reg
cells with a follicular like phenotype in all monoclonal gammaopathies, reaching statistical
significance in the MM group, when compared with controls. The same seemed to occur in
DP T reg cells, although without statistical significance. On contrary, a significant decrease
in the frequency of y8* T follicular like cells was observed in all MM groups, when compared
with controls and MGUS group. No significant differences were observed in the CD8", DN

ap*or DP T cell compartments (Table 5).

4.2 Frequency of activated (CD25" or HLA-DR™) T cell subsets

As shown in figures 3A and 3B, respectively, activated Th reg cells with follicular
phenotype were found at a lower frequency in all MM groups than in controls, reaching a
statistically significant decrease in MM group when compared to MGUS, whereas activated
Th reg cells without follicular phenotype were increased in symptMM patients in
comparison to controls and MGUS patients. The MM group also displayed an increase in
this cell subset comparing to controls and, despite not reaching statistical significance there
is a clear tendency for these cells to be increased in the MM patient group in comparison to
MGUS patients (p=0,0518). No significant differences were observed in activated CD8" and
DP Treg cell frequencies between patients and controls (Figure 3C-F).

The frequencies of activated CD4", CD8" and DP follicular-like T cells were similar
across patient and control groups (Figure 4A-F and 4M-O). A significant decrease of CD25
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activated y8* T follicular cells was observed in symptMM patients when compared to

controls and smoulMM patients (Figure 4l). Furthermore, the frequency of CD25 activated

DN of* T follicular cells was also found to be lower in symptMM and MM patients in

comparison to controls and MGUS patients (Figure 4L).

Table 5. Mean and standard deviation of the main T cell populations and subpopulations in the BM

Controls MGUS smoulMM symptMM MM
cD3* 12,39 + 6,25 11,23 5,68 9,18 + 7,59 7,70 + 3,53 8,00 + 4,78
CDa* 48,77 + 13,56 54,04 +9,13 4413 +1364  4471+1417 44,56+ 13,77
Reg 8,99 + 2,17 11,14 5,05 10,81 + 4,02 10,85 + 4,50 10,84 + 4,30
Follicularfike 5 75 4 3 28 1827+1679  16,62+1873  21,85+1390 20,49 + 1509
Follicularlike 4 46 41 55 7,79 + 4,88 8,82 + 7,51 8,94 + 4,87 8,91 +5,51
CcDg" 38,16 + 13,75 35,85 + 9,60 4352+1051  4584+1404 4524 +1306
Reg 0,07 +0,16 0,70 + 0,88 0,66 + 0,64 0,24 + 0,39 0,35 + 0,49
Follicularlike 4 00 + 0,00 4,01+ 7,44 4,57 +4,10 2,27 + 4,69 2,86 + 4,58
Follicularlike | 5544185 8,61 + 9,99 4,56 +2,78 6,26 + 5,09 5,82 + 4,61
o+ 6,46 + 5,71 4,86 + 4,41 6,41 + 4,62 4,85+ 2,68 5,25 + 3,26
Follicularlike | 134641052  11,76+1358  2,79+24830  580+7,42" 5,02 + 6,592
DN ap+ 1,72 +1,62 1,34 +1,08 1,62+171 1,47 +1,.27 1,51+ 1,36
Follicularlike | ¢ 434 440 10,01 + 14,48 9,22 + 13,96 9,19 + 10,14 9,20 + 10,96
DP 2,15 + 2,61 2,24+1,78 2,62 +3,11 1,74 +1.73 1,97 + 2,14
Reg 0,99 + 2,20 2,91 +5,82 5,59 + 6,90 2,53 + 3,52 3,32 + 4,68
Follicularlike |4 00 + 0,00 12,09+21,50  4200+2099  2383+3518 28,54+ 34,32
Follicularlike | 131841381 9,54 + 11,97 1751+1379  17,93+1974 17,82+ 18,13

a:p < 0,05 vs controls, ® : p < 0,05 vs MGUS. DN, double negative; DP, double positive; Reg, regulatory cells; MGUS,
patients with monoclonal gammopathy of undetermined significance; MM, patients with either smouldering or symptomatic
multiple myeloma; smoulMM, patients with smouldering multiple myeloma; symptMM, patients with symptomatic multiple
myeloma.
Activated CD4*, CD8" and DP T cells were observed at similar frequencies in
patients with monoclonal gammopathies and controls (Figure 5A-D, 51 and 5J). Both HLA-
DR and CD25 activated DN af* T cell frequencies were altered in monoclonal gammopathy

patients, as represented in Figures 5G and 5H, respectively. An increase in HLA-DR
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activated cells was observed in symptMM patients when compared to controls, MGUS and
smoulMM patients, as well as in the MM patient group in comparison to MGUS and
controls, despite not reaching statistical significance with the latter (p=0,0528). Contrarily,
CD25 activated DN ap* T cells were decreased in symptMM patients in comparison to
MGUS and smoulMM patients. We also observed a tendency for HLA-DR activated y6* T
cells to be increased in patients with monoclonal gammopathies, especially in symptMM

patients despite not reaching statistical significance (p=0,0834), as depicted in figure 5E.
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Figure 3. Percentage of HLA-DR activated cells among T regulatory follicular and non-follicular cells, T helper
(A and B), T cytotoxic (C and D) and DP T (E and F) cells. DP, double positive; MGUS, patients with monoclonal
gammopathy of undetermined significance; MM, patients with either smouldering or symptomatic multiple
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multiple myeloma. *p < 0.05.
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Figure 4. Frequency of T follicular like cells among each T cell subpopulation (Thelper-A, Tcitotoxic -D, vyé: G, DN: J, DP:
M). Percentage of HLA-DR (B) and CD25 (C) activated T helper follicular like cells ; HLA-DR (E) and CD25(F) activated
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smouldering or symptomatic multiple myeloma; smoulMM, patients with smouldering multiple myeloma; symptMM,
patients with symptomatic multiple myeloma. *p< 0.05.
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Figure 5. Frequency of HLA-DR and CD25 activated non-follicular non-regulatory T cells: T helper (A and B), T
cytotoxic (C and D), y8* (E and F), DN af* (G and H) and DP T (I and J) cells. DN, double negative; DP, double
positive; MGUS, patients with monoclonal gammopathy of undetermined significance; MM, patients with either
smouldering or symptomatic multiple myeloma; smoulMM, patients with smouldering multiple myeloma; symptMM,
patients with symptomatic multiple myeloma. *p< 0.05.
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5. Discussion

The T cell compartment is crucial for the correct functioning of the immune system and
therefore, if the T cell equilibrium is altered, then the immune system will be compromised.
Changes in the T cell population can lead to and/or be caused by disease. In this study we
demonstrate that some T cell subpopulations are altered in patients with monoclonal
gammopathies.

A skewed PB CD4*/CD8" T cell ratio has been reported in MGUS and sympMM patients
(©4-99) as well as an increase in CD4* T cells in the BM of patients with monoclonal
gammopathies %9, In this study, however, no alterations were observed in the frequency of
these major T cell populations in the BM. This may be due to the fact that our study
population is relatively small and therefore, further studies with a larger number of
participants should be performed.

Levels of T cells with a regulatory phenotype were found to be similar in controls and
all patient groups. Regarding Th reg cells, several studies have reported conflicting results
about the frequency of these cells and the possible correlation between them and tumour
burden or disease status 12128 Qur study is in agreement with that of Foglietta et al., in
which no differences in the frequency of these cells were found between controls and MGUS
and MM patients 2%, These results indicate that the Th reg cell pool seems not to be
influenced by disease status. Although the frequency of Th reg cells was similar across all
groups, HLA-DR activated Th reg cells without follicular phenotype were found at a
significantly higher frequency in symptMM patients in comparison to controls and MGUS
patients. This finding is in agreement with a study by Raja et al., which observed a significant
increase in the frequency of activated Th reg cells in the PB of symptMM patients compared
to healthy individuals *?®. Wang et al., also observed a higher proportion of activated Th
reg cells in the PB and BM of MGUS and symptMM patients than controls 3%, These cells
have been demonstrated to inhibit T cell proliferation and cytokine production 2% 13 in a
contact-dependent manner and can act as APCs to other Treg cells in vivo by presenting self
Ag @Y In addition, TIGIT, an inhibitory immune receptor, is highly expressed and
upregulated on activated Th reg cells 32133 TIGIT inhibits T cell responses by binding to
its ligand CD155 on DCs which inhibits IL-12 but induces 1L-10 production ¢34, TIGIT-
CD155 interactions induces expression of the effector molecule Fgl2 on Th reg cells, which
shifts the immune response toward a Th2 cell response by inhibiting Thl and Th17 cell
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cytokine production %3, High expression of TIGIT and its ligands has been reported in the
BM of symptMM patients, which may indicate a role for this inhibitory immune receptor in
regulating immune activation @34, All these findings indicate that the increase in activated
Th reg cells in symptMM patients observed in this study is suggestive of an
immunosuppressive state and may be a useful marker of disease progression.

In general, we observed that the frequency of follicular-like T cells is increased in
monoclonal gammopathy patients, except for the yd" T cell compartment (Table 5). The
exact reason behind this increase is unknown, but we speculate it may be due to a possible
upregulation of Bcl-6 in MM cells in the BM microenvironment. Myeloma and BM stromal
cells, as well as DN T cells produce 1L-6 and IFN-y, respectively, which upregulate Bcl-6
(136-138) " Furthermore, ICOSL has been reported to be expressed by MM cells 39, 1COS-
ICOSL interactions induce Bcl-6 ©. Bcl-6 in turn induces a higher expression of CXCR5
©0) the hallmark of follicular phenotype. The increase in the frequency of follicular-like T
cells reached statistical significance in the Th reg follicular-like cell subset when comparing
the MM group with controls. T follicular regulatory cells have been mainly reported on blood
and lymph nodes in humans 49, and to our knowledge, our work is the first identifying
regulatory T cells with a follicular-like phenotype in the BM. Several studies have reported
a suppressive function for Th reg follicular (Ter) cells 41242, Teg cells suppress B cells at
different steps during the B-cell differentiation process 4. Sage and Sharp hypothesize that
the Trr suppression exerted on PCs may restrict antibody production by these cells @43, The
observed increase in Th reg follicular-like cells may therefore indicate an attempt of the
immune system to control the level of monoclonal protein produced by malignant PCs.
However, despite Th reg follicular-like cells being increased, they were less activated. HLA-
DR activated Th reg follicular-like cells were decreased in all MM groups in comparison to
controls. This finding may point towards the opposite direction of the previous one as these
cells seem to be quiescent and, therefore, cannot regulate antibody production by tumour
cells. In line with this observation, CD25 activated DN ap* T follicular-like cells were also
reduced in symptMM and MM patients in comparison to controls and MGUS patients.

We observed a significant decrease in the frequency of yd" T follicular like cells in all
MM groups, when compared with controls and MGUS group, as well as in the frequency of
CD2S5 activated y8* T follicular-like cells in symptMM patients when compared to controls

and smoulMM patients. This reduction may be due to a possible less propension of y8* T
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cells to migrate to the follicles. Although they are reduced in number, we observed a
tendency for these cells to be (HLA-DR) activated in patients with monoclonal
gammopathies, especially in symptMM patients, despite not reaching statistical significance.
Activated y5* T cells can act as APCs for ap* T cells 444 and secrete IFN-y 349, which may
further help explain the increase of the frequency of follicular-like T cells observed in the
BM microenvironment. However, Resende et al., reported that CXCR5-expressing y6© T
cells do not express Bcl-6, have limited expression of CD40-L and fail to produce IL-21,
which are critical factors for B-cell help ©®. These results suggest that CXCR5-expressing
vd" T cells may not be follicular-like cells. Nonetheless, these cells are important for the
initiation of the Tfh cell program 9. Further studies concerning cytokine expression and
production would have to be performed on BM CXCR5-expressing y6™ T cells to ascertain
whether or not they are follicular-like T cells.

A decrease in CD25 activated (non-follicular non-regulatory cells) DN off* T cells was
observed in symptMM patients when compared to MGUS and smoulMM patients. On
contrary, the frequency of those cells expressing HLA-DR (late activated cells) was higher
in the symptMM patient group than in controls, MGUS and smoulMM patients. DN o™ T
cells are cytotoxic cells that are able to eliminate tumour cells in a TCR-independent manner
(146,140 FasL expressed on DN T cells connects to the Fas receptor present on target cells
thereby inducing apoptosis “® 149 Chen et al., demonstrated that DN T cells inhibits
pancreatic cancer growth through the Fas/FasL signalling pathway @49, DN T cells have also
been reported to induce cytotoxicity in melanoma target cells in a perforin/granzyme B
dependent manner @9, In fact, Merim et al., observed that DN T cells from acute myeloid
leukaemia patients expressed high levels of perforin and granzyme B, and that perforin is
critical for DN T cell-mediated cytotoxicity against leukaemia cells. Furthermore, they also
observed increased expression of IFN-y and TNF-a on DN T cells 9, As already
mentioned, IFN- y may be responsible for the increase of follicular-like T cells observed in
this study. Furthermore, this cytokine can exert an antiproliferative and pro-apoptotic effect
on tumour cells #5253 and has been shown to block myeloma cell proliferation in vitro by
both inhibiting IL-6-dependent growth of MM cells and downregulating the expression of
the IL-6 receptor 5. Contrarily, TNF-o acts as a proliferation and survival factor for
myeloma cells, promoting their entry into the cell cycle as well as their long-term growth

(155 DN T cells have also been reported to secrete IL-10 and IL-17 @50 which are
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upregulated in patients with multiple myeloma and promote MM cell proliferation 57 158),
DN T cells have, therefore, a dual role in cancer immunity, acting both as inhibitors and
stimulators. Their exact role in MM development is still not clear so further research is
necessary. However, if further studies corroborate our findings of increased activated DN T
cells in MM patients, this could perhaps be used as a marker of disease progression.
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6. Conclusion

Monoclonal gammopathies arise from the proliferation of clonal PCs in the BM. It has
been hypothesized that the triggering event that turns healthy PCs into pathological PCs
happens in the GC, most likely during the SHM process, which takes place during antigen
affinity maturation @°, GC maintenance, as well as, GC B-cell selection depends on T-cell
help, particularly those with follicular phenotype. Therefore, we aimed to study different T
cell populations, focusing on follicular-like T cells, in the BM microenvironment of patients
with monoclonal gammopathies.

In summary, our study observed a general tendency for follicular-like T cells to be
increased in patients with monoclonal gammopathies, except for the yd* T cell compartment,
which was significantly decreased in all MM groups. Despite follicular-like T cells being
increased they appear to be less activated, which may indicate these cells are impaired, or
just overall less efficient in these patients compared to controls. Furthermore, significant
increases in the frequency of HLA-DR activated Th reg and DN off* T cells in symptMM
patients were also observed, which could possibly be used as markers of prediction of disease
progression. However, the fact that our study population is relatively small must be taken
into consideration.

The exact role of follicular T cells in the BM is unknown. Future studies aimed at
studying the function of these cells in the BM microenvironment in both healthy individuals
and patients with monoclonal gammopathies might further help understand the onset and

progression of these disorders.
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