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CHAPTER

General introduction and

aim of this thesis




GENERAL INTRODUCTION

The immune system and hematopoiesis

The immune system is our body’s defense mechanism against pathogens. It comprises
two primary arms: the innate and adaptive immune systems. The innate immune system
serves as the first line of defense, providing rapid, non-specific protection against
pathogens like bacteria and viruses. The adaptive immune system is highly specific and
has a memory component. It recognizes and targets pathogens, allowing the body to
remember and respond more effectively upon re-exposure. Both innate and adaptive
immune cells originate from hematopoietic stem cells located in the bone marrow, a
process known as hematopoiesis. This ensures the continuous renewal of immune cell
populations, sustaining the body’s safeguard against pathogens.

B cells

B-cell immunity

B cells play a crucial role in the adaptive immune response against pathogens by
producing and releasing immunoglobulins. These immunoglobulins exist in two forms:
as the B-cell receptor (BCR), acting as a membrane-bound antigen receptor for B cells,
and as a secreted form, where they serve as the primary effector proteins released by
mature B cells and plasma cells.

Immunoglobulins consist of two identical heavy and light chains, each containing
constant and variable domains(1). The variable domain is responsible for binding to
antigens, while the constant Fc domain facilitates effector functions. When antibodies
bind to pathogens, they can coat the pathogen’s surface, preventing them from binding
and infecting host cells. The Fc tail-mediated effector mechanisms involve three main
processes. Firstly, the Fc domains are recognized by innate immune cells through Fc
receptors, resulting in the uptake and destruction of antibody-coated pathogens
by phagocytic cells(2). Secondly, antibody binding via the Fc domain can trigger the
activation of the classical complement cascade, leading to the recruitment of phagocytes
or direct destruction of pathogens(3). Finally, Fc domains are bound by receptors that
mediate active transport of immunoglobulins across mucosal membranes(4).

B-cell development

The initial phases of B-cell development occur independent of antigen and unfold
within the bone marrow. This is where common lymphoid progenitor cells emerge
from hematopoietic stem cells. Subsequently, these progenitors differentiate through
stages, progressing from common lymphoid progenitors to pro-B cells, then pre-B cells,
and eventually immature B cells. This differentiation process is linked to the stepwise
formation of a functional B-cell receptor(5).
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In the pro-B-cell phase, the initiation of BCR formation begins with VDJ recombination
of the heavy chain variable domain. Following successful rearrangement, pro-B cells
progress into pre-B cells. During the pre-B-cell stage, a surrogate light chain, comprising
lambda5 and VPREB3, is expressed before the successful rearrangement of light
chains(6). This surrogate light chain facilitates signaling through the pre-BCR, a necessity
for proliferation and further differentiation. Subsequently, in the pre-B-cell stage, VI
recombination of the light chain transpires, leading to the expression of a functional
lgM isotype BCR on the surface of immature B cells. These immature B cells then
migrate to secondary lymphoid organs such as the lymph nodes and spleen, where they
undergo further differentiation into mature B cells. Within secondary lymphoid organs,
several developmental pathways are possible. In this context, the route that leads to
formation of class-switched memory B cells or plasma cells from mature follicular B
cells will be explained. This process is initiated upon native antigen encounter and relies
on the assistance by helper T cells(7). Upon activation, follicular B cells progress into
an activated state, leading to their differentiation into short-lived plasma blasts that
produce IgM immunoglobulins or entry into germinal center reactions. Within these
germinal center reactions, somatic hypermutation occurs, resulting in the production
of antibodies with enhanced affinities for the specific antigen(8). This is followed by
class switching to IgA, IgG, or IgE constant domains, broadening the effector functions
of immunoglobulins. Within this context, B cells differentiate into memory B cells or
plasma cells. Plasma cells secrete high levels of immunoglobulins, thereby providing
direct protection against pathogens. While memory B cells establish immunological
memory and can rapidly transform into plasma cells upon reinfection. Long-lived plasma
cells return to and reside in the bone marrow.

Throughout each developmental stage, a distinct set of B-cell restricted genes is
expressed. Some genes are only transiently expressed during specific stages, such as
lambda5 and VPREB3 at the pre-B-cell stage(9, 10). Other genes, like CD19 and CD20,
are more broadly expressed throughout the developmental process, but many of
these genes are downregulated upon differentiation into plasma cells(11). In contrast,
transcription factor POU2AF1 is expressed throughout the complete developmental
process and also at the differentiated stage of plasma cell(12).

IgM, 1gG and IgA functions and the role of the Jchain

Immunoglobulins come in a variety of isotypes, each with its unique function and
specific distribution within the body. Among these isotypes, the most prevalent ones
are IgM, IgG, and IgA.

IgM is predominantly secreted in a pentameric form by non-class-switched plasma cells.
During an immune response, IgM antibodies are the initial responders, characterized by
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their relatively lower affinity(7). Beyond their role in neutralization, IgM molecules serve
as initiators of complement activation(13). The pentameric structure of IgM enables it to
bind to multiple pathogens, inducing clumping, a process known as agglutination, which
aids in their capture and destruction. Notably, IgM antibodies occur in the bloodstream
as well as mucosal sites such as the gastrointestinal tract and lungs. In these locations,
they can traverse epithelial barriers, providing protection against invading pathogens.

lgG antibodies are the predominant class found in both the blood and extracellular
fluids. 1gG plays a central role in pathogen neutralization and opsonization, rendering
pathogens more susceptible to phagocytosis by immune cells, and initiation of the
complement cascade.

lgA antibodies are encountered in both monomeric and dimeric forms, primarily
functioning through pathogen neutralization. Consequently, IgA serves as a critical
component of mucosal immunity in the gut and lungs.

Multimerization of IgM and IgA is facilitated by the joining chain (Jchain), a small
polypeptide with binding sites for IgM and IgA monomers. Additionally, the Jchain acts
as a ligand for the polymeric immunoglobulin receptor (plgR) situated on the epithelium
of mucosal tissues(14). Upon binding with the Jchain, the immunoglobulin complex is
internalized and transported to the lumen, where IgA and IgM complexes exert their
protective functions.

T cells

T-cell function

T cells play an essential role in the adaptive immune response by protecting against
intracellular pathogens. They rely on a specific receptor called the T-cell receptor (TCR),
which is essential to identify infected cells. Via the TCR, T cells can recognize foreign
peptides that are presented in human leukocyte antigen (HLA) molecules on the surface
of target cells(15). The TCR forms a complex together with various CD3 molecules.
When the TCR binds to its peptide-HLA ligand, the CD3 complex functions as a signal
transmitter triggering T-cell activation(16). Furthermore, CD3 plays an essential role in
ensuring the TCR is expressed on the cell surface(17). In addition to the TCR and CD3,
T cells express a CD4 or CD8 co-receptor. These co-receptors interact with HLA on the
target cell and stabilize the interaction between the TCR on the T cell and the peptide-
HLA complex on the target cell(7). This stabilization is often crucial for T-cell activation.
The expression of either CD4 or CD8 divides T cells into two groups. CD4 positive T cells,
known as helper T cells, assist in the activation and differentiation of other immune cell
types like B cells and CD8 T cells by producing helper cytokines. CD4 T cells become
activated when they recognize peptides presented by HLA class-Il molecules. CD8
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positive T cells have a cytotoxic function, causing lysis of target cells when their TCR
binds to peptides displayed by HLA class-I molecules. When the TCR engages, CD8 T
cells release perforin and granzyme from cytotoxic granules. Perforin creates pores in
the target cell’'s membrane, allowing granzyme to enter and initiate a cascade that leads
to cell death. In addition to foreign peptides presented by infected cells, T cells can
recognize mutated peptides as non-self(18, 19). Mutated peptides can arise from genetic
mutations that occur in tumor cells. Consequently, T cells can recognize and clear tumor
cells that present such mutated peptides and contribute to tumor control(19).

T-Cell development and selection

Lymphoid progenitor cells undergo development and maturation within the thymus,
resulting in the formation of mature naive T cells. Within the thymus, developing T
cells go through various developmental stages, each marked by the rearrangement of
their TCR genes. Initially, the TCR beta chain undergoes rearrangement, followed by the
alpha chain. During the TCR rearrangement process, an astounding degree of diversity
in TCRs is achieved through the stochastic recombination of single V (D) and J gene
segments drawn from a vast array of germline-encoded variants(20). Additionally, the
rearrangement process allows for the introduction or removal of nucleotides at the V
(D) J junctions, thereby generating what is termed “junctional diversity.” This process
significantly expands the repertoire of unique TCRs, theoretically allowing for a total
number of approximately 1x10718 distinct TCRs(7). In practical terms, the actual number
of distinct TCRs is substantially more limited since the entire human T-cell repertoire
encompasses approximately 10712 T cells. In addition, some specific combinations
occur more frequently at the population levels than would be expected if TCRs were
rearranged randomly(21). These TCRs are referred to as public TCRs and demonstrate
that total TCR repertoires are much more limited than theoretical calculations suggest.
Studies have estimated that the pool of naive T cells comprises approximately 1x1078
unique TCRs(22).

Upon the completion of TCR rearrangement, T cells undergo a critical phase known as
positive selection. This process assesses the ability of TCRs to interact with self-HLA
molecules. HLA is a highly polymorphic gene for which thousands different genetic
subtypes have been identified across the global population. Self-HLA refers to HLA-alleles
expressed by an individual while HLA-alleles not expressed by an individual are foreign
or non-self HLA-alleles. T cells that fail to bind to self-HLA molecules with sufficient
affinity undergo programmed cell death (apoptosis), while those with TCRs proficient
in binding to self-HLA molecules persist(23). Subsequently, following positive selection,
T cells differentiate into either CD4 or CDS8 single-positive subsets. The development
continues with another crucial step: negative selection. During negative selection, T cells
encounter thymic antigen-presenting cells (APCs) presenting self-peptides. T cells that
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exhibit affinity for these self-peptides presented by APCs are removed from the T-cell
repertoire(24). While T cells with a high affinity for self-peptides in self-HLA are deleted,
no selection is made for T cells that recognize self-peptides in foreign/allogeneic HLA.
As a result, many T cells in the T-cell repertoire will have the ability to recognize self-
peptides in allogeneic (allo-) HLA molecules(25). T cells with allo-HLA reactive TCRs
can mediate graft rejection after solid organ transplantation that occurs in absence
of immunosuppressive therapies, as well as graft versus host or graft versus leukemia
responses after HLA-mismatched allogeneic stem cell transplantation(26-28).

Positive and negative selection combined vyield a finely tuned T-cell repertoire that
possesses the capability to recognize foreign peptides presented within self-HLA
molecules while maintaining tolerance toward self-peptides presented in self-HLA,
thereby ensuring immune competence without autoimmunity.

Antigen presentation

Goal of antigen presentation

Within tissues, intracellular and extracellular contents are consistently processed and
presented to T cells as a fundamental part of protection against pathogens. To this end,
proteins are continuously degraded inside the cell, resulting in small protein fragments
called peptides. These peptides are loaded in HLA molecules and transported to
the cell membrane where peptide-HLA complexes can be recognized by T cells. This
presentation serves the purpose of revealing intra- and extra-cellular contents to T cells,
allowing them to initiate an immune response when foreign peptides are encountered.
Two distinct categories of antigens exist, which are each primarily associated with a
different type of HLA molecule. Peptides from intracellular proteins are presented in HLA
class-I molecules, while extracellular proteins are taken up, processed, and presented
in HLA class-Il molecules. Beyond their mechanistic differences, HLA class-I and class-
Il molecules are expressed by different cell types in the body. HLA class-I molecules
are found on the surfaces of most nucleated cells under normal conditions, HLA class-
Il molecules are primarily expressed by antigen-presenting cells (APCs) and may be
upregulated in other cell types during inflammation(29).

Within the scope of this thesis, further focus will be on mechanisms underlying antigen
presentation in HLA class-I molecules. Presentation of peptides by HLA class-I leads
to the recognition of antigens by CD8 T cells and subsequent initiation of an immune
reaction that contributes to the body’s defense.

Processing and presentation

Synthesis of HLA class-1 molecules takes place in the endoplasmic reticulum (ER), where
HLA class-l is subsequently loaded with peptides localized in the ER and transported
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to the cell surface. The peptide repertoire in the ER is established via the classical and
alternative pathways of peptide processing(30). In the classical pathway, proteins are
degraded in the cytosol by proteasomes, after which they are transported into the ER
by transported associated with antigen processing (TAP). TAP preferentially transports
peptides between 8-16 amino acids in length, skewing the ER peptide repertoire to
relatively short peptides(31). In the ER trimming of the N-terminus is mediated by ERAP1,
generating peptides of length compatible with binding to HLA class-I. Studying cells with
defects in components of the classical pathways has revealed various other mechanisms
of peptide processing, together referred to as alternative pathways. One example of
alternative peptide processing are type Il proteins that are part of secretory pathways,
these peptides are located in the cell membrane of the ER with their N-terminal side
in the cytosol and their C-terminal side in the ER lumen(32). The C-terminal fraction of
these proteins can be cleaved by signal peptide peptidases (SPP) releasing them into
the ER independent of TAP and enabling their binding to HLA class-l and subsequent
presentation to T cells on the cell membrane.

HLA variants and allele frequencies

HLA class-lI molecules are composed of an HLA heavy chain and a light chain called
beta 2-microglobulin (B2M). HLA-I heavy chains are encoded by three different genes,
HLA-A, HLA-B and HLA-C. Each individual carries two variants of each gene resulting in a
total of six HLA class-I alleles per person. At a population level, the diversity in peptide
repertoires that arises from the variety in HLA alleles provides protection to mutated
and newly arising pathogens(33). While the total number of HLA polymorphisms is
huge, some alleles are frequently expressed. For example, HLA-A*02:01, HLA-A*24:01,
HLA-B*35:01, and HLA-B*07:02 are expressed in 39%, 21%, 13%, and 8% of the world
population, respectively(34). The frequency of each allele can be higher or lower within
populations of a specific ethnic background.

HLA binding motifs

The peptide binding groove of HLA is flanked by two alpha helixes while the bottom
of the groove is formed by beta pleated sheets. The N- and C-terminal sides of HLA
class-1 are closed restricting the length of peptides that can fit into the groove in a
conventional manner to a size of 8-11 amino acids(35). In the peptide binding groove
six pockets, termed A-F, can be identified. Pocket B and pocket F are the most dominant
determinants of HLA specific peptide binding preferences(36). Pocket B binds peptides
at position 2 (p2) and pocket F binds the C-terminal amino acid of peptides (pQ). Amino
acid residues at these positions of peptides are therefore most crucial for binding to
specific HLA molecules. Different HLA molecules have amino acids variations in the
peptide binding pockets, generating different motifs for preferred peptide binding. Over
the past decades, data on peptide binding motifs of HLA alleles has become increasingly
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available from mass spectrometry studies as well as peptide-HLA crystallography. These
data underly peptide binding prediction algorithms and have increased the reliability of
such predictions.

B-cell and plasma cell malignancies

Origin and treatment of B-cell and plasma cell malignancies

During B-cell development, malignancies can arise at any stage and the stage at
which a malignancy develops determines the specific type of B-cell malignancy. B-cell
malignancies form a heterogenous group of cancers that can be categorized in three
main groups: leukemias, lymphomas and plasma cell malignancies. The development of
B-cell malignanciesis linked to B-cell intrinsic processes like V(D)J recombination, somatic
hypermutation (SHM), and class-switch recombination (CSR)(37). These processes
are critical to B-cell development and antibody diversification but carry risks due to
the genetic alterations they induce. V(D)J recombination, the initial step in creating
the diverse repertoire of B-cell receptors, involves the rearrangement of variable (V),
diversity (D), and joining (J) gene segments. While essential for generating a wide array
of antigen-specific receptors, this process can lead to chromosomal translocations or
insertions/deletions if errors occur. Such genetic aberrations can disrupt the regulation
of genes governing cell growth and survival, potentially leading to uncontrolled cellular
proliferation and malignancy. Additionally, SHM and CSR can add to the development
of B-cell malignancies, these processes occur in activated B cells within the germinal
centers of lymphoid organs. SHM introduces point mutations in the variable region of
the immunoglobulin genes to increase antibody affinity, while CSR alters the constant
region of the heavy chain to change the antibody class. Both processes are mediated by
the enzyme activation-induced cytidine deaminase (AID) and involve DNA modifications.
While these modifications are crucial for critical for developing potent B-cell responses,
they also harbor risks. The activity of AID, which is focused on immunoglobulin genes,
can sometimes lead to off-target effects, causing mutations or DNA breaks in other
genomic regions. This genomic instability, especially when coupled with a genetic
predisposition of some individuals that may affect DNA repair mechanisms or the
regulation of oncogenes and tumor suppressor genes, significantly elevates the risk of
developing B-cell malignancies.

When pro- and pre-B cells undergo malignant transformation, this leads to development
of acute lymphoblastic leukemia (ALL)(38). ALL is characterized by rapid proliferation
of ALL cells in the bone marrow. The malignant growth leads to a reduction in healthy
hematopoietic cell generation causing symptoms such as fatigue, increased susceptibility
to infections, and bleeding. The treatment of ALL often involves intensive chemotherapy,
which may be followed by stem cell transplantation, especially in high-risk cases or
if the leukemia returns after initial treatment. Targeted therapies have also emerged
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as effective options for certain subtypes of ALL. The prognosis for patients with ALL
varies based on factors such as age, the presence of specific genetic aberrations, and
the response to initial treatment(39). While advancements in treatment have improved
outcomes, achieving a cure remains challenging and often requires aggressive treatment.
Chronic Lymphocytic Leukemia (CLL) arises when mature B lymphocytes undergo
malignant transformation(40). This type of leukemia is characterized by the slow
accumulation of these malignant B cells in the bone marrow, blood, and lymphoid
tissues. Unlike ALL, CLL typically has a more indolent course, but it can lead to a decrease
in the production of healthy blood cells over time, resulting in symptoms like fatigue,
increased susceptibility to infections, and anemia. The treatment of CLL in adults is
less intensive than that for ALL and may not be immediately required in early stages.
Treatment strategies include targeted therapies, such as monoclonal antibodies and
kinase inhibitors, and may involve chemotherapy orimmunotherapy, particularly in more
advanced or aggressive cases. The prognosis for patients with CLL varies, influenced by
factors such as the stage of the disease, the presence of specific genetic mutations,
and the individual’s overall health. Recent advancements in targeted treatments have
significantly improved the management and outcomes for CLL patients(41). The disease
is generally considered chronic and may require ongoing management rather than
aiming for a cure.

Lymphomas are cancers that arise in the lymphatic system, containing various subtypes
with different characteristics and treatment approaches(42). Lymphomas most frequently
develop from B cells, but lymphomas of T-cell origin also exist. Indolent forms of B-cell
Lymphoma, like Follicular Lymphoma, may not require immediate treatment and can be
closely monitored, a strategy known as “watchful waiting.” When treatment is necessary,
options include chemotherapy, immunotherapy such as monoclonal antibodies, targeted
therapy, and radiation therapy. Aggressive lymphomas like Diffuse Large B-Cell Lymphoma
are usually treated with a combination of chemotherapy and immunotherapy. In some
cases, especially for relapsed or refractory lymphomas, stem cell transplantation may be
considered. The development of targeted therapies, which specifically target cancer cells
based on their genetic characteristics, has significantly improved treatment outcomes and
reduced side effects for many lymphoma patients(43). Personalized medicine, considering
the specific characteristics of the lymphoma and the patient’s overall health, is increasingly
becoming the norm in lymphoma treatment strategies.

Multiple myeloma (MM) is the malignant counterpart of plasma cells. In this disease, a
(precursor) plasma cell undergoes malignant transformation and clonally proliferates in
the bone marrow(44). The uncontrolled growth interferes with production of healthy
blood cells, leading to fatigue, anemia, and increased susceptibility to infections, but
also results in the overproduction of a monoclonal antibody, known as paraprotein or
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M-protein(44). The high levels of this abnormal protein can cause various complications,
including kidney damage and impaired immunity. Additionally, the myeloma cells
disrupt normal bone remodeling, leading to painful bone lesions and an increased risk
of fractures. Treatment for MM typically involves chemotherapy, targeted therapy such
as proteasome inhibitors and immunomodulatory agents, and in some cases high dose
chemotherapy and autologous stem cell transplantation. The introduction of novel
therapeutic agents has markedly improved patient outcomes, yet MM is still generally
incurable, with treatment aimed at controlling disease progression and managing
symptoms(45).

CAR T cell therapy for B-cell malignancies

In recent years innovative cellular therapies have emerged as treatment for patients
with relapsed/refractory malignancies of B-cell origin. These new treatments use T cells
genetically modified to express a receptor directing them to target the tumor. The first FDA
approved therapies use chimeric antigen receptor (CAR) T cells. CARs are based on the
structure of antibodies, they contain a single chain variable fragment (scFv) that recognizes
a specific protein(46). The scFv is combined with co-stimulatory and signaling domains to
induce T-cell activation after antigen binding. CAR T cells are designed to target specific
surface proteins expressed on malignant cells. For malignancies of B-cell origin, broadly
expressed tumor specific antigens are not available and therefore B-cell lineage antigens
are targeted. B-cell lineage antigens are antigens that are exclusively expressed by cells of
the B-cell lineage for which expression was maintained upon malignant transformation. An
example is CD19, which has been used as a CAR target for various B-cell malignancies. CD19
CAR T-cell response rates are between 53% and 74% for patients with B-cell ymphoma(47).
39% to 55% of the patients reached complete responses, of which 49.5%- 80% were still
complete responders after 24 months. For ALL initial complete response rates of CD19
CAR T cells are between 62% and 86%(48, 49). Many patients treated with CD19 CAR
T cells received consolidative allogeneic stem cell transplantation, which hampers the
interpretation of long-term complete responders. Overall, in ALL <50% of patients achieved
long term event-free survival. Plasma cell malignancies cannot be treated with CD19 CAR
because CD19 expression is lost upon B-cell differentiation to plasma cells. MM cells highly
express B-cell maturation antigen (BCMA) and the expression of BCMA is restricted to B/
plasma cells(50). BCMA-targeting CAR T cells induced complete response rates in 33-83%
of patients, but despite high initial responses most patients eventually relapse(51). The
studies on CAR T cells have highlighted the potential of T-cell based therapy for treatment
of B-cell malignancies. Additionally, CAR T-cell therapy targeting B-cell lineage antigens
resulted in B-cell aplasia as a side effect of therapy(48). While this scenario is not ideal
due to subsequently compromised B-cell immunity, B-cell aplasia can be managed by
treatment with soluble immunoglobulins. Overall, CAR T cells demonstrate that B-cell
lineage antigens are good targets when treating B-cell malignancies using T-cell therapy.
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Despite the successes, CAR T-cell therapy has revealed new challenges ahead as many
patients relapse after therapy.

Challenges of CAR T-cell therapy

One prominent escape mechanism that has been observed after CAR T-cell therapy is
antigen escape, where reduced or loss of antigen expression results in evasion from CAR
T cells and subsequent tumor outgrowth(52). The most straight forward mechanism
behind antigen escape is heterogenous antigen expression at the start of therapy,
which leads to skewing and outgrowth of the antigen negative or low population(53,
54). Furthermore, complete loss of antigen can occur by genetic mutations(55). Besides
complete antigen loss, various mechanisms can cause a reduction in antigen expression
resulting in an expression level too low to be detected by CAR T cells. Reduced surface
antigen expression can result from trogocytosis, a process in which the CAR T cells
‘nibble’ membrane fragments from the target cell. In the case of BCMA, active cleavage
from the cell membrane mediated by gamma-secretase can also reduce BCMA surface
expression(56). While patients can relapse due to antigen escape, a substantial fraction
of patients display antigen-positive relapse from CAR T-cell therapy. Antigen-positive
relapseis the result of incomplete tumor clearance potentially resulting from the inability
of CAR T cells to reach all tumor cells or due to suboptimal CAR T-cell performance
(52, 57). CAR T cells utilize artificial signaling that may render CAR T cells sensitive to
dysfunction, particularly through tonic signaling or activation induced dysfunction(58).
Tonic signaling is activation of CAR T cells that occurs in the absence of stimulatory
antigen. This antigen-independent activation can result in progressive differentiation,
upregulation of coinhibitory molecules, and antigen-independent proliferation,
compromising CAR T-cell performance(59, 60). At the same time, CAR T cells have been
described to be sensitive to antigen-dependent overactivation(60-62). Depending on
the respective target antigen and CAR design, CAR T-cell exposure to antigen expressing
target cells can lead to rapid exhaustion and antigen induced cell death, that may
especially be at play in settings of high tumor burdens or solid tumors(60). Another
challenge of CAR T cells is treatment related toxicity, particularly cytokine release
syndrome. Upon activation, CAR T cells release significant amounts of proinflammatory
cytokines that can trigger cytokine release syndrome in patients, a condition that can be
life-threatening and frequently requires intensive care intervention(63). Furthermore,
severe cases of neurotoxicity have been associated with CAR T-cell therapy, termed
immune effector cell-associated neurotoxicity syndrome.

TCR T-cell therapy for B-cell malignancies

Rationale for TCR-therapy

While CART cells have shown clinical success for therapy of B-cell malignancies, they also
revealed challenges that remain to be addressed. Two of these challenges are antigen
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escape and CAR T-cell dysfunctionality. To combat antigen escape, combination therapies
are likely needed, but the requirement for antigen surface expression limits possibilities of
targetable CAR antigens(64). As a complementary modality to CAR T cells, transgenic TCR
T cells could be of benefit. TCR T cells could be of unique value owing to their ability to
recognize peptides from intracellular located proteins. This allows hypothetical targeting of
any protein as long as the criteria for a favorable expression profile is met. This also means
that proteins essential for survival of malignant cells, such as certain transcription factors
that are located inside the cell can be targeted using TCR T cells(65-67). Furthermore,
TCRs can be used to target peptides from proteins that are secreted by malignant cells,
such as immunoglobulins. CAR T cells targeting these proteins are coated by target protein
present in the circulation, which can render them insensitive(56, 68). Another potential
benefit of TCR T cells over CAR T cells, is that TCRs are the natural receptors of T cells
and TCR T cells might therefore be less sensitive to overstimulation, potentially leading to
increased persistence and functionality compared to CAR T cells(58, 60).

While the recognition of peptides in the context of a specific HLA molecule provides
advantages for TCR T-cell therapies, it should also be noted that it limits the applicability
of a single receptor to patients expressing the targeted HLA allele.

Proposed antigens for TCR T-cell therapy

In the context of B-cell malignancies, CAR T-cell therapies have focused on targeting
antigens specific to the B-cell lineage. As previously mentioned, targeting B-cell
antigens induces B-cell aplasia, but this is generally considered an acceptable side
effect. Consequently, B-cell lineage antigens present an interesting target for TCR T-cell
therapies. A distinct advantage of TCR T cells lies in their capacity to target peptides
derived from any protein, irrespective of its cellular localization. To increase the likelihood
of successful TCR identification and to allow broad application of TCR therapy across a
diverse patient group, identification of as many potential target proteins as possible is
important. Gene expression datasets can be analyzed to identify proteins exclusively
expressed in both malignant and healthy B-cell lineages(69). Ideal target proteins are
characterized by high expression in tumors, coupled with homogeneous expression
both within individual tumors and across patients. This homogeneity would ensure that
a single receptor could potentially be used to treat a wide array of patients. After the
identification of target proteins, it is critical to determine which peptides from these
proteins are presented by specific HLA molecules on the surface of malignant B cells.
Such peptides are potential candidates for recognition by B-cell antigen targeting TCRs.

Epitope identification

The identification of peptides derived from target proteins for which specific T cells
can be identified is a crucial step in the development of TCR-based therapies for B-cell
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malignancies. Online prediction algorithms can be used to identify which peptides
derived from a protein are predicted to bind to an HLA-allele of interest(70). Identification
of T cells which recognize peptides identified using prediction algorithms has been
performed in the past. These studies observed that these T cells, despite having a high
affinity for the target peptide, are often not able to recognize tumor cells expressing
the respective target protein(71). This discrepancy demonstrates that predicted binding
to HLA does not necessarily imply effective processing and presentation of the peptide
in the respective HLA on the surface of malignant cells. To identified T-cell clones that
could have the ability to recognize malignant cells expressing a specific target protein,
it is therefore important to establish which peptides derived from a target protein are
processed and presented in specific HLA molecules on the surface of malignant cells.
To determine this, the HLA peptidome of B-cell malignancies can be analyzed(72).
The HLA peptidome refers to the collection of peptides that are presented in HLA on
the cell surface. To determine the HLA peptidome of B cell malignancies, peptide-HLA
complexes can be isolated from malignant B cells, the peptides can then be eluted
from HLA and peptide sequences determined by mass spectrometry. The peptidome
can then be searched for peptides derived from a target protein of interest. Finally,
the HLA origin of these peptides needs to be determined, this can be done by using
HLA binding prediction tools together with the HLA typing of the cells used for peptide
elution(73). In this manner peptides derived from target proteins of interest that are
presented in a specific HLA molecule of choice can be identified. Using this method
ensures that T cells with sufficiently affinity for the targeted peptide should be able
to recognize malignant cells expressing the respective protein and HLA molecule. This
approach has previously resulted in identification of T cells with TCRs valuable for TCR
T-cell therapy of hematologic malignancies and will be applied in this study to identify
promising TCRs(65, 74).

Identification of TCRs recognizing self-antigens

In the case of B-cell malignancies, many target antigens are non-mutated self-antigens.
For these antigens immunological tolerance exists in the HLA-matched setting, and TCR
identification from an HLA-matched individual could at best result in identification of
intermediate affinity TCRs (27, 75). To circumvent this tolerance various methods can
be applied. For example, the identification of TCRs recognizing human peptide-HLA
complexes from mice(76). Alternatively, ex vivo affinity maturation can be performed
to enhance the affinity of a TCR isolated from the autologous repertoire to ensure
sufficient sensitivity to self-antigens(77). Furthermore, T cells can be isolated from
HLA-mismatched healthy donors, which is based on the concept that the naive T-cell
repertoire hypothetically contains T cells specific for any foreign peptide-HLA complex(78,
79). While the frequencies of such T cells are extremely low, T-cell isolations over an
HLA-barrier have resulted in identification of various tumor targeting TCRs in the past.
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For example, identification of TCRs from HLA-mismatched healthy donors resulted in
identification of potent TCRs with specificity for B-cell antigens in various HLA alleles (65,
80). To identify T cells which can recognize peptide-HLA complexes of choice, peptide-
HLA (pHLA-) multimers can be used. pHLA-multimers contain multiple peptide-HLA
complexes linked to beads. pHLA-multimers mimic natural peptide-HLA complexes as
present on the surface of cells, and therefore pHLA-multimers can be used to bind T cells
with TCRs able to bind the respective peptide-HLA complexes. pHLA-multimers coupled
to a fluorochrome allow flow cytometry-based single-cell isolation of pHLA-multimer
binding T cells. Sorted T cells can be clonally expanded, and T-cell clones can then be
analyzed to determine recognition profiles, including on-target specificity and potency.

Safety of TCRs

As previously mentioned, the number of unique TCRs in the naive repertoire has
been estimated to be around 1x1078. On the antigen side, calculations suggest that,
considering the existence of 20 amino acids, the potential number of unique peptides
that could be generated and presented within an individual’s HLA molecules stands at
approximately 12x10711, focusing solely on 10-mer peptides (81). This vast surplus
of potentially foreign peptides in comparison to the number of unique TCRs within
the naive T-cell repertoire reveals the necessity for TCRs to possess intrinsic cross-
reactivity toward various peptides. This aspect should be considered when analyzing
the ‘specificity’ of an individual TCR.

Since all TCR identification methods in the context of non-mutated peptides are based on
avoidance of central tolerance or mutations to alter affinity, any of these approaches is
inevitably linked with a risk of cross-reactivity with other peptides presented in the HLA
allele of interest. In addition, cross-reactivity with any peptide in any other HLA allele
could occur highlighting that extensive safety screening should always be performed. Even
when safety screenings are performed thoroughly a risk for unidentified cross-reactivity
will remain and should be considered. In the past unidentified cross-reactivities have
had detrimental effects when such TCRs were used to treat patients, resulting in lethal
toxicity(82, 83). Safety screenings to assess cross-reactivity with other peptides within
the target HLA, can include extensive cell panels positive for target HLA but negative for
antigen of interest and healthy cell subsets negative for the antigen of interest(84). An
alternative strategy to assess safety is to first determine the peptide recognition motif of a
specific TCR using alanine/serine substitutions or a peptide library scan(84, 85). This motif
can then be used to perform a targeted search for peptides to which cross-reactivity might
exist. Cross-reactivity with other HLA alleles can be assessed using an Epstein-Barr virus-
transformed lymphoblastoid cell line (EBV-LCL) panel(86, 87). EBV-LCL panels contain EBV
immortalized B cells generated from individuals with diverse HLA backgrounds. EBV-LCL
panels can be designed in such a way that all common HLA-I alleles are included.
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TCR T-cell therapy for B-cell malignancies

To generate multi-antigen-targeting T-cell therapy, TCR T cells can complement CAR T
cells to prevent antigen negative immune escape(88). Additionally, the combination
of CARs and TCRs can combine the advantages of both therapies and improve the
overall efficacy. Multiple TCRs will be needed to allow therapy of patients with divers
HLA typings and different types of B-cell or plasma cell malignancies. To identify as
many TCRs as possible, all possible target proteins need to be identified and the HLA
peptidome of B-cell malignancies can be screened for peptides derived from these
proteins that are presented in HLA molecules of interest. T cells with specificity for B-cell
lineage protein derived self-peptides can be identified from HLA-mismatched healthy
donor PBMCs using pHLA-multimers(65, 80). The cross-reactive nature of TCRs means
that thorough safety screenings need to be performed to prevent toxicity(83). Various
efficacy screenings should be performed, ultimately including lysis of patient-derived
malignant cells as well as in vivo anti-tumor efficacy experiments, to identify TCRs that
would ultimately be able to induce potent anti-tumor responses in patients. Combining
safety and efficacy profiles can reveal which TCRs have value to be further developed for
treatment of B-cell and plasma cell malignancies.

AIM OF THIS THESIS

Over the past decades CAR T-cell therapies have been extensively studied and have
even become part of standard healthcare in certain parts of the world. However, these
advances have also highlighted the heterogeneity and plasticity of B-cell malignancies
and demonstrated that multiple antigens should be targeted simultaneously to
eliminate antigen escape as a potential way to evade T-cell therapy. TCR T cells could be
a useful addition to CAR T cells based on their ability to recognize peptides originating
from antigens located on the cell surface as well as inside the cell, allowing them to
target antigens that cannot be targeted by CAR T cells. The HLA restricted recognition
of TCRs implies that many TCRs need to be identified to have TCR availability for a large
population. The aim of this thesis is to identify a large set of TCRs that can be used to
treat patients suffering from B-cell malignancies.

In chapter 2 we address this general aim using various sub-aims, the first aim is the
identification of proteins that are exclusively expressed in the B-cell lineage and for
which expression is maintained upon malignant information. To identify these genes, a
previously established microarray database will be used. Next, we aim to identify which
peptides derived from these genes are presented in HLA complexes of interest and can
serve as targets for TCR T-cell therapy of B-cell and/or plasma cell malignancies. From
a feasibility perspective, a selection of HLA alleles is made that includes HLA-A*01:01,
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HLA-A*24:02, HLA-B*08:01 and HLA-B*35:01. Finally, we aim to identify T-cell clones
from HLA-mismatched healthy donors that can recognize peptides derived from
the selected genes that are presented in these HLA molecules using pHLA-multimer
technology. Safety and efficacy screening will be performed to identify T-cell clones with
promising recognition profiles. TCRs of these clones will be sequenced and transferred
to CD8 T cells to investigate the potential of these TCRs in TCR T-cell therapy of B-cell
malignancies.

In chapter 3 we aim to identify TCRs that can recognize a protein that was identified in
chapter 2 as a promising target protein for treatment of MM, the joining chain (Jchain).
The Jchain normally functions as a linker protein between monomer of IgA and IgM
when secreted by plasma cells. The Jchain is highly expressed in most MM patient
samples independent of the immunoglobulin isotype that is produced and therefore
poses an attractive target for TCR T-cell therapy of MM. Next, we aim to identify peptides
derived from the Jchain that are presented in HLA-A*01:01, HLA-A*03:01, HLA-A*11:01
and HLA-A*24:02 on the surface of malignant B-cell and/or plasma cells. Using peptide-
HLA multimers, T cells will be isolated from PBMCs of HLA-mismatched healthy donors.
Isolated T-cell clones will be analyzed for their ability to recognize the targeted peptide-
HLA combinations. T-cell clones that demonstrate potent reactivity and high on-target
specificity are candidates for TCR sequencing. After TCR sequencing and transfer to CD8
T cells, Jchain-TCR T cells will be screened for their lytic potential to patient derived MM
samples as well as in vivo targeting potential of MM tumors to establish which Jchain-
specific TCRs hold promise for TCR T-cell therapy of MM.

In chapter 4 we aim to increase tumor specificity of MM-targeting TCRs. MM cells often
produce high amounts of immunoglobulins either of IgG or IgA isotypes. In this chapter
we therefore want to target IgG or IgA heavy chain constant domain derived peptides,
since targeting these isotypes specifically will increase the tumor specificity of TCR T-cell
therapy by preventing the depletion of healthy B cells expressing other immunoglobulin
isotypes. Epitope and TCR identification will be performed using the same approach as
used in chapter 2 and chapter 3. After identification of immunoglobulin-specific T-cell
clones, TCR sequencing and transfer, isotype dependent targeting of patient derived
MM samples will be tested. Additionally, we will test if IgG- or IgA-targeting TCR T cells
can specifically deplete B cells expressing the respective isotype while leaving B cells of
other isotypes untouched.

In chapter 5, we aim to investigate the possibility that HLA class-I molecules present
peptides that are of unconventional length. When selecting epitopes to target with TCR-
based therapy from the peptidome of B-cell malignancies, we assume that peptides
presented in HLA class-I are relatively short with typical lengths between 8-11 amino
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acids. However, peptides with an unconventional length might also be potential targets.
To investigate the presentation and subsequent T-cell recognition of unconventionally
long peptides we will use a previously identified peptide that is derived from the IL27
receptor alfa. This is a 20-mer peptide that contains multiple amino acids that could be
potential anker residues for binding to HLA-A*02:01. Peptide-HLA monomers will be
generated and used to create crystal structures that will reveal the conformation of this
specific peptide-HLA combination. T cells that recognize this peptide-HLA complex will
be identified and used to explore how T cells can recognize such an unconventionally
long peptide presented in HLA class-I.
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ABSTRACT

CAR T-cell therapy has shown great promise for the treatment of B-cell malignancies.
However, antigen-negative escape variants often cause disease relapse necessitating
the development of multi-antigen-targeting approaches. We propose that a TCR-based
strategy would increase the number of potential antigenic targets as peptides from both
intracellular and extracellular proteins can be recognized. Here, we aimed to isolate
a broad range of promising TCRs targeting multiple antigens for treatment of B-cell
malignancies. As a first step, 28 target genes for B-cell malignancies were selected based
on gene expression profiles. Twenty target peptides presented in either HLA-A*01:01,
A*24:02, B*08:01 or B*35:01 were identified from the immunopeptidome of B-cell
malignancies and used to form peptide-HLA-tetramers for T-cell isolation. Target-
peptide specific CD8 T cells were isolated from HLA-mismatched healthy donors and
subjected to a stringent stepwise selection procedure to ensure potency and eliminate
cross-reactivity. In total, five T-cell clones specific for FCRL5 in HLA-A*01:01, VPREB3
in HLA-A*24:02 and BOB1 in HLA-B*35:01 recognized B-cell malignancies. For all
three specificities, TCR gene transfer into CD8 T cells resulted in cytokine production
and efficient killing of multiple B-cell malignancies. In conclusion, using this systematic
approach we successfully identified three promising TCRs for T-cell therapy against B-cell
malignancies.
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INTRODUCTION

Adoptive T-cell therapy for the treatment of B-cell malignancies has shown great promise
over the past decade. CD19-targeting chimeric antigen receptor (CAR) T-cell therapies
have induced complete remission (CR) in 70-97% of patients with relapsed or refractory
acute lymphoblastic leukemia (ALL).(1, 2) In aggressive relapsed or refractory diffuse
large B-cell lymphoma (DLBCL) and transformed follicular lymphoma CR rates after CD19
CAR therapy are approximately 50%.(3, 4) In responding patients, antigen-loss escape
variants are frequently observed, hampering long-term relapse-free survival.(5, 6)
Multi-antigen-targeting T-cell therapy may reduce outgrowth of antigen-escape variants
and enhance long-term remission rates of patients, as simultaneous loss of multiple
antigens is more unlikely.(7, 8) However, in order to generate multi-antigen-targeting
T-cell therapies, additional potent and safe T-cell therapies need to be developed.

Target antigens for immunotherapy of cancer should be expressed by the malignant cells
while expression in essential healthy tissues must be absent.(9, 10) B-cells are considered
a non-essential tissue, therefore antigens expressed by the healthy B-cell lineage could
be safe targets for the treatment of B-cell malignancies. This was confirmed upon CD19
CAR T-cell therapy, which resulted in depletion of healthy B cells which was clinically
managed by immunoglobulin administration.(11)

CART cells target epitopes of proteins located on the cell surface.(12) In contrast to CARs,
T-cell receptors (TCRs) recognize peptides derived from proteins independent of cellular
localization that are presented in HLA molecules on the cell surface.(13) Therefore, TCR
based therapy theoretically allows targeting of all proteins, including those involved in
essential intracellular pathways. So far, limited availability of safe and high-affinity TCRs
has hampered clinical progress of TCR gene therapy. Furthermore, a large collection of
high affinity TCRs targeting different peptide-HLA complexes would be required to allow
TCR gene therapy for all patients.

T cells with high affinity TCRs for self-peptides presented in self-HLA alleles are deleted
from the T-cell repertoire to prevent autoimmunity. Therefore, high avidity T cells
targeting non-mutated peptides cannot be isolated from HLA-matched individuals.(14,
15) In contrast, high avidity T cells targeting non-mutated peptides have successfully
been isolated from the T-cell repertoire of HLA-mismatched (allogeneic) healthy
donors.(15-23) Previous efforts have mainly focused on identification of TCRs specific
for peptides presented in HLA-A*02:01 and HLA-B*07:02.(15-19, 24) Here, to allow
application of TCR gene therapy for individuals with other HLA genotypes, we aimed to
identify TCR specific for peptides presented in HLA alleles A*01:01 (A1), A*24:02 (A24),
B*08:01 (B8) and B*35:01 (B35). In this study, we performed a systematic approach for
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simultaneous identification of clinically relevant TCRs targeting multiple epitopes. We
started by identifying genes with expression restricted to B-cell malignancies and the
healthy B-cell lineage. Target peptides derived from these genes presented in target
HLA alleles HLA-A1, A24, B8 or B35 were selected from the immunopeptidome of B-cell
malignancies. To allow identification of high avidity T cells targeting these epitopes, T
cells were isolated from the allogeneic (allo) T-cell repertoire using HLA-mismatched
healthy donor PBMCs. Multiple efficacy and safety screenings resulted in the selection of
clinically relevant TCRs recognizing antigens in HLA-A1, HLA-A24 and HLA-B35 presented
on B-cell malignancies. Finally, upon TCR gene transfer, selected TCRs induced specific
lysis of different B-cell malignancies including a multiple myeloma (MM) cell line and
patient-derived ALL, chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL)
and hairy cell leukemia (HCL).

RESULTS

Target gene selection for treatment of B-cell malignancies

To ensure targeting of malignant B cells while limiting the risk of toxicity, data obtained
from an in-house-generated microarray database were used to identify genes expressed
in B-cell malignancies with expression restricted to the B-cell lineage. This database
was previously generated and validated for selection of target antigens valuable for
immunotherapy of hematological malignancies with lineage restricted expression.
(25) Gene expression was measured by probe fluorescence represented as mean
fluorescence intensity (MFI), with a lower detection limit of MFI=50. Potent T-cell
recognition occurs when target antigens are highly expressed in B-cell malignancies, and
therefore, a threshold of gene expression MFI>250 in primary ALL, CLL or MM was set
for each probe (Figure S1). To prevent recognition of healthy tissues (excluding B cells),
a threshold was set at MFI=100 to define very low expression and all genes expressed
MFI>100 in healthy tissues were excluded. In total, 28 genes highly expressed in primary
B-cell malignancies with very low or no expression in healthy tissues were selected as
target genes (Figure 1). Of these genes, 14 were highly expressed (MFI>250) in either
ALL, CLL or MM, while 13 genes were expressed in two types and the BOB1 encoding
gene POU2AF1 was expressed in all three types of primary B-cell malignancies.

Identification of candidate epitopes from the immunopeptidome of malignant
B-cells

To identify target peptides for TCR based recognition of B-cell malignancy antigens, the
HLA-presented peptide repertoire of B-cellmalignancies was determined. Patient material
was obtained from nine ALL patients, two CLL patients, one hairy cell leukemia (HCL)
and one follicular lymphoma patient expressing HLA-A1, A24, B8 and/or B35 (Table S1).
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Figure 1. Gene expression of target genes selected for treatment of B-cell malignancies. Gene expression
was retrieved from an lllumina HT12.0 microarray dataset.(25) Per gene the average mean fluorescence
intensity (MFI) of samples is shown for different types of patient derived (primary) B-cell malignancies,
BMMCs, B cells (CD197%), ALL cell lines and EBV-LCLs. The final column represents the highest gene
expression as measured in any healthy tissue other than B cells, PBMCs and BMMCs as included in the
microarray dataset and shown in supplementary figure 1. Genes are clustered according to the type of
B-cell malignancy in which they are expressed (MFI>250). Abbreviations: MFI, mean fluorescence intensity;
ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; MM, multiple myeloma; BMMC,
bone marrow mononuclear cells; EBV-LCL; Epstein-Barr virus-transformed lymphoblastoid cell lines.
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Since materials from MM patients lacked sufficient cell numbers for peptide elution,
the MM cell line UM9 was included instead. Cells from each malignant cell population
were lysed, and peptides were eluted before subsequent separation by HPLC and mass
spectrometry analysis. Per sample, between 539 and 82,504 unique peptides, with an
lon Score (IS) 220, were identified (Table S1). The lon Score indicates the confidence
of correctly matching the observed mass spectrum of a peptide to the reference
database spectrum. Therefore, a cutoff of lon score >20 was used to ensure a high
chance of correct peptide identification. Eluted peptides were matched to HLA alleles
by combining predicted HLA binding (netMHC3.4) with the HLA typing of the material
from which the peptides originated. Twenty peptides were identified to be derived from
one of the target genes and presented by target HLA alleles HLA-A1, A24, B8 or B35
(Table S2, Table 1). Peptide sequences of these peptides were validated by comparing
mass spectra of eluted peptides to spectra of synthetically generated peptides (Figure
S2). After peptide verification, target HLA binding was confirmed by stable peptide-HLA
(pHLA)-monomer refolding (data not shown). From these monomers PE-labeled pHLA-
tetramers were generated and used for T-cell isolation.

Table 1. Target gene derived peptides presented in HLA-A1, A24, B8 or B35 by B-cell malignancies

Protein HLA Assigned peptide nr  Sequence Affinity (nM)* SB/WB:®
RALGPS2 Al p242 LTDSEKGNSY 24 SB
FCRLS Al p243 LTEGHSGNYY 15 SB
FCRLS Al p263 TTENSGNYY 9 SB
MIST Al p248 ESEYADTHY 102 WB
TLR10 Al p265 YLDHNSFDY 8 SB
I1GJ Al p268 YTAVVPLVY 7 SB
BLK A24 p246 AYIERMNSI 75 WB
VPREB3 A24 p269 YYCSVGYGF 37 SB
RALGPS2 A24 p258 QYIEELQKF 78 WB
TLR10 B8 p247 ELFKRTIQL 54 WB
TLR10 B8 p256 LPHLKTLIL 26 SB
IGLLL B8 p251 HGLLRPTAA 588 <WBP
KLHL14 B8 p239 DMNTKRAIHTL 396 WB
FCRL2 B8 p252 IVKIKVQEL 252 WB
FAM129C B8 p255 LPALRAQTL 32 SB
FAM129C B8 p271 YLRLLDAL 726 <WBP
RALGPS2 B8 p261 TLKIRAEVL 43 SB
TNFRSF13B B35 p259 SADQVALVY 11 SB
BOB1 B35 p233 APAPTAVVL 196 WB
BOB1 B35 p236 LPHQPLATY 6 SB

2 According to NetMHC 3.4. ® HLA-B8 most likely origin of peptides, highest predicted binding.
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Isolation and selection of T-cell clones with on-target functional specificity

To isolate high avidity T cells recognizing target peptides, pHLA-tetramers were incubated
with PBMCs from healthy donors negative for the target HLA alleles (Table S3). pHLA-
tetramer bound cells were enriched and pHLA-tetramer®® CD8P T cells were single-cell
sorted and clonally expanded. In total 12,336 (Range; 192-2,640) T cells were sorted
from 13 healthy donors (Table 2). On average 59% (Mean; range 14-83%) of the T-cell
clones expanded. Expanded T-cell clones were initially screened for on-target functional
specificity. The HLA-negative myeloid leukemia cell line K562 was transduced (Td) with
target HLA alleles and mixed into two pools containing HLA-A1 and HLA-A24 or HLA-B8 and
HLA-B35. All target peptides were mixed and loaded onto K562 before incubation with the
T-cell clones (Table 1). As measured by cytokine production, unloaded K562 recognition
was frequently observed revealing off-target recognition and these clones were discarded
to prevent off-target toxicity (Table 2). Additionally, 34-98% of expanded T-cell clones
were not reactive and were discarded due to lack of target peptide recognition. On-target
recognition was defined when only peptide mix loaded K562 cells were recognized. From
these 13 donors, 23 T-cell clones recognized only HLA-A1/A247°K562 cells loaded with the
target peptide mix (Table 2). In addition, 23 T-cell clones only recognized target peptide
loaded HLA-B8/B35F K562 cells (Table 2). In summary, 46 T-cell clones demonstrated
specific, on-target recognition and were selected for further screening.

Defining T-cell specificity and confirming recognition of endogenously processed
target antigen

To determine the peptide specificity of each selected T-cell clone, target peptides
were assorted into combinatorial mixes revealing unique recognition patterns for
all specificities. Mixes were loaded onto HLA-A1/A24*° or HLA-B8/B35F> K562 cells
accordingly and incubated with each T-cell clone. For example, T-cell clones 1F3.4 and
6B10.12, recognized two peptide mixes loaded on HLA-A1/A247° K562 cells (Figure 2A).
This recognition pattern revealed specificity for peptide 243 (p243) derived from FCRL5
presented in the context of HLA-A1 (Table 1). Following this approach, all 46 T-cell clones
were tested revealing 11 different peptide specificities (Table 2). Since recognition
of endogenously processed and presented antigen correlates with T-cell avidity and
recognition of malignant cells (26), T-cell clones were also screened for recognition of
K562 cells Td with target genes and target HLA alleles. T-cell clones demonstrating no
or weak recognition of endogenously processed and presented antigen were discarded.
In Figure 2, 23 T-cell clones, recognizing eight different B-cell specific peptides, that
exhibited strong endogenous recognition are shown. These 23 T-cell clones were
selected for further investigation of clinical relevance.
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Table 2. Identification of target peptide specific T-cell clones from tetramer®> CD8"* sorted T cells using
healthy donor PBMCs

Reactivity of T-cell clones ¢ Peptide specificity of T-cell clones ¢
o
9 o
= . - - - 2 2 B 3
£ —_— -
Bl £ % = ::’ < E ‘2 2 E 2 2 i &' E‘ o0
£ g 2 ¥ S 2 § 29 .- 82 2G93 o
S 3 5 ° < o 8 E x o2 x s J Eox £
. a ¢ 3 8o ) 2 g 2 F S EFERERF S
8 3 g = 8 D v W M N 0 N VW O 4 m 1 O
° d < < Mm & & & 1 N N VW VW VW ©
o o o 5} £ A N A& 8N & & & & 8§ N N
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3 288 239 233 6 0 0
4 192 156 101 54 1 0 1x
5 192 129 44 83 0 2 2X
6 528 433 235 180 6 12 6X Ix 2x 3x Ix  1x 3x  1x
7 288 207 181 26 0 0
8 384 311 289 22 0 0
12 864 639 320 314 5 0 1x 2x 2X
13 1728 1002 891 108 2 1 1x 2x
14 1296 384 330 53 0 1 1x
15 864 449 399 49 0 1 1x
16 1920 1018 907 105 3 3 1x 2x 1x 2x
17 2640 360 351 9 0 0
18 1152 192 143 40 6 3 2x 2x 1x 2x 22X
Total 12336 5519 4424 1049 23 23 6x 2x 1Ix 7x 5x 3x 5x 3x 2x 5x 7x

2 Arbitrary donor numbers assigned to healthy donors from which PBMCs were obtained, in accordance with Table S3.°
Number of pHLA-tetramer® CD8* T cells single-cell sorted from each donor. “Number of single-cell sorted T cells that
expanded and were tested for peptide specificity. ¢ Expanded T-cell clones were stimulated with a 1:1 mixture of HLA-A1
and HLA-A24 transduced K562 cells or HLA-B8 and B35 transduced K562 cells, unloaded or loaded with a mixture of all
target peptides (100nM). Reactivity was assessed after overnight co-culture based on IFN-y ELISA, for T-cell clones not
producing IFN-y, GM-CSF was used instead. Recognition was categorized in; not reactive, off-target recognition, HLA-A1/
A24 restricted peptide specific recognition (HLA-A1/A24) and HLA-B8/B35 restricted peptide specific recognition
(HLA-B8/B35). ¢ The number of peptide specific T-cell clones per donor is indicated, specificity was determined as
demonstrated in Figure 2. No T-cell clones were identified for peptides not included in the table.

Recognition of B-cell malignancies identifies T-cell clones which are candidates for
TCR-sequencing

To identify candidates for TCR sequencing, the 23 selected T-cell clones were screened
for recognition of B-cell malignancies. T-cell clones were tested for cytokine production
upon stimulation with patient derived CLL material, ALL cell lines or MM cell lines. Per
specificity the appropriate cell types were selected based on gene expression profiles
(Figure 1). Target gene expression in materials used was determined by qPCR (Figure
S3). Despite recognition of endogenously processed antigen in target gene Td k562
cells, MIST HLA-A1, FCRL2 HLA-B8, RALGPS2 HLA-B8 and TNFRSF13B HLA-B35 restricted
T-cell clones failed to produce cytokine upon co-culture with malignant B-cells (data not
shown). FCRL5 HLA-A1 specific T-cell clones 1F3.4 and 7E8.12, recognizing p243 and
p263 respectively, were co-cultured with FCRL5 expressing patient derived CLL samples.
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T-cell clone 6B10.12 did not expand and could therefore not be included. Recognition
of HLA-A1P* CLL samples was observed for clone 1F3.4 (Figure 3A), but not for clone
7E8.12 (data not shown). Allo-HLA T-cell clones were included as positive controls for
stimulatory capacity and HLA expression of the target cells. Furthermore, 3 out of 6
VPREB3 HLA-A24 restricted T-cell clones (6A2.18, 6E2.18 and 10G3.16) efficiently
recognized all VPREB3 expressing HLA-A24 7> ALL cell lines, whereas HLA-A24 & ALL
cell lines were not recognized (Figure 3B). In addition, BOB1 HLA-B35 restricted T-cell
clone 1C5.6, demonstrated efficient recognition of all POU2AF1 (BOB1) expressing HLA-
B35 ALL and MM cell lines tested (Figure 3C). BOB1 HLA-B35 restricted T-cell clone
4H5.6 did not recognize these B-cell malignancies (data not shown). Of note, malignant
cell recognition by the VPREB3 HLA-A24 and BOB1 HLA-B35 T-cell clones correlated
with a high avidity as measured by peptide titration (Figure S4). To summarize, 5 out
of 22 tested T-cell clones recognized B-cell malignancies and were therefore promising
candidates for TCR gene therapy. These T-cell clones were specific for FCRL5 in HLA-A1,
VPREB3 in HLA-A24 and BOB1 in HLA-B35.

Safety screenings reveal high on-target specificity of selected T-cell clones

To study the specificity of the 5 selected T-cell clones, safety profiles were investigated.
Cross-reactivity with other HLA-alleles was assessed using an Epstein-Barr virus
transformed lymphoblastoid cell line (EBV-LCL) panel expressing all HLA-I alleles with an
allele frequency >1% in the Caucasian population (Figure 4, Table S4).(27) Additionally,
cross-reactivity with other peptides presented in target HLA alleles was determined by
stimulating with HLA-A1 and B8 or HLA-A24 and B35 Td cell lines of non-B-cell origins
(Figure 4). The respective allo HLA-A1, A24 and B35 T-cell clones recognized the HLA
transduced cell lines (Figure S5), demonstrating that sufficient HLA was expressed to
allow T-cell recognition. T-cell clones 1F3.4 (FCRL5 HLA-A1), 6A2.18 (VPREB3 HLA-A24),
10G3.16 (VPREB3 HLA-A24) and 1C5.6 (BOB1 HLA-B35) did not demonstrate cross-
reactivity with any of the target cells included in the screenings (Figure 4A-C). However,
T-cell clone 6E2.18 (VPREB3 HLA-A24) produced IFN-y when stimulated with EBV-LCLs
from donor URN (EBV-LCL URN) and upon stimulation with HLA-A24/B35 Td CASKI cells
(Figure 4B). This was a result of cross-reactivity with two possible peptide-HLA complexes.
Recognition of EBV-LCL URN resulted from cross-reactivity with a peptide presented in
HLA-B*08:01 or B*50:01, since these HLA alleles were expressed by EBV-LCL URN but
not by other EBV-LCLs in the panel. Recognition of HLA-A24/B35 Td CASKI cells was
caused by cross-reactivity with a peptide in HLA-A24 or B35, since untransduced CASKI
cells were not recognized (data not shown). In summary, most T-cell clones targeting
FCRL5 in HLA-A1, VPREB3 in HLA-A24 or BOB1 in HLA-B35 revealed promising safety
profiles for clinical application in TCR gene therapy of B-cell malignancies.
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Figure 2. Peptide specificity and target gene recognition by selected T-cell clones. T-cell clones were
stimulated with the appropriate HLA-expressing K562 cells in an effector:target ratio of 1:6 loaded with
combinatorial combinations of target peptides to determine peptide specificity (upper part) and K562
cells Td with target gene and HLA (bottom part) to determine recognition of endogenously processed
and presented peptide. IFN-y (in black) or GM-CSF (in grey) production by T-cell clones categorized as
high endogenous recognition. GM-CSF production is shown for clones that do not produce IFN-y. T-cell
clones isolated from different donors were tested in separate experiments. A) T-cell clones recognizing
HLA-A1 or A24 presented target peptides. B) T-cell clones recognizing HLA-B8 or B35 presented target
peptides, peptide 233 and 236 were not part of combinatorial mixes. For clone 1C5.6 and 4H5.6
specificity for p236 was determined by pHLA-tetramer stain (data not shown). Abbreviations: n.p., not
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Figure 3. Recognition of malignant B cells by selected T-cell clones. IFN-y production by T-cell clones
after overnight stimulation with various target cells. Values and error bars represent mean and standard
deviations of technical duplicates. Target cells were positive (+), negative (-) or transduced (Td) with
target HLA. Target gene expression was measured by gPCR and is depicted below targets as expression
relative to housekeeping genes (HKG set to 1). Allo HLA T-cell clones were included as positive controls
for HLA expression. A) FCRL5 HLA-A1 specific T-cell clone stimulated with patient derived chronic
lymphocytic leukemia (CLL) samples, in an effector:target (E:T) ratio of 1:20 to correct for cell size and
negative control K562 cells in E:T ratio 1:6. T-cell clone 6B10.12 could not be tested due to lack of
expansion. B) VPREB3 HLA-A24 clones stimulated with different acute lymphoblastic leukemia (ALL)
cell lines and K562 cells in E:T ratio 1:6. C) BOB1 HLA-B35 clone stimulated with different ALL cell lines,
multiple myeloma cell lines UM9 and U266 and K562 cells in E:T ratio 1:6.

TCR IDENTIFICATION TARGETING B-CELL MALIGNANCY ANTIGENS

41



A p243 FCRL5 HLA-A1 p243 FCRL5 HLA-A1

607 409 ® Clone 1F3.4
° °
° 30
- — °
E 404 T
g >
= £ 20
iy 3
g 20 z
= 10
Y- .®-
—— —
<z 39
<+ 9 2y
N s
g; +
¥+ %
[ wn
EBV-LCL 3 + HLA-A1/B8 ¥
2
B p269 VPREB3 HLA-A24 p269 VPREB3 HLA-A24
307 40 @ Clone 6A2.18
m
] B Clone 6E2.18
. [ . 307 ‘s A Clone 10G3.16
E 20 = ]
S € 20 .
> > o
g 104 [ °
& = 10 u
B*08:01/B*50:01+ [ |
-

10 €6 ¢ <o 5Tte 10 €0 (5 (0 (6 (0 62 (4o (0 (0 (6 (29> (0 (0 &9 (0 ¢o ¢ ] [(fieortacotatscotococetocete W
T T -
¥XOXOZOO20X>XIOXSOLrLE=22WNT® C—ONDON=O—'Z TN

=S X 4] oo<s5aNm IO A0 — LG Inom
GRPUEERYSSE255058£28320833%<l b R op deg
o = SNNO o
ag B> [
L+ +
EBV-LCL X3 +HLA-A24/B35 o
N ©
< O
+ X
~
©
w0
X
C p236 BOB1 HLA-B35 p236 BOB1 HLA-B35
209 o 209 © Clone 1C5.6
154 154 e
E ° B °
o o
£ 10 £ 10
> >
£ £
= 54 = 5
Q- .
— .
B @
28 Q
+m Q
~F +
w0 o~
nm ©
EBV-LCL ¥m ©
.
o
©
wn
X

Figure 4. Safety screenings for selected T-cell clones. IFN-y production by T cells measured by ELISA after
overnight co-culture, technical duplicates are depicted. T-cell clones stimulated with an Epstein-Barr virus-
transformed lymphoblastoid cell lines (EBV-LCL) panel not expressing target HLA alleles (left panels). Target
gene and HLA transduced K562 cells were included as positive control for T-cell function. T cells were
stimulated in effector:target (E:T) ratio 1:6. T-cell clones stimulated with NBS and VH10 fibroblast cell lines,
Hela and Caski cervix carcinoma cell lines, EGI-1 bile duct carcinoma cell lines, HCT116 colon carcinoma
cell line, MZ1851 and MZ1257 renal cell carcinoma cell lines, SINB-8 neuroblastoma cell line, A549 and
H292 lung carcinoma cell lines transduced with HLA-A1 and HLA-B8 (+HLA-A1/B8) or HLA-A24 and HLA-B35
(+HLA-A24/B35) (right panels). Lack of FCRL5, VPREB3 and POU2AF1 (BOB1) expression in these cell lines
was confirmed by gPCR (data not shown). A) Safety screenings of FCRL5 HLA-A1 specific T-cell clones. B)
Safety screenings of VPREB3 HLA-A24 T-cell clones. C) Safety screenings of the BOB1 HLA-B35 T-cell clone.
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TCR gene transfer to CD8 T cells reveals promising candidates for TCR gene therapy
of B-cell malignancies

To study the potential for clinical application in TCR gene therapy, TCRs of the five
selected T-cell clones were sequenced and retrovirally transferred to healthy donor CD8
T cells. Additionally, the TCR of T-cell clone 6B10.12 (FCRL5 HLA-A1), which was not
screened for recognition of B-cell malignancies due to lack of in vitro expansion, was
included. All six identified TCRs, including the TCRs from T-cell clones 6A2.18 and 6E2.18
which were isolated from the same donor, had unique TCR sequences (data not shown).
Moreover, all TCRs were functional upon transfer into CD8 T cells as demonstrated by
pHLA-tetramer binding. The intensity of the staining, however, was weaker in TCR Td
CD8 T cells than in the parental T-cell clones (Figure 5A). To determine clinical relevance
of identified TCRs, cytokine production by TCR Td T cells after co-culture with primary
B-cell malignancies of multiple origins was assessed. HCL, MCL, ALL and CLL patient
derived samples were included depending on availability of material expressing target
HLA in the LUMC biobank. TMD8 and U266 were used as representatives for DLBCL and
MM respectively, as primary malignant cells were not available for these diseases.

The results depicted in Figure 5B demonstrate that FCRL5 HLA-A1 specific TCR 6B10.12
Td T cells efficiently recognized FCRL5 expressing HLA-A1P* patient derived HCL, MCL and
CLL samples, as well as HLA-A1 Td DLBCL cell line TMDS8. Reactivity by TCR 6B10.12 Td
T cells was more efficient than by TCR 1F3.4 Td T cells (Figure 5B), which corresponded
with the difference observed in tetramer binding (Figure 5A).

VPREB3 HLA-A24 specific TCR 6A2.18 Td T cells consistently outperformed TCRs 6E2.18
and 10G3.16 for recognition of HLA-A24r° patient derived ALL and CLL samples, DLBCL
cell line TMDS8, and MM cell line U266 (Figure 5B), although, TCR 6E2.18 Td T cells
showed higher tetramer binding than TCR 6A2.18 Td T cells (Figure 5A).

Finally, BOB1 HLA-B35 restricted TCR 1C5.6 Td T cells efficiently recognized patient derived
HLA-B35P ALL, CLLand MCL samples as well as HLA-B35 Td MM and DLBCL cell lines (Figure
5B). Based on these results TCRs 6B10.12 (FCRL5 HLA-A1), 6A2.18 (VPREB3 HLA-A24) and
1C5.6 (BOB1 HLA-B35) were selected to be the most potent TCRs identified. Since TCR
6B10.12 was the most potent FCRL5 HLA-A1 specific TCR, but safety of the parental T-cell
clones had not been examined due to lack of in vitro expansion, safety screenings were
performed using endogenous TCRaf knock-out CD8 T cells Td with TCR 6B10.12 (Figure
S6). Here, no cross-reactivity for TCR 6B10.12 was identified, therefore this TCR and TCRs
6A2.18 (VPREB3 HLA-A24) and 1C5.6 (BOB1 HLA-B35) are promising candidates to further
investigate relevance for TCR gene therapy of B-cell malignancies.
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Figure 5. Target recognition by TCR transduced CD8 T cells. A) TCR transduced CD8 T cells and parental
T-cell clones stained with pHLA-tetramer-PE, CD8 and mTCR. TCR transduced T cells were enriched for
mTCR by MACS and gated on CD8 and mTCR expression. Parental T-cell clones were gated on CD8. Mean
fluorescent intensity (MFI) of tetramer stains are depicted. Untransduced T cells were included as negative
controls for tetramer staining. Left panel; FCRLS HLA-A1 specific T cells, middle panel; VPREB3 HLA-A24
specific T cells, right panel; BOB1 HLA-B35 specific T cells. [Legend continues on the next page]
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B) IFN-y production after overnight co-culture of CD8 T cells Td with identified TCRs, CMV (pp65-NLV-
HLA-A2) TCR as negative control and allo-HLA T-cell clones as positive controls. Target cells were patient
derived B-cell malignancy samples, diffuse large B-cell ymphoma cell line TMD8 and multiple myeloma cell
lines U266, HLA transduced K562 cells with (100nM) or without target peptide. Target cells were positive
(+), negative (-) or transduced (Td) with target HLA. Target gene expression was measured by qPCR and is
depicted below targets as expression relative to housekeeping genes (HKG set to 1). To correct for cell size
different effector:target (E:T) ratios were used. E:T 1:12 for patient derived B-cell malignancies, E:T 1:6
for cell lines. Graphs are separated based on specificities, upper panels; FCRL5 HLA-A1 TCR T cells, middle
panels; VPREB3 HLA-A24 TCR T cells, bottom panels; BOB1 HLA-B35 TCR T cells. Data is representative of
two independent experiments, values and error bars represent mean and standard deviations of technical
duplicates. Abbreviations: HCL, hairy cell leukemia; MCL, mantle cell ymphoma; CLL, chronic lymphocytic
leukemia; ALL, acute lymphoblastic leukemia.

High avidity TCRs show strong promise for therapy of B-cell malignancies

To gain better insight in the value of the identified TCRs for TCR gene therapy of B-cell
malignancies, TCR functionality was investigated further. Peptide titrations experiments
demonstrated that the identified TCRs are of high avidity for the target peptide-HLA
complexes, requiring between 364 and 1068 pg/ml peptide for a half-maximum
response (Figure S7). Despite high-avidity interactions between the selected TCRs
and target peptide-HLA complexes, TCR 6B10.12 (FCRL5 HLA-A1) and 1C5.6 (BOB1
HLA-B35) are dependent on expression of the CD8 co-receptor. Transfer into CD4 T
cells induced pHLA-tetramer binding, but no IFN-y was produced upon stimulation with
antigen Td K562 cells (Figure S8). In contrast, TCR 6A2.18 (VPREB3 HLA-A24) Td CD4
T cells produced cytokine upon stimulation with antigen Td K562 cells in addition to
pHLA-tetramer binding (Figure S8). However, stimulation with patient derived B-cell
malignancy materials demonstrated reduced functionality of TCR 6A2.18 Td CD4 T cells
compared to CD8 T cells (data not shown), therefore presence of the CD8 co-receptor
was still beneficial for TCR 6A2.18 Td T cells.

To investigate the anti-tumor reactivity of the identified TCRs, /n vitro cytotoxicity assays
were performed with patient derived HCL, CLL, MCL and ALL samples, diffuse large
B-cell lymphoma cell line TMD8 and multiple myeloma cell line U266. Demonstrating
that TCR 6B10.12 (FCRL5 HLA-A1) Td T cells induced specific lysis of HCL, CLL, MCL and
DLBCL (Figure 6A). Additionally, TCR 6A2.18 Td T cells (VPREB3 HLA-A24) mediated
potent lysis of patient derived ALL, CLL, DLBCL and MM (Figure 6B) and TCR 1C5.6 Td
T cells (BOB1 HLA-B35) efficiently killed ALL, CLL, MCL, DLBCL and MM (Figure 6C).
No lysis of antigen negative target HLA Td K562 cells (Figure 6), or fibroblasts and
keratinocytes endogenously expressing the HLA restriction alleles was observed (Figure
§9). Demonstrating that no general de novo cross-reactivities were induced by transfer
of the three selected TCRs into donor derived CD8 T cells.
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Figure 6. Antigen specific killing of B-cell malignancies by TCR transduced (Td) CD8 T cells. Killing by CD8
T cells Td with selected TCRs (in pink), CMV (pp65-NLV-HLA-A2) TCR Td CD8 T cells (in black) as negative
control and allo-HLA-A1, A24 or B35 T-cell clones (in grey) as positive controls. Target cells were patient
derived HCL, CLL, MCL and ALL, diffuse large B-cell lymphoma cell line TMD8, multiple myeloma cell line
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(HLAP*) or were transduced with target HLA alleles (+HLA). Killing was measured by 51CR release assay
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Finally, we investigated the in vivo killing capacity of TCR 1C5.6 (BOB1 HLA-B35) Td CD8
T cells in a previously established xenograft model for treatment of established multiple
myeloma.(16) NSG mice were inoculated with BOB1 expressing, HLA-B35 transduced
multiple myeloma cell line U266. Upon treatment with BOB1 HLA-B35 restricted TCR
1C5.6 Td CD8 T cells a strong anti-tumor effect was observed (Figure S10). Tumors in
TCR 1C5.6 treated mice reached their minimal size 6 days after T-cell infusion, when the
mean tumor burden was 148-fold lower in 1C5.6 TCR treated mice compared to control
TCR treated mice. Despite near complete tumor eradication, U266 regrows after day 6
post T cells likely due to absence of the required human cytokine environment.

In conclusion, TCR 6B10.12 (FCRL5 HLA-A1), 6A2.18 (VPREB3 HLA-A24) and 1C5.6 (BOB1
HLA-B35) are promising TCRs for further clinical development for application in TCR
gene therapy of B-cell malignancies.

DISCUSSION

In this study we aimed to extend the options for cellular immunotherapy of B-cell
malignancies. We performed a broad and stepwise approach to identify multiple TCRs
specific for different target genes and HLA alleles. As a first step, target genes with
restricted expression in B-cell malignancies and the B-cell lineage were selected. Twenty
HLA-A1, A24, B8 or B35 binding peptides derived from these genes were identified
by mass spectrometry based immunopeptidomics. T-cell clones were isolated for 11
of these 20 peptides and multiple efficacy and safety screenings revealed the 6 most
promising T-cell clones for which TCRs were sequenced. Despite confirmed presentation
of all selected epitopes, only the most potent FCRL5, VPREB3 and BOB1 specific T-cell
clones were of sufficient avidity to recognize antigen levels naturally expressed by B-cell
malignancies. Upon transfer to CD8 T cells, three TCRs directed against peptides derived
from FCRL5, VPREB3 and BOB1, demonstrated potent lytic activity against multiple
B-cell malignancies.

The first selected TCR was specific for a peptide derived from FCRL5 presented in
HLA-A1. FCRL5 is a cell surface receptor involved in regulation of BCR signaling through
binding to 1gG.(28) In this study, we aimed to identify TCRs targeting selected B-cell
malignancy antigens regardless of their cellular localization. However, the cell surface
localization of FCRL5 would also permit CAR mediated targeting which could additionally
be exploited as a therapeutic strategy. In healthy B cells, FCRL5 is expressed by naive and
memory peripheral blood B cells as well as on plasma cells, while expression in germinal
center B cells is low.(29) FCRL5 is expressed in almost all cases of CLL and has previously
been proposed as immunotherapeutic target for CLL.(29) Similarly, in our study FCRL5
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expression was observed in CLL and was additionally expressed in HCL, MCL and DLBCL.
The second TCR targets a peptide derived from VPREB3 in HLA-A24. The exact function of
VPREB3 is still unknown, but VPREB3 has been suggested to play arole in the intracellular
assembly of the pre-B-cell receptor and thus in B-cell development. In healthy B cells,
VPREB3 is expressed in precursor B cells as well as in a subset of germinal center B cells.
(30) VPREB3 was also reported to be expressed in all cases of Burkitt ymphoma and in a
subset DLBCL. In DLBCL, VPREB3 expression co-occurred with c-MYC abnormalities and
was therefore associated with an aggressive phenotype.(30) In this study, we additionally
observed VPREB3 expression and TCR targeting of ALL and CLL. Furthermore, despite
low VPREB3 expression, DLBCL cell line TMD8 and MM cell line U266 were lysed by TCR
Td T cells, indicating broad applicability for VPREB3 restricted TCRs.

The third TCR targets a peptide in HLA-B35 derived from POU2AF1 which encodes
the BOB1 protein. BOB1 is an intracellular transcription factor regulating both B-cell
development as well as function and is broadly expressed throughout the healthy
B-cell lineage.(31, 32) Additionally, POU2AF1 (BOB1) is expressed in all types of B-cell
malignancies and has been suggested to play a role in survival of malignant cells.(33, 34)
We previously identified a TCR targeting a BOB1 derived peptide in HLA-B*07:02 which
demonstrated specific lysis of B-cell malignancies of multiple origins, including MM.(16)
Here we similarly observed potent lysis of B-cell malignancies of multiple origins and
strong in vivo anti-tumor efficacy by CD8 T cells Td with the HLA-B35 restricted TCR.

All three candidate TCRs demonstrated promising safety profiles, as no cross-reactivities
were identified using parental T-cell clones 6A2.18 (VPREB3 HLA-A24) and 1C5.6
(POU2AF1 HLA-B35)or TCR6B10.12 (FCRL5 HLA-A1) Td CD8T cells. Cross-reactivities with
peptides presented in target HLA alleles were investigated in a safety screening including
tumor cell lines derived from a variety of cellular origins, thereby ensuring broad gene
expression profiles. However, as not all genes will be expressed in the included cell lines,
potential cross-reactivities could have remained unidentified. To further investigate the
safety profile of the identified TCRs, peptide library scanning remains to be performed in
additional preclinical studies. In addition to TCR intrinsic cross-reactivities, de novo cross-
reactivities could potentially occur when transferring TCRs into CD8 T cells, resulting
from mixed dimer formation between chains of the introduced TCR and endogenous
TCR.(35, 36) Here, TCR transferinto CD8 T cells confirmed a lack of general de novo cross-
reactivity when stimulated with antigen negative K562, fibroblast and keratinocytes. As
the risk for de novo cross-reactivities remains a valid concern for the safety of TCR gene
therapy, future TCR gene-therapy is expected to shift focus to generating T-cell products
with a knock out of the endogenous TCR, or insertion of the introduced TCR into the
TCR locus. Deletion of the endogenous TCR will additionally increase the expression of
the introduced TCR by eliminating competition for CD3 and thereby lead to more potent
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antitumor efficacy.(37)

The three TCRs identified in this study were specific for peptides presented in the
context of HLA-A1, A24 or B35. These HLA-alleles have relative allele frequencies in
the worldwide population of 17%, 21% and 8% respectively. Future clinical application
of the TCRs is restricted to individuals expressing these HLA genotypes. However, since
the target genes are expressed in a broad range of B-cell malignancies, a large group of
patients is still eligible for therapy with these TCRs.

Since tumors are often of heterogenous nature, tumor cells negative for non-essential
antigens can be present. Upon single-antigen-targeting immunotherapy regimens this
can result in escape of antigen-negative variants.(5) This limitation could be overcome
by multi-antigen-targeting therapy.(7, 8) CAR T cells can be used to treat all malignancies
expressing the target antigen, independent of HLA genotype of patients. However, the
number of suitable CAR antigens is limited and might not suffice to prevent escape
variants. Additionally, for MM the number of cell-surface antigens expressed by
malignant cells but not by healthy cell types of non-B-cell origin is low.

In contrast to CARs, TCRs are not limited by the cellular localization of antigens. In this
study cellular localization was not included as a selection criteria for target antigens,
which resulted in identification of TCRs recognizing peptides derived from cell surface
as well as intracellular proteins. Moreover, targeting intracellular proteins that are
essential for cell survival, like the transcription factor BOB1 for which we here identified
an HLA-B35 restricted TCR, could prevent escape through antigen-loss. The benefits of
CAR and TCR therapy can complement each other and should be combined in multi-
antigen-targeting therapies. Generating a library of CARs and TCRs will allow selection of
multiple relevant receptors based on antigen expression and HLA genotypes of patients.
Our research has contributed to this goal by identification of three clinically relevant
TCRs. The approach described in this study can similarly be applied to identify TCRs
for treatment of solid tumors. For these cancers, tumor associated antigens and neo-
antigens are promising targets and TCR-based therapy will likely be the most valuable
option as cell-surface expression of tumor specific antigens is generally absent.

In summary, we applied a broad and systematic approach to identify clinically relevant
TCRs for the treatment of B-cell malignancies. This resulted in identification of three TCRs
that induced potent lysis of B-cell malignancies of different origins and are therefore
promising TCRs for future application in multi-antigen-targeting T-cell therapy for B-cell
malignancies.
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MATERIALS AND METHODS

Target gene selection, HT12 microarray

A detailed description of protocols followed for sample collection, purification, RNA
isolation and Illumina HT-12.0 microarray measurements can be found in Pont et al.(25)
Gene expression analysis was performed using gene expression in patient derived ALL,
CLL and MM, ALL cell lines, EBV-LCLs, healthy B-cells, BMMCs, total PBMCs, multiple
healthy hematopoietic and non-hematopoietic cell types (Figure S1).

Peptide elution and candidate peptide identification

To identify peptides derived from candidate genes that are presented in HLA on the cell
surface, the HLA peptidome of primary B-cell malignancy samples of different origins
was established as previously described.(38) In short, after informed consent, apheresis
material was obtained at time of diagnosis. HLA typing of the material was performed
and cell pellets were stored at-80 until use. Cell pellets (0.1 x 10° to 610 x 10° cells)
were lysed and peptide-HLA complexes were purified by immunoaffinity using the anti
HLA-1 W6/32 antibody. Peptides were separated from HLA molecules using acid and the
peptide containing fraction was obtained by size filtration. Peptide containing fractions
were separated by strong cation exchange chromatography and freeze dried. Peptide
fractions were lyophilized, dissolved in 95/3/0.1 water/acetonitrile/formic acid v/v/v
and subsequently analyzed with nanoHPLC-MS/MS. Peptide and protein identification
from tandem mass spectra was performed by proteome discoverer version 2.1 (Thermo
Fischer Scientific) using the mascot node and the UniProt Homo Sapiens database.
Synthetic peptides were ordered for potential target peptides meeting the following
selection criteria: 1) peptides derived from one of the candidate genes; 2) for which a
cross query between patient HLA type and predicted HLA binding according to NetMHC
version 3.4 indicates binding to HLA-A1, A24, B8 or B35; 3) with a minimal Mascot
lonsscore > 20; 4) with an amino acid length between 8-11 amino acids; 5) that were
rank 1 peptides; 6) cysteine containing peptides were excluded; 7) the peptide sequence
had to be unique for the candidate gene. For peptides meeting all selection criteria,
synthetic peptides were ordered, measured by mass spectrometry and spectra of the
synthetic and eluted peptides were compared to confirm peptide identification. Peptides
for which the spectra did not match were excluded from the selection.

Generation of pHLA-tetramers

Synthetic peptides were generated in house using standard Fmoc chemistry. Recombinant
HLA-A1, A24, B8 or B35 heavy chains (HCs) and human beta-2 microglobulin (B2M) were
produced in house in Escherichia coli. PE-labelled pHLA-tetramers were produced as
previously described with minor modifications.(39)
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T-cell isolation and culture

Buffy coats were obtained from healthy donors negative for HLA-A1, HLA-A24, HLA-B8
and HLA-B35 after informed consent (Sanquin). PBMCs were isolated using Ficoll
gradient separation and incubated with pHLA-tetramers for 1 hour at 4°C or 15 minutes
at 37°C. Cells were washed and pHLA-tetramer bound cells were enriched by magnetic
associated cell sorting (MACS) using anti-PE beads (Miltenyi Biotec). The positive
fraction was stained with CD8 Alexa fluor 700 (Invitrogen/Catlag) and FITC labelled CD4,
CD14 and CD19 (BD pharmingen). pHLA-tetramer®®, CD8P° cells were single-cell sorted
using an Aria Ill cell sorter (BD Biosciences) in a 96 well round bottom plate containing
5x1074 irradiated PBMCs (35Gy) and 5x1073 EBV-JY cells (50Gy) in 100ul T-cell medium
(TCM) with 0.8 pg/ml phytohemagglutinin (PHA; Oxoid Microbiology Products, Thermo
Fischer Scientific). TCM contains IMDM (Lonza), 1% Penicillin/Streptomycin (Pen/Strep;
Lonza), 1.5% glutamine (Lonza), 100 IU/ml IL-2 (Proleukin; Novartis Pharma), 5% fetal
bovine serum (FBS; Gibco, Life Technologies) and 5% human serum. T-cell clones were
restimulated every 10-15 days with irradiated feeder cells and PHA or cryopreserved
until further use.

Target cell culture and generation

Cell lines were cultured in IMDM (Lonza), 1% Pen/Strep (Lonza), 1.5% Glutamine (Lonza)
and 10% FBS (Gibco, Life Technologies). ALL cell lines were cultured as described.
(40) Primary malignant samples were defrosted and rested overnight at 37°C in
medium containing 10% human serum before use in experiments. HLA and target
gene transduced (Td) target cells were generated by retroviral transduction with HLA
alone or with target gene and HLA combined. Retroviral transduction was performed
as previously described.(19) Candidate genes and HLA alleles were expressed in MP71
retroviral backbone vectors with marker genes truncated nerve growth factor receptor
(NGF-R), CD34 or mouse CD19 (mCD19). Transduced cells were MACS or FACS enriched
for marker gene and/or HLA-I expression using HLA-ABC FITC (serotec), NGF-R PE (BD/
Pharmingen), mCD19 PE (BD) or CD34 PE (BD/Pharmingen).

T-cell recognition assay

Target cell recognition was determined by incubating 5,000 T cells with target cells in
Effector:Target (E:T) ratio 1:6, unless indicated otherwise, in a 384-well flat-bottom tissue
culture plate. T cells were washed before use in experiments to remove expansion-related
cytokines. After overnight (O/N) incubation recognition was determined by measuring
IFN-y and/or GM-CSF production in supernatants by ELISA (Sanquin and R&D systems).
Supernatants were tested undiluted, 1:5 diluted (Figure 2, Figure S4) or in multiple
dilutions to calculate concentrations using OD values in the linear part of the standard
curve (all other experiment). Supernatants were transferred using a Hamilton Microlab
STAR Liquid Handling System (Hamilton company). Peptide loaded target cells were

TCR IDENTIFICATION TARGETING B-CELL MALIGNANCY ANTIGENS | 51



loaded with 100nM per peptide or decreasing peptide concentrations starting at 1uM
for peptide titration experiments. Initial screenings to determine peptide recognition
of pHLA-tetramer?®s, CD8* sorted and expanded T cells were performed in a high
throughput manner. The 96-well T-cell cultures were split into 4 wells of 384-well plate
using a Hamilton Microlab STAR Liquid Handling System (Hamilton company). Peptide mix
loaded or unloaded target cells were added manually. T-cell clones were defined reactive
when IFN-y and/or GM-CSF production was > 100 pg/ml upon target cell stimulation.
T-cell clones were considered peptide specific when no cytokine production (< 30 pg/
ml) was measured for unloaded target cells. T cells meeting these selection criteria
were picked manually and transferred to a 24 well plate for restimulation and further
expansion. T-cell mediated cytotoxicity was measured using >'Cr-release experiments.
Target cells were incubated 1 hour at 37°C with 100 uCi Na,*'CrO, (PerkinElmer). Target
cells were washed and co-cultured with T cells at various E:T ratios for 6 hours in 96-
well U-bottom culture plates. Supernatants were harvested and transferred to 96-well
LumaPlates (PerkinElmer). Spontaneous and maximum °!Cr-release was determined
using TCM alone or TCM containing 1% Triton-X 100 (Sigma-Aldrich), respectively.
°ICr-release was measured in counts per minute (CPM) using a 2450 Microbeta?2 plate
counter (PerkinElmer). Percentage target cell killing was calculated using

%kiI|ing=((CPI\/Itest—averageCPl\/Ispon)/(averageCPMmax—averageCPl\/lspm))*100.

Quantitative RT-PCR

Total RNA was isolated from 0.5-5x1076 cells using the Small Scale Kit or ReliaPrep
RNA cell mini prep system according to manufacturer’s protocol (Ambion, Promega
respectively). Total RNA was converted to cDNA using Moloney murine leukemia virus
reverse transcriptase and Oligo (dT) primer (Invitrogen by Thermo Fisher Scientific).
Quantitative reverse transcription polymerase chain reaction (qPCR) was performed
using Fast Start TagDNA Polymerase (Roche) and EvaGreen (Biotum), gene expression
was measured on the Lightcycler 480 (Roche). Forward and reverse primers used are
depicted in Table S5. Target gene expression was calculated relative to the average
expression of housekeeping genes: GUSB, PSMB4 and VPS29.

TCR identification

TCRa and TCRB sequences of T-cell clones were identified as previously described with
minor modifications.(41) mRNA was isolated from 1x1076 cells using the Dynabeads
mRNA DIRECT kit (Invitrogen by Thermo Fisher Scientific). TCR cDNA was generated
using reverse primers in the TCR constant alfa and beta regions, SMARTScribe Reverse
Transcriptase (Takara, Clontech) and a SA.rt template switching oligo forward primer.(42)
Barcoded TCR PCR product was generated in two rounds of PCR. In the first PCR, alfa and
beta TCR products were generated, in a second PCR the first PCR product was used to
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include a barcode sequence that allowed discrimination between TCRs of different T-cell
clones. PCR products of different T-cell clones were pooled after which TCR sequences
were identified by HiSeq (GenomeScan). Hiseq data were analysed using MiXCR and
ImMunoGeneTics (IMGT) database to determine the Va /VB family. V(D)J segments of
the TCRa and TCRB were codon optimized and cloned into the modified MP71-TCR-
flex retroviral vector. To increase expression and preferential pairing of the introduced
TCRaB chain, the MP71-TCR-flex vector contains codon-optimized and cysteine-
modified murine TCRaf constant domains and P2A sequence to link TCR chains.(43)
Phoenix-AMPHO (ATCC) cells were transfected, after 48 and 72 hours virus supernatant
was harvested and stored at-80°C.

TCR transfer to healthy donor T cells

CD8 and CD4 T cells were separately isolated from healthy donor PBMCs by MACS using
anti-CD8 or anti-CD4 microbeads (Miltenyi Biotec). PBMCs were obtained after informed
consent. T cells were activated with irradiated autologous PBMCs (35 Gy) and 0.8 pg/ml
PHA. On day 2, retroviral supernatants were added to 24-well suspension culture plates
(Greiner Bio-One) precoated with 30 mg/mL retronectin (Takara) and blocked with 2%
human serum albumin (Sanquin). Plates were spun down for 20 min, 2000g at 4°C. Virus
supernatant was removed and 0.3x1076 activated T cells were transferred to each well.
After O/N incubation T cells were transferred to a 24-well culture plate (Costar). On
day 7 after T-cell activation TCR Td T cells were MACS enriched using anti-mouse TCR-
CB (mTCR) APC antibody (BD Pharmingen) followed by anti-APC MicroBeads (Miltenyi
Biotec) according to manufacturer’s protocol. TCR Td T cells were functionally tested
between day 10-12 after activation. For safety screening of TCR 6B10.12, endogenous
TCRaPB knock out (KO) of healthy donor CD8 T cells was performed prior to TCR Td as
described by Morton et al.(37) To asses TCR expression and tetramer binding cells were
stained using mTCR APC antibody and PE labeled pHLA-tetramers. Cells were measured
on the LSR Il (BD Bioscience) and data were analysed with Flowjo software.

In vivo antitumor efficacy of BOB1 HLA-B35 TCR

Female NSG mice (NOD.Cg-Prkdc(scid)ll2rg(tm1Wijl)/SzJ, The Jackson Laboratory)
were injected i.v. with 2x1076 U266 multiple myeloma cells, U266 were transduced
with Luciferase- tdTomato Red and HLA-B35-NGFR and enriched to reach >98% purity.
Tumor growth was measured 1-2 times per week after i.p. injection of 150 pl 7.5 mM
D-luciferine (Cayman Chemical Co.) using a CCD camera (IVIS spectrum, PerkinElmer).
On day 21 mice were i.v. injected with 5x1076 T cells which were transduced with 1C5.6
(BOB1 HLA-B35) TCR (n=4) orirrelevant CMV TCR (n=3). The TCR transduced T cells were
enriched for mTCR expression before infusion.
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Figure S1. Example of a complete gene expression profile used to generate summary data in
figure 1. Gene expression was retrieved from an Illumina HT12.0 microarray dataset.(25) POU2AF1
(BOB1) gene expression (Mean Fluorescence Intensity; MFI) per cell type, individual samples and
average (mean) gene expression is shown. Expression in patient derived B-cell malignancies or B-cell
malignancy cell lines (dark blue), healthy B cells (CD19°*) or B-cell containing PBMCs and BMMCs (light
blue), healthy hematopoietic and non-hematopoietic cell types (grey). Abbreviations: MM, multiple
myeloma; CLL, chronic lymphocytic leukemia; ALL, acute lymphoblastic leukemia; EBV-LCL, Epstein-Barr
virus-transformed lymphoblastoid cell lines; PBMC, peripheral blood mononuclear cells; BMMC, bone
marrow mononuclear cells; HPC, hematopoietic precursor cells; Mono, monocytes; imDC, immature
dendritic cells; matDC, mature dendritic cells; M®1, type 1 macrophages; M®2, type 2 macrophages;
HUVEC, human umbilical vein endothelial cells; IFN-y, interferon-y; PTEC, proximal tubular epithelial
cells; KC, keratinocytes; FB, fibroblasts.
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Figure S2. Examples of matching tandem mass spectra of eluted (top) and synthetic (bottom)
peptides. A) Tandem mass spectra of peptide 236 (p236, LPHQPLATY) derived from BOB1 presented in
HLA-B35. B) Tandem mass spectra of p269 (YYCSVGYGF) derived from VPREB3 presented in HLA-A24. C)
Tandem mass spectra of p243 (LTEGHSGNYY) derived from FCRLS presented in HLA-A1.
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Figure S3. Target gene expression of targets used for T-cell selection. FCRL5, VPREB3, POU2AF1, MIST,
RALGPS2, FCRL2 and TNFRSF13B mRNA levels of patient derived chronic lymphocytic leukemia (CLL)
samples, acute lymphoblastic leukemia (ALL) cell lines, multiple myeloma (MM) cell lines, target gene
transduced K562 cells and K562 cells used in figure 4. Gene expression, measured by qPCR, depicted
relative to housekeeping genes (HKG). Values not depicted are <0.001 relative gene expression.

Figure S4. Peptide titrations of T-cell clones selected to recognize gene transduced (Td) K562 cells.
[Figure on the next page] IFN-y (closed symbols) or GM-CSF (open symbols) production by T-cell clones
from figure 3 after overnight stimulation with K562 cells Td to express target HLA, loaded with decreasing
concentrations of target peptide in an effector:target ratio 1:6. Graphs are separated based on T-cell
specificity and cytokine production. Values and error bars represent mean and standard deviations of
technical duplicates.
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Figure S4 [Legend on previous page].
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Figure S5. Recognition by allo HLA T-cell clones of cell lines used in safety screenings. IFN-y production
by allo HLA-A1 (left panel), A24 (middle panel) and B35 (right panel) T cell clones after overnight co-
culture with HLA-A1 and HLA-B8 (+HLA-A1/B8) or HLA-A24 and HLA-B35 (+HLA-A24/B35) transduced
cell lines. IFN-y measured by ELISA, technical duplicates are depicted. Data obtained from the same

experiment as shown in Figure 4.
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Figure S6. Safety screening of TCR 6B10.12 (FCRL5 HLA-A1). Endogenous TCR knock out CD8 T cells
(5% residual huTCRP* cells) untransduced or Td with TCR 6B10.12 (FCRL5 HLA-A1) were used because of
lack of in vitro expansion of parental T-cell clone 6B10.12. Experiment performed as described in figure
5. Values represent means and standard deviations of technical duplicates.
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Figure S7. TCR avidity determined by peptide titrations. TCR transduced CD8 T cells were enriched
for mTCR expression by MACS. IFN-y production measured by ELISA after overnight co-culture with HLA
transduced K562, loaded with decreasing concentrations of target peptide in an effector:target ratio
1:6. Sigmoidal curves (dotted lines) are plotted based on measured concentrations (solid lines). EC50
values were calculated based on sigmoidal curves and represent peptide concentrations required to
induce 50% of the maximum cytokine production. Values represent means and standard deviations of
technical duplicates. A) CD8 T cells transduced with FCRL5 HLA-A1 p243 restricted TCR 6810.12. B) CD8
T cells transduced with VPREB3 HLA-A24 p269 restricted TCR 6A2.18. C) CD8 T cells transduced with
BOB1 HLA-B35 restricted TCR 1C5.6.
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Figure S8. CD8 co-receptor dependence of identified TCRs. CD8 (dark pink) and CD4 (light pink) cells
were isolated separately and transduced with identified TCRs or left untransduced (CD8 only, black). T
cells were enriched for mTCR expression by MACS and used for analysis on day 10-12 after stimulation.
T cells were transduced with FCRL5 HLA-A1 p243 restricted TCR 6B10.12. (left panels), VPREB3 HLA-A24
p269 restricted TCR 6A2.18. (middle panels) or BOB1 HLA-B35 restricted TCR 1C5.6 (right panels). A)
FACS analysis of T cells stained with specific PE-labeled pHLA-tetramers, gated on CD8 or CD4 positive
cells. B) IFN-y production by T cells from experiment shown in A, after overnight co-culture with K562
cells transduced with target HLA alone or with target HLA and target gene combined in an effector:target
ratio 1:6. Allo-HLA T-cell clones were included as positive control for HLA expression. Values represent
means and standard deviations of technical duplicates.
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Figure S9. Cytotoxicity of antigen negative target cells by TCR transduced (Td) CD8 T cells. Killing by
CD8 T cells Td with selected TCRs (pink), CMV (pp65-NLV-HLA-A2) TCR Td CD8 T cells (black) as negative
control and allo-HLA-A1, A24 or B35 T-cell clones (grey) as positive controls. Target cells were fibroblasts
and keratinocytes expressing target HLA alleles as indicated between brackets, pre-treated for 48 hours
with 100 IU/ml IFN-y to upregulate HLA expression. Killing was measured by 51CR release assay after
6-hour co-culture in different effector:target (E:T) ratios. Values and error bars represent mean and
standard deviations of technical triplicates. Data was obtained from the same experiment as shown in
figure 6. Fibroblasts and keratinocytes were negative (<0.0003 relative expression compared to house
keeping genes) for VPEB3, FCRL5 and POU2AF1 expression measured by qPCR as described in figure S3.
A) Killing by FCRL5 HLA-A1 specific TCR 6B10.12 Td CD8 T cells. B) Killing by VPREB3 HLA-A24 specific
TCR 6A2.18 Td CD8 T cells. C) Killing by BOB1 HLA-B35 specific TCR 1C5.6 Td CD8 T cells. Abbreviations:
Fibro, fibroblasts; Kera, Keratinocytes.
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Figure S10. In vivo antitumor efficacy of BOB1 HLA-B35 restricted TCR transduced CD8 T cells. NSG
mice engrafted with 2x10° U266 multiple myeloma cells transduced with luciferase and HLA-B35, were
i.v. injected with 5x10° TCR transduced CD8 T cells after 21 days. T cells were transduced with BOB1
HLA-B35 restricted TCR 1C5.6 (n=4) or control CMV (pp65-NLV-HLA-A2) TCR (n=3) and enriched for
mTCR expression by MACS. Tumor outgrowth was frequently tracked by bioluminescence imaging. A)
Mean and standard deviations of tumor outgrowth over time on the ventral side of CMV TCR treated
control mice (dashed line) and BOB1 HLA-B35 TCR (solid line) treated mice. B) Tumor outgrowth for
individual CMV TCR (left) or BOB1 HLA-B35 TCR (right) treated mice measured on day 20, 27, 34 and 48
after tumor cell injection.
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Table S3. HLA typing of healthy donor PBMCs used for T-cell isolation

Donor number HLA-A HLA-B HLA-C

3 A*01- A*30 B*08- B*39 C*07- C*07
4 A*03- A*03 B*07- B*07 C*07- C*07
5 A*02- A*03 B*07- B*27 C*01- C*07
6 A*02- A*03 B*07- B*44 C*05- C*07
7 A*03- A*32 B*15- B*44 C*03- C*05
8 A*02- A*02 B*44- B*62 unknown
12 A*02- A*02 B*07- B*55 C*03- C*07
13 A*02- A*23 B*07- B*44 C*05- C*07
14 A*03- A*03 B*07- B*07 C*07- C*07
152 A*24- A*29 B*07- B*55 C*03- C*03
16 A*23- A*30 B*44- B*49 C*04- C*07
17 A*02- A*03 B*07- B*44 C*01- C*07
18 A*03- A*11 B*07- B*56 C*01- C*07

2 When target HLA is expressed, tetramers with this HLA restriction are excluded from experiment

Table S4. HLA typing of EBV-LCLs used in EBV-LCL panels

EBV-LCL HLA-A HLA-B HLA-C
GMK 23:01:01-02:01 41:01- 40:01 17:01:01:01- 03:04:01:01
RSB 02:01- 03:01/03:03/03:04 44:02-57:01 06:02- 07:04/07:12/07:11
EBK 02:05- 02:05 58:01- 58:01 unknown
ERC 02:01- 02:01 13:02- 44:02 05:01- 06:02
BBD 02:01- 02:05 15:01-45:01 01:02- 06:02
ABC 02:01:01-11:01:01:01 44:05:01 - 02:02:02-14:02:01
51:01:01:01
NMJ 02:01- 66:01/66:04 40:01/40:11/40:14 - 03:04/03:08/03:09- 17
41:02
HRK 03:01- 25:01 15:17 - 07:01/07:05/07:06- 12:03/12:06
18:01/18:03/18:05
MSV 03:01-33:01 07:02- 14:02 07:02- 08:02
JBX 02:01- 30:02 15:01- 39:01 03:03- 12:03
IGU 03:01- 26:01 07:02:01- 14:01 07:02- 08:02
LSR 32:01-68:01 35:03-52:01 12:02-12:03
HBM 02:01:01- 02:01:01 15:01:01:01 - 03:03:01-15:02:01
51:01:01
RKO 02:05- 29:02 27:05-44:03 01:02- 16:01:01
MSF 03:01/03:03/03:04- 30:01 07:02- 38:01 07:02/07:03/07:05- 12:03/12:06
BSR 02:01- 68:01 35:03- 37:01 04:01- 06:02
ABF 30:04- 68:02 38:01- 55:01 03:03-12:03
GGT 26:01/26:08/26:02 - 14:01-49:01 07:01/07:05/07:06- 08:02/08:07
31:01/31:02/31:06
AAJ 03:01/03:03/03:04 - 40:02/40:35/40:37 - 01:02/01:06/01:07 -
11:01/11:02/11:03 56:01 02:02/02:04/02:08
QBO 24:02:01:01- 31:01:02 07:02/07:61 - 04:01-07:02
35:08:01
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Table S4. Continued.

EBV-LCL HLA-A HLA-B HLA-C

MMG 01:01:01-32:01 35:08- 35:08 04:01- 04:01

UKA 03:01- 25:01 18:01-35:01 04:01-12:03

JBZ 01:01- 02:01 07:02- 18:01 07:01- 07:02

IMQ 02:01- 24:02:01:01 35:02-44:02 04:01-05:01

UJE 01:01:01:01- 33:03:01 44:03:02- 51:01:01 07:06/07:18- 14:02:01
UwiI 02:01- 24:02 07:02:01- 40:02:01 02:02:02- 07:02:01
CAA 02:01- 02:01 40:02- 40:02 02:02- 02:02

URN 02:01- 03:01 08:01:01- 50:01:01 06:02:01- 07:01
AKB 01:01-02:01 37:01- 39:01 06:02- 07:02

APZ 01:01- 68:01 44:02- 44:02 05:01- 07:04

Table S5. Primers used to measure target gene expression by qPCR

Gene Forward primer Reverse primer

GUSB ACTGAACAGTCACCGACGAG GGAACGCTGCACTTTTTGGT
PSMB4 GTTTCCGCAACATCTCTCGC CATCAATCACCATCTGGCCG
VPS29 TGAGAGGAGACTTCGATGAGAATC TCTGCAACAGGGCTAAGCTG
FCRL5 TGCAAATCCTAGAGGAGAAAATGTG TAGGGGAACCCTTGTTCCTGA
VPREB3 GGGGACCTTCCTGTCAGTTTC CGTAGTCCCTGATGGTGACG
POU2AF1 GACATGTATGTGCAGCCCGT GAGCTTCTTGTCGTGACATTGG
MIST GGACTCAGAGGAGATGAGAAGTT GTTTCCTGTGGACCCCAGTT
RALGPS2 GCTGACTGACTCTGAGAAAGGAAA CAGGCTGCACTCAAATGCTT
FCRL2 TCTCTGGGGACTGTTTGGTGT GAAGCCCCTCTGGGTTCATTAGT
TNFRSF13B GTGGCTATGAGATCCTGCCC CAGCTGAGTGACCTGCAGAA
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ABSTRACT

Background

The immunoglobulin J chain (Jchain) is highly expressed in the majority of multiple
myeloma (MM), and Jchain derived peptides presented in HLA molecules may be
suitable antigens for T-cell therapy of MM.

Methods
Using immunopeptidomics, we identified Jchain derived epitopes presented by MM
cells, and pHLA-tetramer technology was used to isolate Jchain specific T-cell clones.

Results

We identified T-cells specific for Jchain peptides presented in HLA-A1,-A24,-A3 and-A11
that recognized and lysed JCHAIN positive MM cells. TCRs of most promising T-cell clones
were sequenced, cloned into retroviral vectors, and transferred to CD8 T-cells. Jchain
TCR T cells recognized target cells when Jchain and the appropriate HLA restriction
alleles were expressed, while JCHAIN or HLA negative cells, including healthy subsets,
were not recognized. Patient derived JCHAIN positive MM samples were also lysed by
Jchain TCR T-cells. In a pre-clinical in vivo model for established MM, Jchain-A1,-A24,
-A3 and-A11 TCR T-cells strongly eradicated MM cells, which resulted in 100-fold lower
tumor burden in Jchain TCR versus control treated mice.

Conclusions

We identified TCRs targeting Jchain derived peptides presented in four common HLA
alleles. All four TCRs demonstrated potent preclinical anti-myeloma activity, encouraging
further preclinical testing and ultimately clinical development.
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INTRODUCTION

Multiple myeloma (MM) is a malignancy of the bone marrow (BM) characterized by
uncontrolled expansion of plasma cells. Advances in treatment options have extended
survival of MM patients, but curative therapies with an acceptable safety profile are
lacking (1). To date, allogeneic stem cell transplantation (allo-SCT) has been the only
curative therapy for MM, but allo-SCT is associated with high toxicity and treatment
related mortality. Recently, B-cell maturation antigen (BCMA) targeting chimeric antigen
receptor (CAR) T-cells have extended treatment options for MM patients. BCMA is
expressed in a subset of memory B-cells and in plasma cells as well as in MM. BCMA
CAR T-cells were effective and safe, but long-term complete responses were rare (2-4).
Relapses often resulted from heterogenous BCMA expression within tumors, which led
to outgrowth of antigen low or negative MM cells (5, 6), suggesting that targeting of a
single antigen may be insufficient to induce durable complete responses in a majority
of patients. A curative approach for treating multiple myeloma will likely require multi-
antigen targeting. Alternative CAR targets like SLAMF7 and GPRC5D are currently being
explored but safety and efficacy of targeting these antigens remains to be proven (7,
8). The requirement for CAR targets to be present on the cell surface largely restricts
discovery of new CAR target antigens. Therefore, T-cell receptor (TCR) engineered T-cells
could be of additional value since TCRs can recognize peptides presented in human
leukocyte antigen (HLA) that can be derived from any protein. This includes antigens
derived from intracellular proteins that would be inaccessible for conventional CAR
T-cells, thereby accessing an additional pool of potential MM antigens.

Recently, we identified the immunoglobulin J chain (Jchain) as a new target antigen for
MM (9). JCHAIN is highly expressed in the majority of patient MM samples whereas
expression in healthy tissues of non-B-cell origin is absent (9). Physiologically, the Jchain
protein links monomers in multimeric IgA and IgM when secreted by plasma cells.
Furthermore, Jchain facilitates transport of dimeric IgA and pentameric IgM across
mucosal barriers, where poly-Ig receptors bind to Jchain on the basolateral side of the
membrane after which the complexes are secreted on the luminal side (10). Despite
its functional role in multimerization of IgA and IgM, JCHAIN expression appears to
be independent of the isotype as Jchain is also expressed in plasma cells secreting
other isotypes (11, 12). JCHAIN expression was previously described in MM, and,
importantly, JCHAIN expression was maintained with disease progression even when
immunoglobulin production was lost (13). Similar to plasma cells, JCHAIN expression in
MM was independent of the immunoglobulin isotype produced (14). These observations
suggest Jchain as a promising antigen for T-cell-based targeting of MM. The intracellular
expression of Jchain precludes CAR mediated recognition and would require TCR
mediated targeting of Jchain derived epitopes presented in the context of HLA on
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MM cells. Since Jchain derived peptide are non-mutated peptides, high affinity T-cells
recognizing Jchain epitopes presented in self-HLA molecules are deleted during thymic
development(15). To circumvent this immunogenic tolerance, the immunogenicity of
self-peptides in foreign HLA molecules can be exploited using HLA mismatched donors(9,
16-21).

In this study, we identified Jchain derived epitopes presented by MM cells in HLA-A*01:01
(HLA-A1), HLA-A*02:01 (HLA-A2), HLA-A*03:01 (HLA-A3), HLA-A*11:01 (HLA-A11) and
HLA-A*24:02 (HLA-A24). Respective peptide-HLA (pHLA) tetramers were generated
and used to isolated Jchain specific T-cells from peripheral blood mononuclear cells
(PBMCs) of HLA mismatched healthy donors (9, 22). T-cell clones recognizing peptides
presented in HLA-A1, HLA-A3, HLA-A11 and HLA-A24 were identified. Upon sequencing
and transfer of TCRs from selected T-cell clones, Jchain specific TCR transduced CD8
T-cells demonstrated potent killing of MM in vitro as well as in vivo, while no off-target
effects were observed. Therefore, the TCRs identified in this study hold great promise
for therapy of MM.

RESULTS

JCHAIN as target gene for MM and epitope discovery by mass spectrometry

Previously, we identified target genes for cellular therapy of B-cell malignancies using
lllumina microarray data(9, 23). JCHAIN was identified as promising target since it was
highly expressed in 4 out of 5 MM patient samples, and expression in healthy tissues of
non-B-cell origin was absent (Figure 1A). To gain insight in the fraction of MM patients
that could benefit from Jchain targeting therapy, gene expression data of 133 MM patient
samples was extracted from a publicly available microarray dataset (GSE13591)(24).
81% of samples were clearly positive for JCHAIN expression (expression value>1000)
(Figure 1B). To discover epitopes for T cell targeting of the Jchain, pHLA-I complexes
were isolated from JCHAIN positive MM cell lines U266 and UM9 cells (Figure S1A) and
peptides eluted from HLA-I were analyzed by mass spectrometry. Mass spectrometry
data were analyzed for peptides originating from the Jchain protein according to the
UniProt Homo sapiens database. To determine HLA-I origin of identified Jchain peptides,
peptides were assessed for presence of anchor residues for binding to HLA-I alleles
expressed by U266 and UM9 using netMHC4.0(25). Peptides with anchor residues for
commonly expressed HLA-A alleles: HLA-A1,-A2,-A3,-A11, or-A24 were selected. This
resulted in identification of 8 candidate peptides (Table 1). Peptide, ISDPTSPLRTR, was
presented in HLA-A3 as well as HLA-A11. For the candidate peptides, correct sequence
identification was confirmed by comparing mass spectra of eluted peptides to mass
spectra of synthetic peptides (Figure 1C). For all 9 assigned peptide-HLA combinations
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pHLA monomers could be refolded, indicating that the peptides bind their respective
HLA-I alleles despite variable predicted binding affinities (Table 1).

JCHAIN expression B JCHAIN C
Fibroblasts + IFN- 8000 100 »
Fibroblasts o0 | Eluted peptide:
Keratinocytes + IFN-y o ISDPTSPLRTR
SRR 2 60004 § 80 eluted from U266 and UMY
PTEC ] 70
HUVEC ¢ IENy c 5 60
Vi S 4000 2 5 s
Melanocytes + IFN-y @ P
Helar;ccytes g 2 40
epatocytes =
patqcyres £ 2000 g 0
Small intestine 20
Bile&i‘tnc 0 104, el s s s Sy, 2 Vi 11125655
Cornea epitelium o LR, a1 1l - Lo Ly o
Cornea stroma
e
81 cD138 -
immature DC 8000 10016 thetic peptide:
Monocytes %
VAT Yefie oo isoPTsPLRTR
T cells 2 6000 3
HPC 3 50
5 60
v § 4000 25
B cells 2 B annsean
g Z 40
EBV-LCL % 20004 < 30
ALL cell lines g
MM 20
CLL — 104578 o0 aqaasass| s2ugses s
aL o [ ey s Y| 7 i |7 spon stz oss s
0 5000 10000 15000 10 200 300 400 500 600 700 800 900 1600 1100 1200
Gene expression (MF) m/z
D Jchain-A1 Jchain-A24 E Jchain-A1 clones Ichain-A24 clones
204 100 251 N
V Clone 4G8 © Clone 10H11 V- 4GB (ECS0= 4.8+04) 12l
mClone187 ® g
s BOClone5D12 @ 804 one _ 2.0 O 5D12 (EC50=2.7E+04) 10
E v " £ 8
5 60 5 159
£ 104 Z 6
> vi 40+ > 104
z H 41
£ s 204 £ s 5| & 1oHttecso-208000)
8 1B7 (EC50-18E+00)
[RE 2= 208 0-{aD - 0.0
T T T T ———— ————————————
K562-A1  K562-A1 K562-A24 K562-A24 10° 10° 10° 10° 10* 10* 10° 10°  10° 10° 10° 10° 10 10' 10° 10°%
+lchain +lchain K562-A1 + YTA (pg/ml) K562-A24 + CYT (pg/mi)
1 Jchain-A3 Jchain-A11 Jchain-A3 clones Jchain-A11 clones
7] 154 4 54
V Clone 1304 VClone 1304 -¥- 13D4 (EC50=n.c) 7~ 13D4 (EC50-1.7E403)
0 Clone 4610 @ Clone 16C7 4
= 10 aClonescs o 0] w Clone 7C11 = 3 -0~ 4G10 (EC50=2.1€+05) ! -@ 16C7 (EC50=10E+03)
= = &~ 5C8 (EC50=2.3E+05) 39 M 7C11 (EC50=5.2€403)
E) o v El
< 2 5]
> > 24
z 5 54 v| z
£ ﬂ =14 14
0% iad [ 0 0

T T T T ———————————— ———————————
K562-A3  K562-A3 K562-A11  K562-A11 10° 10° 10° 10° 10? 10' 10° 10'  10° 10° 10° 10° 10° 10' 10° 10°
+Jchain +Jchain K562-A3 + ISD (pg/ml) K562-A11 + ISD (pg/ml)

Figure 1. Jchain target identification and subsequent selection of promising T cell clones recognizing
Jchain peptides in HLA-A1, A24, A3 and A11. A) JCHAIN microarray data (probe ILMN_2105441) from an
Illumina HT12.0 microarray dataset (GSE76340) displaying gene expression levels in mean fluorescence
intensities (MFI) in healthy tissue of non-hematopoietic origin (in grey), healthy tissue of hematopoietic
origin (in blue), healthy subsets containing B cells (yellow) and B- and plasma cell malignancies (in red).
Per healthy tissue gene expression was measured in 2-7 samples (mean; 3.4). Abbreviations: ALL, acute
lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; MM, multiple myeloma; EBV-LCL, Epstein-
Barr virus-transformed lymphoblastoid cell lines; PBMC, peripheral blood mononuclear cells; BMMC,
bone marrow mononuclear cells; HPC, hematopoietic precursor cells; DC, dendritic cells; M®1, type 1
macrophages; M®2, type 2 macrophages; IFN-y, interferon-y; HUVEC, human umbilical vein endothelial
cells; PTEC, proximal tubular epithelial cells. B) Violin plot of JCHAIN expression (top graph) in 133
MM samples and 5 healthy plasma cell (PC) samples. Samples were enriched for CD138, therefore
CD138 (SCD1) expression is displayed as positive control (bottom graph). Data was extracted from
publicly available dataset GSE13591. Dashed lines indicate background level for negative expression
values. Dotted line indicates an arbitrary cutoff for samples expressing JCHAIN (expression value >1000).
[Legend continues on the next page].
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C) Example of verification of peptide identification by mass spectrometry. Tandem mass spectra of
ISDPTSPLRTR peptide eluted from HLA-A3 positive U266 MM cells as well as HLA-A11 positive UM9 MM
cells (top graph). Corresponding tandem mass spectra of synthetic ISDPTSPLRTR peptide. D-E) IFN-y
production by Jchain specific T cells clones after overnight co-culture measured by ELISA. Graphs are
separated based on peptide-HLA specificities. Averages of technical duplicates are depicted. D) Jchain
T cell clones co-cultured with K562 target cells transduced with target HLA alleles (-A1,-A24,-A3 or —
A11) without or with additional transduction of the JCHAIN gene (+Jchain). E) T cell clones overnight
stimulated with antigen negative K562 cells transduced with target HLA molecules HLA-A1,-A24,-A3 or
-A11 loaded with decreasing concentrations of Jchain peptides.

Table 1. Jchain derived peptides identified by peptide elution and mass spectrometry from MM cell
lines UM9 or U266 presented in HLA-A1, A2, A3, A1l or A24

Sequence Jchainaa  Eluted from HLA-I° %Rank_ELY WB/SB* HLA binding
position® MM cell line® confirmed’
YTA-AL YTAVVPLVY 132-140 um9 Al 0.02 SB yes
TAV-Al TAVVPLVY 133-140 umMm9 Al 1.30 WB yes
VLA-A2! VLAVFIKAVHV 10-20 U266 A2 3.22 <WB yes
VLA-A2? VLAVFIKAV 10-18 UM9 and U266 A2 0.23 SB yes
YTA-A2 YTAVVPLV 132-139 umM9 A2 4.17 <WB yes
ISD-A3 ISDPTSPLRTR 72-82 U266 A3 3.16 <WB yes
RII-A11 RIIVPLNNR 61-69 um9 All 0.24 SB yes
ISD-A11 ISDPTSPLRTR 72-82 uM9 All 1.90 WB yes
CYT-A24  CYTAVVPLV 131-139 u266# A24 0.96 WB yes

2Amino acid (aa) position of identified peptides within the Jchain protein according to uniprot. "UM9 cells (HLA-A1,
-Al11,-B7,-B35,-C3 and-C7 positive) were HLA-A2 transduced and U266 cells (HLA-A2,-A3,-B7,-B40,-C3 and-C7
positive) were HLA-A24 transduced. ‘Most likely HLA-I origin of peptides based on HLA typing of MM cells from
which peptides were eluted and peptide binding motifs of these HLA-alleles according to NetMHC4.0. “Rank of the
predicted binding score for the eluted peptide to the respective HLA molecule compared to a set of random natural
peptides. ¢Peptides were annotated as weak or strong binders using the netMHC4.1 default setting of 0.5% rank
for strong binders (SB) and 2% rank for weak binders (WB). Peptides with %Rank >2.0 were annotated as <WB.
Peptide binding to the respective HLA allele was investigated by peptide-HLA monomer refolding. Yes: peptide-
HLA monomers were succesfully refolded and remained stable. No: peptide-HLA monomers could not stably be
refolded. ¢Epitope identified in HLA-peptide elution experiment using anti HLA-A1/A24 antibody but not in elution
using pan HLA-I antibody W6-32.

Identification of Jchain specific T-cell clones from HLA mismatched healthy donors

To identify Jchain specific T-cell clones of high avidity we exploited T-cell immunogenicity
in an HLA mismatched setting(9). PBMCs from donors that are negative for the HLA
restriction alleles of the target peptides were incubated with PE-labelled pHLA-tetramers
(Table 1) followed by single-cell sorting and clonal expansion of pHLA-tetramer?>s CD8
T-cells. In total, 26 buffy coats were used from which 17,000 T-cell clones could be
expanded. Peptide specific T-cell clones were identified by high throughput screenings as
previously described using the HLA-negative myeloid leukemia cell line K562 transduced
with target HLA alleles loaded with Jchain peptides (9). In additional screenings, T-cell
clones were tested for recognition of JCHAIN and HLA transduced K562 cells to identify
clones that are able to recognize endogenously processed and presented peptide. Based
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on recognition of endogenous antigen the 9 most potent T-cell clones were selected.
T-cell clones 4G8 and 5D12 recognized Jchain peptide YTAVVPLVY in HLA-A1 (YTA-A1),
T cell clones 10H11 and 1B7 recognized CYTAVVPLV in HLA-A24 (CYT-A24) and T cell
clones 13D4, 4G10, 5C8 16C7 and 7C11 recognized ISDPTSPLRTR in HLA-A3 (ISD-A3)
or in HLA-A11 (ISD-A11) (Figure 1D). Of note, T-cell clone 13D4 recognized ISD-A3 as
well ISD-A11. For the other epitopes no peptide specific T-cell clones were identified,
or recognition of JCHAIN transduced cells was low or absent. The avidities of the
identified T-cell clones for target peptides YTA-A1, CYT-A24, ISD-A3 and ISD-A11 were
tested in peptide titration experiments. T-cell clones that efficiently recognized JCHAIN
transduced K562 cells exhibited different avidities between peptide specificities with
average EC50 values ranging from 2.2x1075 pg/ml for ISD-A3 to 1.1x1071 pg/ml for
YTA-A24 (Figure 1E). Per specificity, 2-3 promising T-cell clones were identified, from
which the two most potent T-cell clones were selected for follow-up screenings of safety
and potency. Given the weak recognition of ISD-A3 but strong recognition of ISD-A11,
clone 13D4 was further analyzed for recognition of HLA-A11 positive targets.

Safety screenings revealed stringent on-target recognition of T-cell clones

As TCRsidentified from the HLA mismatched repertoire are often promiscuous, specificity
of selected T-cell clones needs to be assessed to identify potentially harmful cross-
reactivities. First, recognition of look-a-like peptides presented in the target HLA alleles
was investigated using a panel of JCHAIN negative (Figure S1B), target HLA allele positive
cell lines from multiple tissue origins (Figure 2A). Allo-HLA T-cell clones, recognizing
peptides derived from housekeeping proteins presented in respective HLA molecules,
were used to verify that targets were generally susceptible to T-cell recognition (Figure
S2). None of the Jchain specific T-cell clones revealed aberrant reactivity to JCHAIN
negative cells expressing target HLA restriction alleles. As Jchain T-cell clones showed no
off-target recognition when the target HLA is present, we continued to explore whether
T-cell clones would cross-react with other HLA alleles. T-cell clones were stimulated
with a panel of EBV-LCLs designed to express as many common HLA-I alleles as possible
without expressing the target restriction allele (Figure 2B, Table S1). For Jchain-Al, both
T-cell clones showed no recognition of any of the EBV-LCLs. For both Jchain-A24 and
Jchain-A3, one clone per specificity showed recognition of multiple EBV-LCLs, leading to
the exclusion of these T-cell clones. For Jchain-Al1, both T-cell clones weakly recognized
EBV-LCL VJY. While this could indicate cross-reactivity to an HLA-allele expressed by
EBV-LCL VJY, recognition could alternatively be mediated by presentation of the Jchain
derived ISD peptide presented in a lookalike HLA-allele. Indeed, EBV-LCL VJY expresses
HLA-A*36:01 for which Jchain ISD is predicted to be a weak binder(25). Based on the
recognition profiles, we continued with T cell clones 5D12 (Jchain HLA-A1), 10H11
(Jchain HLA-A24), 5C8 (Jchain HLA-A3) and 16C7 (Jchain HLA-A11) as these clones
demonstrated acceptable safety profiles and highest potencies.
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separated based on peptide-HLA specificities. A) T cell clones were stimulated with a panel of cell lines
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EBV-LCL panel containing EBV-LCLs expressing HLA-I alleles with an allele frequency over 1% that do not

express target HLA alleles. Controls as in A).
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Jchain specific T-cell clones potently recognize and lyse MM cell lines

To determine the ability of the selected Jchain clones to target MM cells, recognition
and killing of MM cell line U266 was assessed. HLA-A1 and HLA-A24 Jchain specific T-cell
clones 5D12 and 10H11 specifically lysed HLA-A1 or HLA-A24 transduced U266 cells
respectively (Figure 3A). Jchain HLA-A3 T-cell clone 5C8 lysed WT HLA-A3°>s U266 cells,
as well as U266 cells additionally transduced to express HLA-A11, while Jchain HLA-A11
T-cell clone 16C7 only recognized U266 transduced with HLA-A11 (Figure 3A). Target cell
lysis by Jchain specific clones reached similar levels as allo-HLA T-cell clones that were
used as positive controls. Additionally, target cell lysis by Jchain specific T-cell clones
concurred with IFN-y production upon co-culture (Figure 3B). Combined, these data
demonstrate that Jchain specific T-cell clones recognized and lysed JCHAIN expressing
MM cells in an HLA-dependent manner.

TCR gene transfer installs Jchain specific effector functions onto CD8 T-cells

To investigate the potential for TCR gene transfer, TCRs of Jchain specific T-cell clones
were sequenced, cloned into retroviral expression vectors and introduced into CD4
and CD8 T-cells. For all four TCRs, introduction into healthy donor CD8 T-cells followed
by TCR enrichment resulted in functional TCR expression as demonstrated by pHLA-
tetramer binding (Figure 4A). Staining intensity was lower in CD8 T-cells compared to
parental T-cell clones. TCR 16C7 (ISD-A11) transduced CD4 T-cells also bound pHLA-
tetramer, but at a lower level than CD8 T-cells demonstrating dependence on the CD8
co-receptor for optimal pHLA-tetramer binding. To investigate the functionality of Jchain
TCR transduced T-cells, Jchain TCR T-cells were co-cultured with JCHAIN transduced
K562 cells. Jchain TCR CD8 T-cells produced cytokine when co-cultured with K562 cells
transduced to express JCHAIN and the respective target HLA, but not when cultured
with JCHAIN negative K562 cells (Figure 4B). Functionality of Jchain TCR transduced CD4
T-cells was absent or limited compared to CD8 T-cells, and Jchain TCR transduced CD4
T-cells were therefore not investigated further. Lytic potential of Jchain TCR transduced
CD8 T-cells was studied using JCHAIN expressing MM cell lines U266 and UM9, and
JCHAIN negative K562 cells as negative control. Jchain HLA-A1,-A24,-A3, and-A11 TCR
transduced CD8 T-cells induced potent lysis of JCHAIN *° U266 as well as UM9 cells,
while antigen negative K562 cells were not lysed (Figure 4C). Lysis of target cells was
accompanied by antigen-specific cytokine production of TCR transduced CD8 T -cells
(Figure S3). In conclusion, Jchain TCR transduced CD8 T-cells demonstrated Jchain
specific effector functions.
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Figure 3. Killing of MM cell line U266 by Jchain specific T cell clones. A) Killing of JCHAIN expressing
U266 cells transduced with HLA-A1 or A24 by Jchain Al and A24 specific T cell clones in a 6-hour 51Cr
release assay (top graphs). Killing of WT (HLA-A3 positive) or HLA-A11 transduced U266 cells by Jchain
HLA-A3 or A11 specific T cell clones (bottom graphs). Killing assays were performed using E:T ratios 10:1
and 1:1. Allo-HLA T cell clones, recognizing peptides derived from housekeeping proteins in specific
HLA alleles, were included as positive controls. Average values and standard deviations of technical
triplicates are shown. B) IFN-y production measured by ELISA after overnight co-culture using the same
target cells asin Ain an E:T of 1:6. Values and means of technical duplicates are shown.
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Figure 4. Functionality of Jchain TCRs in CD8
restricted TCRs were sequenced and introduced with murine constant beta domains (mTCR) into CD4
and CD8 T cells. After mTCR enrichment functionality was assessed. A) TCR T cells were stained with the
respective Jchain pHLA-tetramers and analyzed by FACS. TCR T cells were gated on mTCR+. Parental T
cell clones were included as positive controls and CMV TCR T cells were included as negative controls.
B) Endogenous recognition of JCHAIN and HLA (A1, A24, A3 or Al11) transduced K562 cells by Jchain
TCR CD4 and CD8 T cells. HLA only transduced K562 cells were included as negative control. Values and
means of technical duplicates are shown. C) TCR transduced CD8 T cells were used for 6-hour chromium
release assays to study target cell lysis in E:T ratios 10:1 and 1:1. T cells were co-cultured with U266
MM cells, UM9 MM cells or antigen negative K562 cells transduced with (+HLA) or naturally expressing
(HLAP*) target HLA molecules. CMV TCR T cells were used as a negative control. Values and means of
technical triplicates are shown.

and CD4 T cells.
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Jchain TCR T-cells target healthy B-cells but not JCHAIN negative healthy tissues

To assess the safety profile of Jchain TCR T cells, Jchain TCR transduced T-cells were
co-cultured with healthy subsets of hematopoietic and non-hematopoietic origin.
Hematopoietic subsets including immature dendritic cells (DCs), mature DCs, PHA
activated T-cells, and B-cells were tested. Fibroblasts and keratinocytes were used as
non-hematopoietic cell types. Per healthy subset, cells from multiple donors positive
or negative for HLA-A1, -A3, -A11 and -A24 were included. Stimulatory capacity of
healthy subsets was confirmed upon recognition by allo-HLA T-cell clones (Figure S4)
and JCHAIN expression was measured by gqPCR (Figure S1C). Jchain TCR transduced CD8
T-cells did not recognize JCHAIN negative (<0.1 relative to HKG) primary cell subsets,
but JCHAIN expressing peripheral blood B-cells were recognized when target HLA alleles
were expressed (Figure 5A). To investigate if recognition of B-cells results in lysis, Jchain
Al and Jchain A24 TCR T-cells were co-cultured with B-cells derived from multiple
donors. FACS analysis revealed specific lysis of B-cells positive for target HLA alleles
(Figure 5B, C). These data demonstrate that Jchain TCR T-cells maintained Jchain specific
reactivity as previously seen for parental T-cell clones. No off-target reactivity of JCHAIN
negative heathy cell subsets was apparent, but on-target/off-tumor reactivity of JCHAIN
expressing B-cells revealed that Jchain TCR gene therapy would likely result in depletion
of the healthy B-cell compartment in vivo.

Jchain TCR T-cells lyse patient bone marrow derived MM cells

To analyze ex vivo lysis of primary MM cells, FACS based killing assays were performed
using BM samples from MM patients. MM cell frequencies in BM samples varied
between 13.3% and 85.4% (Figure S5). JCHAIN expression in positive MM samples was
9 to 416-fold higher than housekeeping genes (HKG), while 2 out of 8 included MM
samples did not express JCHAIN (<0.1 relative to HKG) (Figure S1D). MM samples were
incubated overnight with Jchain HLA-A1 and-24, or Jchain HLA-A3 and-A11 TCR T-cells
or CMV TCR T-cells as negative controls. Jchain TCR T-cells efficiently lysed primary MM
cells, as exemplified by co-culture of Jchain HLA-A1 and-A24 TCR T-cells with BM cells
from HLA-A1P%, A24P° patient MM.J2 (Figure 6A). All tested Jchain TCR T-cells induced
lysis of JchainP® target HLA allele expressing MM cells, while JCHAIN "¢ samples or
samples negative for HLA restriction alleles were not lysed (Figure 6B). However, JCHAIN
Pos MM cells from HLA-A24°° patient MM.J3 and patient MM.J4 were not lysed by Jchain
A24 TCR T-cells (Figure 6B), while the allo-HLA-A24 T-cell clone induced potent lysis of
these samples (data not shown), demonstrating that the CYT-A24 epitope is not always
presented by MM cells at levels sufficient to mediate lysis by the TCR T-cells.
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Figure 5. Recognition of healthy hematopoietic and non-hematopoietic subsets by Jchain TCR
transduced CD8 T cells. A) IFN-y production after overnight co-culture of Jchain TCR Td CD8 T cells
with CD40L activated B cells, immature dendritic cells (immDCs), mature dendritic cells (mDCs),

[Legend continues on the next page]
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PHA activated T cells (PHA T-cells), and keratinocytes or fibroblasts pre-treated for 48h with 100 1U/
ml IFN-y. Symbols represent the average value (from technical duplicates) of target cells isolated from
different donors. Target cells not expressing the relevant HLA restriction allele are depicted in grey, cells
expressing the HLA restriction alleles are depicted in color. Per panel T cells with one of the Jchain TCRs
are shown as indicated in the graph titles. K562 + HLA and peptide loaded K562 + HLA are included as
negative and positive controls. B-C) FACS based killing experiment of CD40L activated peripheral blood
B cells from healthy donors with Jchain Al and Jchain A24 TCR T cells in an E:T ratio of 3:1, samples
were measured using fixed acquisition times and fixed flow rates. B) Example of B cell survival and
killing after overnight co-culture of HLA-Alneg/HLA-A24pos B cells with CMV TCR CD8 T cells (left),
Jchain A1 TCR T cells (middle) and Jchain A24 TCR T cells (right). Gated on sytox blue-, single cells, CD3-,
CD19+. C) Quantification of percentage surviving B cells of data in B) and additional donors, HLA-A1 and
-A24 typing is indicated in graph titles. Percentage surviving cells was calculated relative to cells in the
negative control CMV TCR T cell culture. Technical triplicates are shown.
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Figure 6. Killing of MM cells in patient derived bone marrow samples. Killing of patient derived bone
marrow MM samples was assessed by FACS-based cytotoxicity experiments in which TCR Td T cells were
co-cultured with patient BM samples in an E:T ratio 3:1. MM cell survival was analyzed after overnight
co-culture. A) Example of survival of an HLA-A1P*/A247° patient sample after co-culture with CD8 T cells
transduced with a CMV (negative control), Jchain HLA-A1 or Jchain HLA-A24 restricted TCR. In red MM
cells are displayed, highlighted by black boxes for clarity, MM cells were gated on: live cells = single cells
- CD3 negative cells to exclude co-cultured T cells = CD45 negative-intermediate, CD19 negative >
CD56 positive, CD38 positive. MM cells (in red) were backgated on total CD3 negative cells (in blue). B)
MM.J1-MMJ.10 codes in graph titles represent different MM patients, additionally expression of target
HLA molecules and JCHAIN expression as a fold increase relative to housekeeping genes is displayed.
JCHAIN expression was measured by gPCR on sorted MM cells. Numbers of surviving MM cells acquired
per 2500 Flow-Count Fluorospheres are displayed. Jchain HLA-A1 and HLA-A24 TCR Td T CD8 T cells co-
cultured with MM patient samples from different individuals expressing HLA-A1, A24 or both (top row).
Jchain HLA-A3 and HLA-A11 TCR Td T CD8 T cells co-cultured with MM patient sample from different
individuals expressing HLA-A3 or A11 (bottom row). Technical triplicates are shown. Data representative
of two independent experiments.
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Jchain TCR T-cells potently eradicate established MM in a pre-clinical xenograft
model

To test whether Jchain TCR T-cells would convey in vivo activity, we used a MM xenograft
model. NSG mice were inoculated with WT HLA-A3P° U266 cells or HLA-A1, HLA-A24, or
HLA-A11 transduced U266 cells. Tumor cells were allowed to grow for 3 weeks to model
established MM. On day 21, mice were infused with Jchain HLA-A1,-A24,-A3 or-A11 TCR
orirrelevant CMV TCR transduced CD8 T-cells (Figure 7). All four Jchain TCRs substantially
reduced MM tumor burden up to 6 days after infusion. Compared to control mice,
tumor load in treated mice was approximately 100-fold lower, demonstrating strong in
vivo anti-tumor responses (Figure 7B). To conclude, our data show that identified Jchain
A1, A3 A1l and A24 TCRs demonstrate potent anti-MM responses when transferred to
CD8 T-cells, both in vitro against patient derived primary MM samples as well as in vivo
against JCHAIN P> MM cell line U266.

DISCUSSION

BCMA targeting CAR T cell therapy can induce deep remissions in relapsed/refractory
MM but durable responses remain rare (26). Multi-antigen targeting of MM is a suitable
approach to tackle antigen heterogeneity and immune escape in the context of cellular
therapy. Alternative MM antigens that are being explored as targets for CAR therapy are
CD38, SLAMF7 and CD138, however, on-target off-tumor expression of these antigens
on other hematopoietic or non-hematopoietic cells compromises their safety profile.
CD38 is expressed on activated lymphocytes and on a subset of CD34+ hematopoietic
stem cells (27). Similarly, SLAMF7 is expressed on a subset of T cells, and conclusively
T cells engineered to target SLAMF7 undergo limited levels of fratricide (28). CD138,
a general marker for MM, is also expressed on other lymphocytes as well as some
epithelial cells (29). More recently, GPRC5D was suggested as an additional surface
antigen with an expression profile more comparable to that of BCMA (8). A first clinical
trial with GPRC5D targeting CAR T cells demonstrated clinical activity and, similarly to
the experience with BCMA targeting CAR T cells, relapse was associated with antigen
loss (30). Here, we present Jchain as promising additional target with an attractive
expression profile, i.e. expression is strictly limited to B- and plasma cells as well as
MM. Intracellular expression of Jchain precludes CAR mediated targeting and therefore
requires TCR mediated targeting of Jchain derived peptides presented in HLA.

Using immunopeptidomics, pHLA tetramer technology and by exploiting the immuno-
genicity of non-mutated epitopes in foreign HLA alleles, we successfully identified
specific T-cell clones recognizing Jchain peptides in the context of HLA-A1,-A24,-A3 and
-A11.Jchain directed recognition was maintained upon TCR sequencing and transfer to
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Figure 7. In vivo antitumor efficacy of Jchain HLA-A1, A24, A3 and A11 restricted TCR transduced CD8
T cells. NSG mice engrafted with 2x10° U266 multiple myeloma cells transduced with Luc2 luciferase
and HLA-A1,-A11,-A24 or wildtype (WT) were i.v. injected with 3-6x10° TCR transduced CD8 T cells after
21 days. CD8 T cells were separately transduced with Jchain HLA-A1 (5D12),-A3 (5C8),-Al11 (16C7),
-A24 (A24) or control CMV (pp65-NLV-HLA-A2) TCR and enriched for mTCR expression by MACS. T cells
were infused 10 days after re-stimulation. Tumor outgrowth was frequently tracked by bioluminescence
imaging. Mean and standard deviations of tumor outgrowth (average radiance) over time on the
ventral side of CMV (n=4) versus Jchain TCR (n=6) treated mice is shown. Data representative of two
independent experiments. A) Jchain HLA-A1 TCR 5D12.9 treated mice. B) Jchain HLA-A3 TCR 5C8.8
treated mice. C) Jchain HLA-A11 TCR 16C7.9 treated mice. D) Jchain HLA-A24 TCR 10H11.11 treated
mice. Statistics depict 2-way ANOVA comparing groups per timepoint with Sidak’s multiple comparisons
post-hoc test.
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CD8 T-cells. Jchain TCR T-cells did not recognize healthy tissue subsets other than B-cells.
Potent eradication of MM cells from patient derived BM was observed for 6 out of 8
JCHAIN expressing MM samples. Finally, we demonstrated that Jchain TCR T-cells were
able to largely reduce MM tumor burden in an in vivo xenograft model. Combined, the
HLA-A1,-A24,-A3 and-A11 Jchain specific TCRs result in an HLA allele coverage of 60.7%
of the average worldwide population, allowing for a broadly applicable TCR therapy for
the treatment of MM.

Epitope selection in this study was performed based on HLA-peptide elution studies
using MM cell lines to ensure targeting of epitopes that are naturally processed and
presented on MM rather than relying solely on prediction algorithms. Despite this, a
discrepancy between JCHAIN expression and killing of HLA-A24 positive MM cells by
Jchain TCR T-cells was observed, indicating that the CYT-A24 epitope is not sufficiently
presented on all primary materials for TCR T-cell recognition. Similar mechanisms might
play a role in presentation of the Jchain YTA-A1, ISD-A3 and ISD-A11 epitopes, but could
have remained undetected since limited primary materials were tested in this study.
Investigation of Jchain epitope presentation in a larger MM cohort will be needed to
explore mechanisms of aberrant Jchain CYT-A24 epitope presentation and to clarify the
proportion of patients that would benefit from clinical development of Jchain TCRs.
For clinical application, it will be essential to include diagnostics tools to ensure Jchain
epitope presentation in addition to JCHAIN and respective HLA expression prior to
therapy of MM patients.

Safety aspects of transgenic T-cell therapy remain a major concern since both off-target
and on-target/off-tumor reactivities can result in lethal toxicity(31, 32). While off-target
reactivity screenings were performed in this study, cross-reactivities might have remained
undetected, and a more detailed mapping of potential cross-reactivities using peptide
library scanning should be performed in additional pre-clinical studies. Besides off-
target toxicity, on-target/off-tumor toxicity is a crucial safety aspect of engineered T-cell
therapy. JCHAIN expression profile strongly overlaps with the expression profile of BCMA
(proteinatlas.org version 21.0)(33, 34). While Jchain has not been explored as a therapeutic
target for MM therapy, BCMA CAR T-cell therapy have demonstrated safe application.
BCMA CAR T-cell therapy was well tolerated, but BCMA expression in healthy plasma
cells resulted in plasma cell aplasia thereby compromising humoral immunity(35). While
off-target toxicity can be subjective to affinities of the individual CAR or TCR used(36),
side effects due to on-target/off-tumor toxicity observed after BCMA CAR T might be of
predictive value on the potential off-tumor effects exerted by Jchain TCR T-cells.

To conclude, we identified promising Jchain TCRs targeting epitopes presented in
HLA-A1,-A24,-A3 and-A11 resulting in a total HLA-allele coverage of more than 60%. TCR
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transduced CD8 T-cells demonstrated stringent specificity for JCHAIN expressing target
cells with the relevant HLA restriction alleles. Potent eradication of MM cells in vitro as
well as in vivo demonstrates high promise of Jchain TCR T-cells for clinical development
as a novel therapy of MM.

MATERIALS AND METHODS

JCHAIN microarray data

Log?2 transformed expression values of JCHAIN (probe: 212592 at) and SDCI (probe:
201286_at) were retrieved from publicly available microarray dataset (GSE: 13591,
https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE13591)(24). The dataset consists
of expression profiles of 133 multiple myeloma patient samples and 5 healthy donor

plasma cell samples (sorted on CD138+). Expression values were back transformed using
the function: y=2"x. The cutoff for expression was defined using a selection of genes
not expressed in MM (GFAP_203540_at, INS_ 206598 at, MUC16_220196_at, MYH11 _
201496 _x_at, TRAC_209670_at) calculated as mean values of the selected negative
genes + (3xSTDEV).

JCHAIN expression

JCHAIN expression was measured by quantitative real-time polymerase chain reaction
(qPCR)aspreviouslydescribed(9).JCHAIN forward primer: 5 GTACCATTTGTCTGACCTCTGT
3’ and reverse primer: 5 AGCAGGTCTCTGTAGCACTG 3'. GUSB, VPS29 and PSMB4 were
included as housekeeping genes (HKGs). JCHAIN expression was calculated relative to
HKGs.

Epitope discovery

MM cell lines U266 (HLA-A*02:01,-A*03:01,-B*07:02,-B*40:01,-C*03:04, and-C*07:02)
and UM9 (HLA-A*01:01,-A*11:01,-B*07:02,-B*55:01,-C*03:04, and-C7*07:02) were
used for Jchain epitope discovery. U266 cells were retrovirally transduced with HLA-A24
and UMY cells were transduced with HLA-A2. Retroviral transduction was performed
as previously described (37). pHLA-class | complexes were isolated from MM cell
lysates from 30x1079 cells using anti HLA class-I (Clone W6/32) or an anti-HLA-A1/A24
(Clone GV5D1, provided by Dr. Arend Mulder, Leiden University Medical Center, the
Netherlands) antibodies after which peptide elution, mass spectrometry analysis and
epitope selection were performed as previously described (9). Peptide elution data was
investigated for peptides originating from the Jchain protein according to the Uniprot
Homo sapiens database. Peptides were assigned to HLA class | (HLA-1) alleles expressed
by cells of origin for which the peptides contain anchor residues for binding the
respective HLA allele according to netMHC4.0(25). Mass spectra of identified peptides
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were compared to mass spectra of synthetically generated peptides to confirm correct
identification. Peptide-HLA monomers were refolded, and successful refolding was used
as criterium for stable binding of identified peptides to designated HLA-I molecules.

Cell culture and target cell generation

T cells were cultured in TCM consisting of IMDM (Lonza) supplemented with 5% fetal
bovine serum (FBS; Gibco, Life Technologies), 5% human serum 1.5% glutamine (Lonza)
and 1% penicillin/streptomycin (Lonza) and 1001U/ml IL2 (Proleukin; Novartis Pharma).
Expanded T-cell clones were cryopreserved or restimulated every 10-15 days with feeder
mix containing 1x1076 PBMC'’s, 0.1x1076 Epstein-Barr virus transformed lymphoblastoid
cell line (EBV-LCL) JY cells and 0.8 mg/ml phytohemagglutinin (PHA; Oxoid Microbiology
Products, Thermo Fisher Scientific) . Cell lines were cultured in IMDM with 10% FBS,
1.5% glutamine and 1% penicillin/streptomycin. Cell lines negative for target HLA alleles
were retrovirally transduced to express HLA-A1, A24, A3 or A11. Viral vectors encoded
murine CD19 or tNGFR as transduction markers. K562 cells were additionally transduced
to express JCHAIN. Transduced cells were purified for transgene expression by MACS
enrichment of marker gene positive cells. PBMCs from healthy donors expressing one
or two target HLA alleles were used to derive hematopoietic subsets as previously
described (22). Fibroblasts and keratinocytes were pre-treated for 48h with 1001U/ml
IFN-y (Immukine) prior to experiments. MM Patient derived BM samples were thawed
and rested overnight in medium containing 10% human serum before use in cytotoxicity
experiments.

T-cell assays

pHLA-tetramer sorted T-cells were initially screened for peptide reactivity in a high-
throughput manner as previously described(9). Peptide reactive T-cell clones were
selected and screened for recognition of endogenously processed and presented
peptide using JCHAIN transduced K562 cells. T-cell clones producing >2ng/ml IFN-y were
selected for further investigation. For cytokine production experiments, 5,000 T-cells
were co-cultured with 30,000 target cells. IFN-y production after overnight co-culture
was measured by ELISA (R&D systems). In peptide titration experiments, target cells
were loaded with decreasing peptide concentrations starting at 1uM. Supernatants
were tested in 5x and 125x dilution. For tetramer binding experiments, T-cells were
stained with 2ug/ml PE-labelled Jchain pHLA-tetramers and analyzed by fluorescence-
activated cell sorting (FACS).

Cytotoxicity experiments

Killing of cell lines was tested in standard *chromium release assays as described
previously(9). Killing of primary material was analyzed in FACS based cytotoxicity
assays. 50,000 target cells were co-cultured with T-cells in effector:target (E:T) ratio 3:1

TCR IDENTIFICATION TARGETING THE JCHAIN | 91



overnight. After overnight culture cells were stained with specific antibody panels and
SYTOX Blue Dead Cell Stain (Invitrogen by Thermo Fisher Scientific) was added prior to
acquisition to identify living cells. Samples were acquired by FACS using fixed flowrates
and stable acquisition was validated using Flow-Count Fluorospheres (Beckman Coulter).
Co-cultures with activated B-cells were stained using anti-CD3 (Alexa Fluor 700, BD
pharmingen), anti-CD19 (PE-Cy7, BD pharmingen), anti-IgA (PE, Miltenyi), anti-1gG (FITC,
DAKQ) and anti-IgM (APC, BD). For primary MM, 50,000 patient derived BM mononuclear
cells were used as target cells. Co-cultures were stained with anti-CD3, anti-CD19 (APC,
BD pharmingen), anti-CD45 (FITC, BD), anti-CD38 (PE-Texas Red, Invitrogen) and anti-
CD56 (PE-Cy7, BD pharmingen). MM cells were defined as CD3", CD19"¢, CD45"e ™,
CD38r°s, CD56%,

TCR sequencing and transfer

TCRa and TCRP sequences of selected T-cell clones were identified as previously
described(9). TCRa and B variable chains were codon optimized and introduced into
MP71-TCR-flex retroviral vectors encoding cysteine modified murine TCRaf constant
domains. CD4 and CD8 T-cells were separately isolated, activated and transduced with
TCR as previously described(9). On day 7 post activation, TCR transduced T-cells were
enriched for expression of introduced TCRs using indirect MACS and APC labelled mouse
TCR-CB (mTCR; BD Pharmingen). Purified T-cells were used in experiments between day
10-14 after activation.

pHLA Tetramer based T-cell isolations

PE-labelled pHLA-tetramers were produced as previously described with minor
modifications(9, 38). PBMCs isolated from complete buffy coats (Sanquin) obtained
from healthy donors negative for HLA-I alleles of interest were used to isolate Jchain
specific T cell clones as previously described(9). In short, PBMCs were incubated with
pooled pHLA-tetramers and pHLA-tetramer bound cells were enriched by MACS using
anti-PE MicroBeads (Miltenyi Biotec). Enriched fractions were single-cell sorted for
pHLA-tetramerr® CD8" T-cells in 96-well round bottom plates containing feeder mix
consisting of 5x1075 irradiated PBMCs, 5x1074 irradiated EBV-LCL JY cells and 0.8 mg/
ml PHA in T-cell medium (TCM).

In vivo MM model

U266 cells were transduced with and enriched for Luciferase-tdTomato Red and
target HLA-A alleles when indicated. NOD-scid-IL2Rgamma™" (NSG) mice (The Jackson
Laboratory) were intravenously (i.v.) injected with 2x10"6 U266 cells. After 21 days,
mice were treated i.v. with 3-6x1076 purified Jchain TCR transduced CD8 T-cells. CMV
TCR T-cells were used as negative control. Tumor outgrowth was measured at regular
intervals after subcutaneous (s.c.) injection of 150 uL 7.5 mM D-luciferine
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(Cayman Chemical) using a CCD camera (IVIS Spectrum, PerkinElmer). All mice were
sacrificed when control mice reached an average luminescence of 1x1077 p/s/cm?/
sr. This study was approved by the national Ethical Committee for Animal Research
(AVD116002017891) and performed in accordance with Dutch laws for animal
experiments. Statistical analysis was performed using GraphPad Prism version 9.3.1. In
vivo experiments were analyzed using 2-way ANOVA comparing groups per timepoint
with Sidak’s multiple comparisons post-hoc test.
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Figure S1. gRT-PCR of JCHAIN expression relative to housekeeping genes (HKGs) in cells used in this
study. A) MM cell lines U266 and UM9. B) Cell lines of non-B cell origin including K562 cells and JCHAIN
transduced K562 cells. C) Healthy tissues of various origins used in figure 5 each dots represents cells
from another donor. D) Expression in MM cells sorted from various MM patient bone marrow samples.
A selection of these materials was used in figure 6.

96 | CHAPTER3



Allo HLA-A1T cell clone Allo HLA-A24 T cell clone Allo HLA-A3 T cell clone

4 4 8
[ °
3 ‘OO. e (X X ¥ X s 8':.'00 o eoo . (XY ®. o o
= H = = o' oo
£ E E °
) < ® <
g2 ER 24{® ° o
z L4 T T .
g1 z =
= = g, °
o
0ot .
e 0@ rerrerrersnresreiie s e Oereermmiriireri e.
2;222;5522222.52 T T T T T T T T T T T T T — T T T T T T T T T T T T T
a8, T 5 d TYTTTILTTLTLLTCS mmmmmg mmg mmmcs
trrrrrdGgr 8P g 333333333333 53 LIIII I <8 << FS
coggenrIiaz gyal yIII<IIIIIIIIEP TIFITRIIRISTER
D—“mﬁmmmﬁo“’wztﬁ+ <(++++++++++++2 — O N O - O o w2
IZTPLZIRSQ3 2L o ONOONHONST TN 1 23 inha=zIad
= Z88E3 p=d <282 X5RE0FEI88 a3 o8B S¥22 Y
A3 N o ATINDNMENAO B LZn T ISIT<ZNAdF 8T X o
g2 + EITLzoIESEELY = Sg8GS <
3 = 8853 < §52 S
2 S3F 3 X
2 o 3
g )
2

Figure S2. T cell stimulatory capacity of non-B cell lines used in safety panel. Tumor cell lines used
in figure 2A co-cultured with HLA-A1 (left graph), HLA-A24 (middle graph) or HLA-A3 (right graph) allo
HLA reactive T cell clones. IFN-y concentration in supernatant was tested by ELISA using a 5-fold dilution
only.
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Figure S3. Antigen specific killing of MM cells by Jchain TCR CD8 T cells is associated with cytokine
production. IFN-y production measured after overnight co-culture of T cells and target cells used in
figure 4C, data obtained in the same experiment. CMV TCR transduced CD8 T cells were used as a
control for background cytokine production.
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Figure S4. IFN-y production after co-culture of AlloHLA-A1 (in blue),-A3 (in yellow) and-A24 (in red)
T cell clones with all target cells used in figure 5. Three letter codes represent target cell donors and
expression of HLA-A1,-A3,-A11 or-A24 is indicated. Data points represent means of technical duplicates.
Graphs are separated based on cell type.

Figure S5. Phenotype of patient derived MM samples analyzed by FACS. [Figure on the next page].
Data obtained from the target cell only condition of the experiment shown in figure 6. Three letter
codes in titles represent different patients and expression of HLA-A1,-A3,-A11 or A24 is indicated. MM
patient BM samples were stained with SYTOX blue Dead Cell Stain, anti-CD3, anti-CD19, anti-CD45,
anti-CD38 and anti-CD56. MM cells were gated on: SYTOX blue negative, live cells 2single cells >CD3
negative, CD19 negative ->CD38 positive, CD45 negative-intermediate>CD56 positive. Percentages
depicted indicated the percentage of cells of the parent gate. To calculate the frequency of MM cells in
BM samples, percentage in subsequent gates were multiplied.
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Figure S5 [Legend on previous page].
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ABSTRACT

In multiple myeloma (MM), transformed plasma cells produce high levels of monoclonal
immunoglobulins, most of which are of IgG or IgA subtype. While surface expression of
immunoglobulins on MM is usually absent, we hypothesized that peptides derived from
immunoglobulins presented in HLA would pose suitable targets for T-cell receptor (TCR-)
based therapy of MM. Based on a previously established HLA-peptidome database of
B-cell malignancies, we identified three IgG- and four IgA-constant-domain-derived
peptides presented in the commonly expressed HLA-A2 and HLA-B7. Using peptide-HLA
tetramers, we isolated high-avidity CD8 T-cell clones from the allo-HLA repertoire. In
total, we characterized one T-cell clone recognizing an endogenously processed and
presented IgG peptide in HLA-A2, and seven T-cell clones recognizing endogenously
processed and presented IgA peptides in HLA-B7. Based on recognition of isotype
positive MM cell lines, TCRs of the most potent T-cell clones were sequenced, cloned and
retrovirally expressed in healthy donor T cells. Upon TCR gene transfer, immunoglobulin-
TCR T cells demonstrated potent and isotype-specific recognition and lysis of MM cell
lines as well as MM cells in patient bone marrow samples. TCR-transduced CD8 T cells
specifically depleted healthy IgA or IgG B cells in an HLA-and isotype-dependent manner.
Importantly, healthy cells from non-B-cell lineages were not recognized. Furthermore,
IgA-TCR T cellsinduced anti-tumor responses in an in vivo xenograft model of established
IgAresitve MM, demonstrating potential for clinical development of immunoglobulin-
targeting TCR therapy.
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INTRODUCTION

Multiple myeloma (MM) is a malignancy caused by uncontrolled expansion of plasma
cells and is largely incurable(1, 2). Chemotherapy, immunomodulatory drugs like
proteasome inhibitor, anti-CD38 monoclonal antibodies and autologous stem cell
transplantation extended life expectancy of patients, but patients relapsing after
treatment have extremely poor overall survival(3). The only truly curative therapy for
MM to date has been allogeneic stem cell transplantation (allo-SCT), but allo-SCT is
generally not generally performed anymore due to high treatment related mortality(4).
In recent years, the development of chimeric antigen receptor (CAR) T cells that target
antigens expressed on the surface of malignant cells generated promising treatment
options for relapsed/refractory MM (RRMM). Notably, B-cell maturation antigen
(BCMA-)targeting CAR T cells induce responses in a majority of RRMM patients(5,
6). Despite high initial response rates and median progression free survival in RRMM
exceeding one year, most patients eventually relapse(7, 8). Relapses after CAR T-cell
therapy can often be attributed to immune escape of antigen low or negative tumor
cells, as a consequence of single-antigen-targeting(8-11). In contrast, the effectiveness
of allo-SCT has been attributed to polyclonal T-cell responses, illustrating that T-cell
responses targeting multiple antigens are likely needed to induce durable complete
remissions(12). Consequently, identification of additional antigens suitable for targeted
T-cell therapy will be crucial for a tolerable and curative approach(11).

As MM originates from a malignant plasma cell clone, most MM cases are characterized
by production of monoclonal immunoglobins(13). We hypothesized that the constant
domains of immunoglobulin heavy chains could serve as targets for immunotherapy.
lgG immunoglobulins are produced in 54% of MM cases, while IgA is produced in 22% of
MM and is associated with a worse prognosis(14). Other subtypes such as IgM isotypes
are rare, and in 20% of cases MM cells secrete immunoglobulin light chains only(15).
During B-cell development, formation of plasma cells is marked by loss of BCR surface
expression. Consequently, malignant plasma cells do not express a BCR on the surface,
hindering recognition by CAR T cells. However, peptides derived from IgG and IgA heavy
chains presented in HLA could be targeted using T-cell receptors (TCRs). The constant
domains of immunoglobulin heavy chains are regions conserved within immunoglobulin
isotypes and could thus serve as a universal target for malignancies expressing the
respective immunoglobulin. IgG heavy chain constant domains are encoded by the IGHG
genes and IgA heavy chain constant domains are encoded by the IGHA genes.

In this study, we aimed to create new options for T-cell therapy of MM by identification

of TCRs recognizing peptides from the constant domains of IgG and IgA presented
in the common HLA alleles HLA-A*02:01 (HLA-A2) and HLA-B*07:02 (HLA-B7). We
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demonstrate that IgG- and IgA-specific T-cell clones with high functional avidity can be
identified from PBMCs of HLA-mismatched healthy donors, and that gene transfer of
immunoglobulin-targeting TCRs (immunoglobulin-TCRs) to healthy donor T cells installs
potent anti-myeloma activity in vitro and in vivo without off-target reactivity towards
immunoglobulin negative cells.

RESULTS

IgG- and IgA-constant-domain-derived peptide identification for HLA-A2 and HLA-B7
To identify epitopes suitable for TCR-mediated-targeting of IGHG or IGHA expressing
malignancies, we made use of a previously established HLA class-I peptidome database.
This database consists of the peptidomes of various patient-derived B-cell malignancy
samples, EBV-LCL cell lines and the MM cell line U266(16-18). We analyzed the
peptidomes of HLA-A2 and/or HLA-B7 expressing materials for peptides derived from
lgG or IgA constant domain proteins according to the UniProt homo sapiens database,
and selected those peptides for which binding to HLA-A2 or HLA-B7 was predicted by
netMHC4.0. Furthermore, to allow targeting of 1gG or IgA producing cells independent
of additional subtyping (IGHG1-IGHG4 for IgG and IGHA1 and IGHA?2 for IgA), peptides
were only selected when present in most variants. In total, this resulted in identification
of seven peptides: two IgG-derived peptides presented in HLA-A2 and, one IgG-derived
peptide presented in HLA-B7, one IgA-derived peptide presented in HLA-A2, and three
IgA peptides presented in HLA-B7 (Table 1). IgG- and IgA-derived peptides as identified
by mass spectrometry were synthetically generated and refolded with their cognate HLA
molecules to generate peptide-HLA (pHLA-) monomers. Biotinylated pHLA-monomers
were combined with streptavidin to form phycoerythrin (PE)-labelled pHLA-tetramers
that were used for T-cell identification.

Identification and selection of IgG- and IgA-specific T-cell clones recognizing MM
cells

To identify high avidity T-cell clones recognizing IgG- or IgA-constant-domain-derived
peptides in HLA-A2 or HLA-B7, we exploited the immunogenicity of self-peptides in
the HLA-mismatched repertoire (19). To this end, peripheral blood mononuclear cells
(PBMC’s) from 26 HLA-A2"e&e gnd HLA-B7"8a%"e healthy donors were isolated from buffy
coats. pHLA-tetramerresitve, CD8Posve T cells were single-cell sorted, and T-cell clones
were expanded. Peptide reactivity and specificity of T-cell clones were screened in a
high-throughput manner as previously described (17) using antigen negative HLA-A2 or
HLA-B7 transduced K562 target cells loaded with IgG and IgA peptides. Peptide specific
T-cell clones were expanded further, and reactivity to endogenously processed and
presented peptide was tested using HLA-A2 or HLA-B7 and IGHG or IGHA transduced
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target cells. From 26 buffy coats, we identified 8 T-cell clones specific for target epitopes
IgGMI/A2, |[gAPRE7 or |gASPKE7 that recognized HLA-A2 or HLA-B7 positive and 1gG or IgA
positive K562 cells to varying degrees (Figure 1A). Peptide titration experiments revealed
a high functional avidity of these clones with EC, values ranging between 34.2nM and
2.2nM (Figure 1B). The identified T-cell clones were then tested for their capability to
recognize IGHG or IGHA expressing MM cell lines. The 1gG*™"? specific T-cell clone 11B7
potently recognized IGHGP*""¢ MM cell line UM3 and IGHG"#%¢ cell line ALL GD was not
recognized (Figure 1C). All IgA HLA-B7 specific T-cell clones recognized IGHAP*™e UM6
cells while IGHA™&* e UM3 MM cells were not recognized (Figure 1C). IgA>¥/®’ specific
T-cell clones 6C4 and 8E9 recognized HLA-B7"&™e wild-type UM®6 cells in addition to
HLA-B7 transduced UM®6 cells (Figure S1), demonstrating off-target reactivity outside
the HLA-B7 molecule for these T-cell clones. IgA"*¥®7 specific T-cell clone 1A8 and IgA>¥
87 specific T-cell clone 3C12 demonstrated the most potent recognition of UM6 cells
corresponding with the peptide affinities of these clones. Based on these data, clones
11B7 (IgG™MA2) 1A8 (IgAMPR/®7) and (3C12 IgASP¥®7) were selected for further analysis.

Table 1. IgA (IGHA) and IgG (IGHG) derived peptides identified in HLA-I peptidome data of MM cell
line U266, EBV-LCLs or patient B-cell malignancy samples presented in HLA-A2 or HLA-B7

Immunoglobulin Sequence HLA-I? Peptide code HLA binding Eluted from cell
gene confirmed® type®
IGHG GLYSLSSVVTV A2 |gGeW/A2 yes EBV-LCL
IGHG LMISRTPEV A2 1gGtMI/Az yes EBV-LCL, CLL
IGHG QPREPQVYTL B7 |gGaPr/e? yes EBV-LCL, CLL
IGHA FAVTSILRV A2 |gAFAVIA2 yes ALL, MM
IGHA HPRLSLHRPAL B7 |gANPR/B7 yes MM
IGHA SPKVFPLSL B7 |gAsPK/e7 yes EBV-LCL
IGHA KPTHVNVSV B7 |gAKPT/e7 yes EBV-LCL

2HLA allele of origin of identified peptides. HLA alleles of origin were determined based on HLA-A*02:01 (HLA-A2)
or HLA-B*07:02 (HLA-B7) expression of materials for which peptides were identified in the peptidome combined
with predicted binding to HLA-A2 or HLA-B7 according to netMHC 4.0. ° Peptide binding to the respective HLA allele
was investigated by peptide-HLA monomer refolding. Yes: peptide-HLA monomers were successfully refolded and
remained stable. No: peptide-HLA monomers could not stably be refolded. © cell type of origin from which peptides
were eluted. Abbreviations: ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; MM, multiple
myeloma; EBV-LCL, Epstein-Barr virus-transformed lymphoblastoid cell lines.
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Figure 1. Selection of immunoglobulin-specific T-cell clones that recognize multiple myeloma cell
lines. T-cell clones were co-cultured overnight with target cells and IFN-y production was measured by
ELISA. Data is representative of two independent experiments. A) T-cell clones that recognize LMI
peptide from 1gG in HLA-A2 (upper panel), HPR peptide from IgA in HLA-B7 (middle panel) or SPK
peptide from IgA in HLA B7 (bottom panel) were stimulated with K562 cells transduced with IGHG or
IGHA genes encoding for 1gG and IgA, respectively. K562 cells were additionally transduced with HLA-A2
(+A2) or HLA-B7 (+B7). An effector:target ratio of 1:6 was used. Technical duplicates are shown. B) T-cell
clones were co-cultured with target HLA transduced K562 cells loaded with decreasing concentrations
of immunoglobulin peptides, starting at 1uM. Data from A) and B) were obtained in the same experiment.
Values represent means of technical duplicates. C) The IgG™/*? specific clone was stimulated with IgG
expressing, HLA-A2 positive UM3 cells and IgM expressing HLA-A2 positive acute lymphoblastic leukemia
cell line (ALL GD) as a negative control (right panel). IgA"**® and IgA*“®7 specific T cell clones were co-
cultured with IgA positive UM6 multiple myeloma cells or I1gG positive UM3 multiple myeloma cells as a
negative control. Stimulator cells were transduced with HLA-B7 (+B7).

Safety profiling of candidate immunoglobulin-targeting T-cell clones

To gain insight into the target specificity of the selected T-cell clones, we tested cross-
reactivity with other peptides within the same restriction element, as well as reactivity
towards peptides in other HLA alleles. Cross-reactivity with peptides presented by the
HLA restriction alleles was assessed by stimulating with HLA-restriction-allele positive
cells from various tissue origins that were negative for immunoglobulin expression.
None of the tested clones reacted towards the cell line panel, while gene transduced
K562 cells (pos ctrl) induced recognition (Figure 2A). General T-cell stimulatory capacity
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of the target cells used was verified using allo-HLA-A2 and allo-HLA-B7 T-cell clones
(Figure S2). To test cross-reactivity with other HLA restriction alleles, immunoglobulin-
targeting T-cell clones were co-cultured with a panel of Epstein-Barr virus-transformed
lymphoblastoid cell lines (EBV-LCLs) expressing common HLA class-1 alleles but not the
target HLA restriction allele (Table S1). T-cell clones 11B7 (IgG"/A?) and 1A8 (IgAHPre7)
did not recognize any EBV-LCL (Figure 2B), indicating no cross-reactivity towards any of
the expressed HLA class-1 alleles. T-cell clone 3C12 (IgA*/®’) recognized one EBV-LCL
in the panel, namely EBV-LCL MMG expressing HLA-A*01:01, -A*32:01, -B*35:08 and
-C*04:01 (Table S1). All alleles except HLA-B*35:08 were also expressed by at least one
other EBV-LCLs in the panel. Since the other EBV-LCLs were not recognized, reactivity of
clone 3C12 is most likely directed to HLA-B*35:08. While recognition could be directed
to an unrelated peptide in HLA-B*35:08, EBV-LCLs can express /IGHA, and recognition
might be directed to the SPK peptide presented in HLA-B*35:08, which is highly similar
to the target allele HLA-B*07:02. Future research needs to be performed to identify the
peptide-HLA complex inducing recognition. However, the HLA-allele frequency in the
world population of HLA-B*35:08 is 0.7%, therefore we do not consider this potential
cross-reactivity detrimental to further investigation of this clone for TCR gene therapy.

Immunoglobulin-TCR transfer redirects CD8 T cells to antigen positive targets

Having established general target specificity and safety profiles of immunoglobulin-
targeting T-cell clones, we continued to study their potential for TCR gene transfer. The
TCRs of the identified T-cell clones were sequenced and cloned intro retroviral expression
vectors. Third-party CD8 and CD4 T cells were retrovirally transduced and enriched for
transgenic-TCR expression. CD8 T cells transduced with immunoglobulin-TCRs 11B7,
1A8 or 3C12 showed specific binding to respective pHLA-tetramers, demonstrating
surface expression and retainment of specificity of virally expressed immunoglobulin-
TCRs (Figure 3A). Although mean fluorescence intensities (MFI) of bound pHLA-tetramer
to TCR-CD8 T cells was lower than for parental T-cell clones, the peptide sensitivity
was comparable to that of parental T-cell clones (Figure 3B). In TCR-CD4 T cells, high
pHLA-tetramer binding was observed for TCRs 1A8 and 3C12, but in peptide titrations
experiments antigen specific activation of these CD4 T cells was not observed (Figure
3B), suggesting that CD8 is required for functional sensitivity. Successful introduction
of immunoglobulin-TCRs into CD8 T cells was reproducible for multiple donors (Figure
3C), and immunoglobulin-TCR T cells were screened for recognition of IGHG or IGHA
expressing MM cell lines and an IGHG/IGHA double negative acute lymphoblastic
leukemia (ALL) control cell line. IgG-TCR T cells specifically recognized IGHG'™¢ UM3
cells, and IgA-TCR T cells specifically recognized IGHAP*"¢ UM6 cells (Figure 3D). To
further analyze the functionality of immunoglobulin-TCR T cells, lysis of MM cell lines
was analyzed after short term co-culture experiments. Immunoglobulin-TCR CD8 T
cells specifically lysed MM cells in an antigen dependent manner (Figure 3E). Together,
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these data demonstrate that immunoglobulin-TCRs T cells were highly functional while
specificity was maintained.
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Figure 2. Safety screenings of IgG'M/A2-, IgA"P*/®7. and IgASP%/®’-targeting T-cell clones. T-cell clones
were co-cultured overnight with target cells in an E:T ratio 1:6 and IFN-y production was measured by
ELISA. Technical duplicates are shown. A) T-cell clones were stimulated with cell lines of various non-
B-cell origins, namely AML (THP-1), fibroblast (VH10 and NBS), lung carcinoma (A549), neuroblastoma
(SINB-8), renal cell carcinoma (MZ1257 and MZ1851), colon carcinoma (HCT116), bile duct carcinoma
(EGI-1) and cervix carcinoma (Caski and Hela). IgG*"? reactive clone was co-cultured with HLA-A2
expressing stimulator cells (upper panel), IgA™*®” and IgA*¥/®7 reactive clones were co-cultured with
HLA-B7 expressing stimulator cells (lower panel). Cells either naturally expressed HLA-A2 or-B7 or were
transduced with HLA restriction alleles. Target HLA transduced K562 cells were included as a negative
control (neg ctrl) and HLA transduced K562 cells additionally transduced with /GHA or IGHG were
included as positive control (pos ctrl). B) T-cell clones from A) were co-culture with an EBV-LCL panel.
EBV-LCL panels were designed to not express the target HLA restriction alleles. Controls as in A).
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Figure 3. Functionality of 1gG- and IgA-specific TCR transduced T cells. A) MACS isolated CD4 and CD8
T-cell populations were separately transduced with TCR 11B7 specific for IgG™/A2, TCR 1A8 specific for
IgA"PRe7 or TCR 3C12 specific for IgAS¥/®7_ TCR T cells were stained with the respective immunoglobulin
pHLA-tetramers. Parental T-cell clones were included as positive controls. Immunoglobulin-TCR CD8
T cells were stained with CMV pp65-HLA-A2 tetramer as a negative control. Cells were analyzed by
flowcytometry and TCR T cells were gated on mTCR+. B) Parental T-cell clones and TCR-transduced
CD8 and CD4 T cells from one donor were co-cultured overnight with target-HLA transduced K562
cells loaded with decreasing concentrations of IgG or IgA peptides, starting at 1uM. IFN-y production
was measured by ELISA. Values represent means of technical duplicates. C) CD8 T cells from 4 donors
transduced with and enriched for immunoglobulin TCRs or CMV pp65-HLA-A2 TCR as a negative control.
Cells were stained with immunoglobulin pHLA-tetramers as indicated in graph titles and analyzed by
flowcytometry. Mean fluorescent intensities are plotted. Each symbol represents CD8 T cells isolated
from a different donor. D) TCR transduced CD8 T cells from C) were co-cultured overnight with IgG
positive HLA-A2 positive UM3 multiple myeloma cells, IgA positive, HLA-A2 positive UM6 multiple
myeloma cells additionally transduced with HLA-B7 (TD) or and IgM expressing HLA-A2 and HLA-B7
positive acute lymphoblastic leukemia cell line (ALL BV) as a negative control. IFN-y production was
measured by ELISA. E) Target cell killing by immunoglobulin-TCR CD8 T cells was analyzed in a 6-hour
chromium release assay using the same targets as in D). CMV TCR CD8 T cells were included as a negative
control. Percentage target cell lysis is displayed, values represent means and standard deviations of
technical triplicates.
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Immunoglobulin-TCR T cells recognize isotype specific B cells and immunoglobulin
cross-presenting APCs

As immunoglobulin-TCR T cells were highly reactive towards MM cells, we set out to gain
further insight into potential on-target off-tumor reactivity. TCR T cells were co-cultured
with healthy tissue subsets of both non-hematopoietic and hematopoietic origin,
including peripheral blood B cells. Immunoglobulin-TCR T cells did not recognize T cells,
immature dendritic cells, mature dendritic cells, fibroblasts or keratinocytes, regardless
of target HLA restriction alleles being expressed (Figure 4A). Positive control T cells
recognized all included subsets when target HLA was expressed (Figure S3). Peripheral
blood-derived B cells were recognized by immunoglobulin-TCR T cells, but only when
target HLA alleles were expressed. Recognition of mixed B cells was relatively limited
compared to positive control cells, especially by IgA-TCR T cells. Limited recognition
could be caused by lower frequency of IgArs™ve B cells in peripheral blood. To investigate
if immunoglobulin-TCR T-cell reactivity was specifically directed to 1gG or IgA positive
B cells, we co-cultured total B cells with immunoglobulin-TCR T cells and analyzed the
subtype-specific survival of IgM, IgA or IgG positive B cells by flowcytometry. IgG-TCR
T cells specifically depleted IgG B cells, while IgA B cells survived (Figure 4B). Vice
versa, when cultured with IgA-TCR 1A8 and 3C12 T cells, IgA B cells were completely
eradicated whereas 1gG B cells survived (Figure 4B). We quantified the survival of B
cells isolated from 3 additional donors by flowcytometry, confirming preferential lysis of
isotype positive B cells, although we observed some degree of bystander killing (Figure
4C). IgA or IgG B cells that did not express target HLA restriction alleles were not lysed.
Together, these data demonstrate that immunoglobulin-TCR T cells can be expected to
lyse healthy B cells expressing the respective immunoglobulins, while antigen negative
subsets are unlikely to be targeted.

Since MM is associated with high serum immunoglobulin concentrations, we considered
the possibility that this could lead to immunoglobulin uptake and cross-presentation
of immunoglobulin peptides by antigen presenting cells (APCs). APCs from HLA-A2rositve
donors were cultured with Nanogam (normal serum immunoglobulins) at concentrations
between 3.3 mg/ml and 33 mg/ml. A concentration of 33mg/ml corresponds with
serum M-protein levels observed in MM patients(20). Nanogam loading of DCs induced
recognition by lgG-targeting T cells in a concentration dependent manner (Figure
4D). While recognition of cross-presenting APCs might be beneficial for in vivo T-cell
activation, cross-presentation by other antigen negative cells could potentially be
harmful. To explore if non-APC cells would cross-present immunoglobulin peptides
under inflammatory conditions, cell lines of various origins were pre-treated with IFN-y
and loaded with 33 mg/ml Nanogam. Six out of seven target cells did not induce any
recognition, whereas one stimulator cell was weakly recognized by IgG-targeting T cells
(Figure 4E).
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Figure 4. Recognition of healthy cell subsets by immunoglobulin-TCR T cells. A) IFN-y production
after overnight co-culture of immunoglobulin-TCR Td CD8 T cells with CD40L activated B cells, immature
dendritic cells, mature dendritic cells, PHA-activated T cells and keratinocytes and fibroblasts pre-
treated for 48h with 100 IU/ml IFN-y. Each symbol represents the average value (from technical
duplicate) of target cells isolated from a different donor. Target cells not expressing the relevant HLA
restriction allele are depicted in grey, cells expressing the HLA restriction alleles are depicted in color.
Per panel T cells with one of the immunoglobulin-TCRs are shown as indicated in the graph titles. K562
+ HLA and peptide loaded K562 + HLA are included as negative and positive controls. B) Example of a
FACS based killing experiment of CD40L activated peripheral blood B cells from and HLA-A2 and HLA-B7
positive healthy donor co-cultured overnight with CMV pp65-HLA-A2 TCR, 1gG*M"A> TCR (11B7), IgA"*¥
8 TCR (1A8) or TCR IgA®™/®7 (3C12) CD8 T cells. Experiment was performed using an E:T ratio of 3:1. C)
Killing assay as in B) of B cells isolated from 3 healthy donors with different HLA-A2 and HLA-B7 typing
as indicated in graph titles. Survival of IgA and IgG B cells was analyzed after gating on live cells, single
cells, CD3 negative and CD19 positive cells. Survival of 1gM, IgA, 1gG positive B cells was calculated
[Legend continues on the next page]
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relative to negative control CMV TCR T cells. Technical triplicates are shown. D) IFN-y production by
Immunoglobulin-TCR (in blue) T cells from 2 donors (round and squared symbols) and the parental T-cell
clone (triangular symbol) or CMV-TCR (in white) T cells from the same donors. T cells were co-cultured
with monocyte-derived matured dendritic cells (DCs) from 2 HLA-A2°°™¢ donors exposed to increasing
concentrations of normal soluble immunoglobulins (Nanogam) or loaded with 100nM IgG LMI peptide.
E) T cells from D) Co-cultured with fibroblasts and various adherent tumor cell lines with IFN-y exposed
to the highest Nanogam concentration (33ng/ml) or IgG LMI peptide (100nM).

Immunoglobulin-TCR T cells lysed IgG or IgA positive MM cells from patients ex vivo
To study the implications of immunoglobulin-TCR T-cell therapy for MM, patient-derived
bone marrow (BM) samples were assessed forimmunoglobulin-TCR-mediated-targeting.
We selected 3 BM samples from HLA-A2 and/or HLA-B7 positive patients containing
MM cells expressing either IGHG or IGHA (Figure S4). All samples were co-cultured with
immunoglobulin-TCR or control-TCR T cells and survival of MM cells was quantified
using flow cytometry (Figure 5A, 5B). IGHAP*""¢ MM cells from both samples MM1 and
MM?2 were specifically lysed by IgA-TCR T cells but not by control or IgG-TCR T cells.
Conversely, IGHGP*""e MM cells from MM3 were specifically lysed by IgG-TCR T cells
but spared by control or IgA-TCR T cells. Together these data demonstrated Ig-subtype-
specific and HLA-restricted lysis of MM cells, indicating potent in vitro recognition of
patient MM cells.

In vivo targeting of IgA positive MM tumors by IgA-TCR T cells

Finally, we analyzed the in vivo tumor-targeting capacity of immunoglobulin-TCR T cells
in a murine xenograft model for established MM using the MM cell line U266. We chose
for the MM cell line U266, as U266 cells endogenously express IGHA and, readily engraft
into NSG mice(21). Despite lower expression of /IGHA compared to UM6, U266 are
potently recognized by IgATCR T cells in vitro (Figure S5). Mice were engrafted with U266
cells and treated with IgA-TCR T cells or control T cells 14 days after tumor inoculation.
After T-cell injection, anti-tumor efficacy of IgA-TCR T cells was observed within a few
days (Figure 6). 1A8-TCR T cells inhibited tumor outgrowth compared to control treated
mice, which resulted in a 12-fold lower tumor burdens on day 15 after T-cell injection
(Figure 6A, Figure S6A). 3C12-TCR T cells drastically reduced tumor burdens within 7
days after T-cell injection, resulting in near complete tumor eradication and 160-fold
lower tumor burdens for 3C12-TCR treated mice compared to control mice (Figure 6B,C,
Figure S6B). Overall, these data demonstrated the in vivo anti-tumor efficacy of IgA-TCR
T cells, while superior results were obtained when using 3C12 TCR T cells compared to
1A8 TCR T cells.
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Figure 5. Killing of MM cells in patient bone marrow samples. Killing of MM cells in patient bone marrow
samples was assessed in a FACS-based cytotoxicity experiment where immunoglobulin-TCR Td T cells were
co-cultured with MM patient BM samples in an E:T ratio 3:1. A) Example of survival of an HLA-A2P%/B7?°
patient sample after co-culture with CD8 T cells transduced with 1gG*"/A2 TCR (11B7), TCR IgA"P*&7 (1A8),
TCR IgA®™ /87 (3C12) or CMV TCR (negative control). In blue MM cells are displayed, MM cells were gated
on: live cells = single cells = CD3 negative cells to exclude co-cultured T cells = CD45 negative, CD19
negative = CD56 positive, CD38 positive. MM cells (in blue) were backgated on total CD3 negative cells
(in red). B) Percentage survival of MM cells from 3 donors after co-culture with immunoglobulin TCR T
cells calculated relative to CMV TCR T cells. HLA-A2 or B7 expression of patients is indicated in graph titles.
Technical triplicates are shown. Data from the same experiment as shown in A).
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Figure 6. In vivo efficacy of IgA- TCR CD8 T cells. NSG mice engrafted with 2x10° HLA-B7 positive U266
multiple myeloma cells transduced with Luc2 luciferase were i.v. injected with 5x10° TCR-transduced
CD8 T cells after 14 days. CD8 T cells were transduced with IgA"®®” TCR 1A8, IgA>™/®” TCR 3C12 or
[Legend continues on the next page]
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control CMV (pp65-NLV-HLA-A2) TCR and enriched for mTCR expression by MACS. T cells were infused
7 days after re-stimulation. Tumor outgrowth was frequently tracked by bioluminescence imaging. A-B)
Mean and standard deviations of tumor outgrowth (average radiance) over time on the ventral side. A)
Tumor outgrowth in CMV TCR (n=4) versus IgA"**®” TCR 1A8 (n=6) treated mice. B) Tumor outgrowth in
CMV TCR (n=7) versus IgA®¥®” TCR 3C12 (n=8) treated mice. C) Raw bioluminescence images of three
representative CMV TCR and IgA®*¥/®” 3C12 TCR treated mice from figure B) at different time points.
Raw bioluminescence images of all mice are shown in suppl. Figure 6. Statistics depict two-way ANOVA
comparing groups per timepoint with Sidak’s multiple comparisons post hoc test.

DISCUSSION

Cellular therapy using redirected T cells is a promising approach for the treatment of
MM. Here, we set out to broaden the landscape of therapeutically targetable antigens
for MM. We hypothesized that epitopes derived from immunoglobulin constant domains
pose attractive targets for TCR-mediated-targeting. Peptides for TCR-mediated-targeting
of IgG and IgA immunoglobulins were identified from the HLA class-I ligandome of B-/
plasma cell malignancies. pHLA-multimers were used to isolated T-cell clones from
HLA-mismatched healthy donors. T-cell clones specific for the LMI peptide from the I1gG
constant domain presented in HLA-A2 or the SPK or HPR peptides from the IgA constant
domain presented in HLA-B7 were identified. TCRs of T-cell clones that demonstrated
the most potent recognition of isotype expressing MM cell lines were sequenced and
transferred to third-party T cells. Immunoglobulin-TCR T cells maintained specificity and
recognized as well as lysed MM cell lines. Immunoglobulin-TCR T cells did not recognize
healthy cell subsets except for B cells. Recognition of B cells was mainly directed to
isotype positive B cells. In the absence of immunoglobulins DCs were not recognized,
but DCs co-cultured with high concentrations of immunoglobulins were recognized by
lgG-TCR T cells. IgA-TCR-engineered T cells demonstrated potent anti-myeloma activity
against patient MM cells ex vivo as well as in an in vivo xenograft model of IgAPesitve MM.
CAR T cells and TCR T cells have different recognition mechanisms. As CAR T cells
recognize complete proteins, target proteins secreted by or cleaved from malignant
cells can bind to CAR T cells and interfere with CAR T-cell functionality. This is especially
of concern in BCMA-targeting CAR T-cell therapy, as MM patients often exhibit high
levels of circulating soluble BCMA that render BCMA CAR T cells less sensitive(22). For
TCR T cells, soluble antigen does not impair T-cell functionality, as activation of TCR
T cells requires binding to protein-derived peptides presented in HLA rather than to
full proteins. Instead, circulating antigen could have an indirect effect through uptake
and cross-presentation by bystander cells. We demonstrated that professional APCs
were indeed able to take-up soluble immunoglobulins and present immunoglobulin-
derived peptides in HLA, leading to TCR T-cell recognition. The highest tested
concentration corresponded to immunoglobulin concentrations found in serum of MM
patients(20), and recognition was proportional to immunoglobulin concentrations. On
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non-APCs, cross-presentation of immunoglobulins was absent or highly inefficient.
While it is difficult to predict the precise consequences this phenomenon might elicit
clinically, one could speculate that cross-presentation by APCs will lead to activation
of immunoglobulin-TCR T cells in vivo. This may be beneficial for initial expansion and
anti-myeloma activity of immunoglobulin-TCR T cells, although a potential aggravation
of side effects such as cytokine release syndrome would then need to be considered.
At the same time, recognition of cross-presenting APCs could lead to their depletion,
which would be an undesirable effect on a long-term. However, a potential depletion
of APCs should be of temporary nature, since cross-presentation of immunoglobulins
will decrease when immunoglobulin-producing malignant and non-malignant cells are
depleted as a result of therapy. Given the potential safety concerns, it might be desirable
to limit the extent of immunoglobulin cross-presentation prior to clinical administration
of immunoglobulin-TCR T cells. In this case, reducing free serum immunoglobulins using
serum apheresis could be explored(23-25).

Immunoglobulin-TCR T cells could have a benefit over treatment with CD19 or BCMA
CAR T cells, which deplete the entire healthy B-cell compartment compromising B-cell
immunity resulting in the need for antibody substitution therapy. We demonstrate
that IgA- or IgG-TCR T cells deplete peripheral blood B cells expressing the respective
isotype, while B cells of the other isotypes remained. This observation likely extrapolates
to plasma cells meaning that plasma cells of isotypes not targeted by the TCR T cells
will survive therapy. When applying IgA-TCR T cells for therapy of MM or other IgArositive
malignancies, leaving IgG B and plasma cells untouched would have a major advantage
because I1gG is the main antibody isotype providing systemic protection against
pathogens. Leaving this part of B-cell immunity intact is expected to eliminate the need
for immunoglobulin substitution treatment after T-cell therapy. Overall, these patients
would have better health and need less therapeutic intervention, improving their quality
of life.

Finally, application immunoglobulin-TCR T-cell therapy could be extended for the
treatment of other malignant and non-malignant diseases beyond MM. Immunoglobulin-
TCR T-cell therapy could be applied for treatment of refractory B-cell mediated
autoimmune disease. Most autoimmune diseases are associated with autoreactive B
cells of an 1gG immunoglobulin subtype. Recently, CAR T cells have been successfully
applied for the treatment of refractory B-cell mediated autoimmune diseases including
systemic lupus erythematosus and antisynthetase syndrome (26, 27). Compared to
CD19 directed CAR T cells that induce general B-cell aplasia, using 1gG-specific T cells
would provide the unique advantage to selectively target B cells of that subtype, sparing
B cells of other subtypes such as IgA and IgM.
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Taken together, we have established the immunoglobulin heavy chain constant domains
as targetable antigens for TCR-based treatment of MM. Immunoglobulin-TCRs induce
efficient and isotype specific lysis of target cells in vitro and in vivo without inducing off-
target recognition, highlighting potential for further pre-clinical and ultimately clinical
development.

MATERIALS AND METHODS

IgG- and IgA-constant-domain-derived peptide identification using HLA class-I
ligandome data

To identify target peptides for TCR-based-targeting of IGHG or IGHA expressing cells,
previously established HLA class-I peptidome data of patient-derived B-cell malignancy
samples, EBV-LCL cell lines and the MM cell line U266 was used(16-18). To generate this
HLA-I ligandome data, >10*1079 cells were lysed and peptide HLA class-l complexes were
isolated by immunoaffinity using an anti HLA class-I (Clone W6/32) antibody. Peptides
were eluted from the HLA molecules and identified by mass spectrometry. Ligandomes
were investigated for peptides originating from IgG (IGHG) or IgA (IGHA) protein
sequences according the Uniprot Homo sapiens database. Peptides were assigned
to most likely HLA of origin, by overlapping HLA alleles expressed by materials with
predicted HLA binding according to netMHCA4.0. Peptides from commonly expressed HLA
alleles: HLA-A*02:01 or HLA-B*07:02 were selected. Synthetic peptides were generated
in house using standard Fmoc chemistry. MS/MS spectra of synthetic peptides were
acquired and compared to spectra of eluted peptides to validate correct sequence
identification. Peptide-HLA monomers were generated for the selected peptide-HLA
combinations and monomers were subsequently used to produce PE-labelled peptide-
HLA (pHLA-) tetramers as described (28).

pHLA-tetramer T-cell isolations

PBMCs were isolated from complete buffy coats obtained from HLA-typed healthy
donors (Sanquin). Per experiment donors were selected to be negative for the HLA alleles
of interest. pHLA-tetramers were used to isolate immunoglobulin-specific T-cell clones
as previously described with minor modification (17). In short, PBMCs were incubated
with pooled PE-labelled pHLA-tetramers (2 ug/ml) for 15 minutes at 37 degrees after
which PE-bound cells were magnetic activated cell sorting (MACS-) enriched using anti-
PE microbeads (Miltenyi Biotec). Next, enriched fractions were single-cell sorted for
CD8&positive pH| A-tetramerrov cells in 96-well round bottom plates containing feeder mix.
For single-cell T-cell sorts, feeder mix contained 0.5*1076 35Gy irradiated PBMCs and
0.5*1075 50Gy irradiated EBV-LCL JY cells per ml in T-cell medium (TCM) with 0.8 mg/
ml phytohemagglutinin (PHA; Oxoid Microbiology Products, Thermo Fisher Scientific).
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After expansion T-cell clones were screened for target peptide recognition as previously
described and peptide-specific T-cell clones were restimulated(17).

T-cell culture

T cells were cultured in TCM consisting of IMDM (Lonza), 1% Penicillin/Streptomycin
(Pen/Strep; Lonza), 1.5% glutamine (Lonza), 100 IU/ml IL-2 (Proleukin; Novartis Pharma),
5% fetal bovine serum (FBS; Gibco, Life Technologies) and 5% human serum. T-cell clones
were functionally tested between day 10-15 after (re-)stimulation. T-cell clones were
restimulated every 10-15 days or cryopreserved until further use. For restimulation
0.3*1076 T cells per 24 well were stimulated with 1 ml feeder mix containing 1*1076
35Gy irradiated PBMCs, 1¥1075 50Gy irradiated EBV-LCL JY cells and 0.8 mg/ml PHA.

Target cell generation and culture conditions

Standard culture medium for cell lines consisted of IMDM (Lonza), 1% Pen/Strep
(Lonza), 1.5% Glutamine (Lonza) and 10% FBS (Gibco, Life Technologies). For MM cell
lines UM3 and UMS6, standard culture medium was supplemented with 10ng/ml IL-
6. ALL cell lines were cultured as previously described(29). Based on HLA typing, and
target gene expression target cells were retrovirally transduced as previously described
where indicated(30). Target genes were expressed in MP71 retroviral backbone vectors
containing CD34, mouse CD19 or truncated nerve growth factor receptor (NGF-R)
as a marker gene. Transduced cells were enriched for marker gene expression by
MACS or fluorescence-activated cell sorting (FACS). When indicated adherent cells
were pre-treated with 100 IU/ml IFN-y for 24-48h to mimic inflammatory conditions
and increase HLA expression prior to recognition assays. For safety screening various
healthy subsets were isolated from PBMCs and cultured as previously described(21).
For cross-presentation experiments adherent target cells were pre-treated with IFN-y
after which cells were cultured overnight with various concentrations of normal human
immunoglobulins (Nanogam 100mg/ml, Sanquin) prior to experiments. Monocyte-
derived mature DCs were used as professional APCs. To allow optimal cross-presentation
Nanogam was added 16h before maturation cytokines were added. Prior to recognition
assays, target cells were washed to remove IFN-y and Nanogam. For analysis of patient-
derived MM cell lysis, patient BM samples were thawed and rested overnight in medium
containing 10% human serum before use in cytotoxicity experiments.

T-cell recognition experiments

T-cell recognition assays were performed in 384-well flat bottom plates. 5,000 T cells
were co-cultured overnight with 30,000 stimulator cells. For adherent cells 10,000
stimulator cells were used instead. After overnight culture, IFN-y concentrations in the
supernatant was measured by ELISA (R&D systems). For peptide titration experiments
target cells were loaded with serial dilutions of peptide starting at 1uM. When peptide
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loaded targets were included as positive control a concentration of 100nM was used.

TCR sequencing and transfer to CD4 and CD8 T cells and pHLA-tetramer staining
TCRa and TCRP sequences of selected T-cell clones were identified as previously
described(17). Codon optimized TCRa and TCRp variable chains were inserted in MP71-
TCR-flex retroviral vectors containing codon optimized and cysteine modified murine
TCR (MmTCR) constant domain sequences. For TCR transduction CD8 or CD4 T cells were
isolated from healthy donor PBMCs using anti-CD8 or-CD4 microbeads (Miltenyi Biotec)
and MACS. T cells were activated with irradiated autologous PBMCs at 1.0*1076 cell per
m| TCM and PHA. For 0.3*1076 T cells 1 ml feeder mix was used. T cells were retrovirally
transduced on day 2 after activation. mTCR transgenic T cells were enriched using an
mMTCR-APC antibody (BD Pharmingen) and anti-APC MACS on day 7 after activation and
included in functional experiments on day 10-14. To confirm specific TCR expression
TCR-T cells were stained with mTCR-APC and pHLA-tetramers (2 ug/ml) and analyzed by
flowcytometry (LSRII, BD Bioscience).

Cytotoxicity experiments

TCR-mediated lysis of various cell lines, patient BM samples or PBMC-derived CD40L
activated B cells was analyzed using 6hr *'Cr-release experiments or flowcytometry-
based killing assays. Chromium release experiments were performed as described using
E:Tratios of 10:1 and 1:1(17). Flowcytometry-based killing experiments were performed
by overnight co-culture of 50,000 target cells in an E:T ratio of 3:1. B-cell co-cultures
were stained using anti-CD3 (Alexa Fluor 700, BD pharmingen), anti-CD19 (PE-Cy7, BD
pharmingen), anti-IgA (PE, Miltenyi Biotec), anti-lgG (FITC, DAKO) and anti-lgM (APC, BD).
MM patient BM were co-cultured with TCR T cells and stained using anti-CD3, anti-CD19
(APC, BD pharmingen), anti-CD45 (FITC, BD), anti-CD38 (PE-Texas Red, Invitrogen) and
anti-CD56 (PE-Cy7, BD pharmingen). MM cells were defined as CD3"°¢, CD19"°¢, CD45"
nee CD38P%, CD56°%. Sample were acquired by flowcytomtry (Fortessa, BD Bioscience)
using fixed time and flow rates. Target cell survival was calculated relative to negative
control TCR T cells.

qPCR for immunoglobulin expression

IGHG and IGHA expression was measured by quantitative real-time polymerase
chain reaction (qPCR) as previously described(17). IGHG forward primer:
5’AACTCACACATGCCCACCG 3’and reverse primer: 5 GATCATGAGGGTGTCCTTGGG
3. IGHA forward primer: 5° CCTTCACCTGGACGCCC 3’ and reverse primer: 5’
GGCAGGACACTGGACACG 3. GUSB, VPS29 and PSMB4 were included as housekeeping
genes (HKGs). Gene expression was calculated relative to HKGs.
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In vivo MM targeting by IgA-TCR T cells

U266 cells were transduced with and enriched for Luciferase-tdTomato Red. NOD-scid-
IL2Rgamma™" (NSG) mice (The Jackson Laboratory) were intravenously (i.v.) injected
with 2*1076 U266 cells. After 14 days, mice were i.v. injected with 5*¥1076 purified
IgA-TCR CD8 T cells or CMV-TCR T cells as a negative control. Tumor outgrowth was
measured regularly after subcutaneous (s.c.) injection of 150 pyL 7.5 mM D-luciferine
(Cayman Chemical) using a CCD camera (IVIS Spectrum, PerkinElmer). Experiments
were terminated when control mice reached an average luminescence of 1*1077
p/s/cm?/sr. The study was approved by the national Ethical Committee for Animal
Research (AVD116002017891) and performed in accordance with Dutch laws for animal
experiments.
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SUPPLEMENTARY MATERIAL

Off-target MM recognition

T cell clone 1A8.22 (HPR)
T cell clone 4D2.22 (HPR)
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Suppl. Figure 1. IFN-y secretion of IgM HLA-B7 specific T cell clones after overnight incubation with WT
IgAP°s HLA-B7"8 multiple myeloma cell line UM6.
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Suppl. Figure 2. Validation of stimulatory capacity of cell lines used for safety testing of Ig specific
T cell clones. Indicated target cells were incubated with allo HLA T cell clones recognizing peptides
derived from ubiquitously expressed genes presented in HLA-A2 (left) or HLA-B7 (right).
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Suppl. Figure 3. Validation of stimulatory capacity of healthy target cells from hematopoietic origin
used for safety testing of Ig specific TCR T cells. Indicated target cells were incubated with allo HLA T
cell clones recognizing peptides derived from ubiquitously expressed genes presented in HLA-A2 (left)
or HLA-B7 (right) and cytokine secretion after overnight coculture was measured by ELISA. Individual
dots represent target cells derived from individual donors (n=3).
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Suppl. Figure 4. Flow cytometry gating strategy used for quantification of killing of primary multiple
myeloma cells from patient bone marrow samples (left). MM cells were gated on: live cells = single
cells = CD3 negative cells to exclude co-cultured T cells = CD45 negative, CD19 negative = CD56
positive, CD38 positive. Quantification of IGHG (blue) or IGHA (black) expression as measured by qPCR
in MM cells sorted from patient bone marrow samples (right).
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Suppl. Figure 5. A) Quantification of /IGHA expression in indicated cell lines as measured by qPCR.
Expression values were normalized to expression of housekeeping genes (HKGs). B) Indicated TCR
transduced T cells were incubated overnight with UM6 (left) or U266 (right) multiple myeloma cell lines
and specific target cell lysis was quantified using flow cytometry.
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Suppl. Figure 6. In vivo efficacy of IgA-B7 TCR CD8 T cells. NSG mice engrafted with 2x10° HLA-B7
positive U266 multiple myeloma cells transduced with Luc2 luciferase were i.v. injected with 5x10°
TCR transduced CD8 T cells after 14 days. CD8 T cells were transduced with IgA"*"®7 TCR 1A8, IgAS/®7
TCR 3C12 or control CMV (pp65-NLV-HLA-A2) TCR and enriched for mTCR expression by MACS. T cells
were infused 7 days after re-stimulation. Tumor outgrowth was frequently tracked by bioluminescence
imaging. A) Raw bioluminescence images of CMV TCR (n=4) and IgA"**®” TCR 1A8 (n=6) treated mice. B)
Raw bioluminescence images of CMV TCR (n=7) and IgAS"*®” TCR 3C12 (n=8) treated mice.
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Table S1. Overview of HLA typing of EBV-LCLs used for safety assessment

EBV-LCL HLA-A HLA-B HLA-C
6023 03:01/03:03/03:04- 40:02/40:35/40:37- 56:01 01:02/01:06/01:07-
11:01/11:02/11:03 02:02/02:04/02:08
10299 02:01-11:01 44:05-51:01 02:02:02- 14:02
5857 30:04- 68:02 38:01- 55:01 03:03-12:03
5866 02:01-11:01 35:01-51:01 04:01- 14:02
3829 01:01- 68:01 44:02- 44:02 05:01- 07:04
5283 24:02/24:09/24:11- 66:01/66:04 14:02-39:06 07:02/07:10- 08:02/08:07
6978 02:01- 02:05 15:01-45:01 01:02- 06:02
5769 02:01- 68:01 35:03-37:01 04:01- 06:02
6461 02:01 40:02:00 02:02
6463 02:01 57:01:00 06:02
5696 02:05 58:01:00 unknown
4991 26:01/26:08/26:02- 14:01- 49:01 07:01/07:05/07:06- 08:02/08:07
31:01/31:02/31:06
8425 23:01- 02:01 41:01- 40:01 17:01- 03:04
9210 02:01-02:01 15:01-51:01 03:03- 15:02
9271 33:01/33:03/33:05- 58:01/58:02/58:11 03:02/03:33/03:36-
66:01/66:04/66:08 -58:02/58:25/58:11 06:02/06:07/06:12
1854 02:01- 30:02 15:01-39:01 03:03-12:03
6268 02:01- 24:02 35:02- 44:02 04:01- 05:01
5702 32:01-68:01 35:03-52:01 12:02-12:03
7394 01:01-32:01 35:08- 35:08 04:01- 04:01
5171 02:01- 66:01/66:04 40:01/40:11/40:14- 41:02 03:04/03:08/03:09- 17
5524 02:01/02:07/02:09- B*15:01/15:33/15:34+- C*03:04/03:08/03:09-
31:01/31:02/31:06 B*15:17 C*07:01/07:05/07:06
7007 02:05-29:02 27:05- 44:03 01:02- 16:01:01
3480 26:01- 01:01 38:01-18:01 12:03- 07:01/07:06
9877 01:01- 23:01/23:17 08:01-41:02 07:01-17:03
6945 03:01- 25:01 18:01-35:01 04:01-12:03
8466 23:01-23:01 51:01-41:01 17:01-15:02
8463 11:01-01:01 51:01- 50:01 15:02- 06:02
8428 11:01- 01:01 57:01- 35:01 06:02- 04:01
7358 03:01- 25:01 07:02- 44:02 05:01/05:11- 07:02/07:37
5439 03:01- 25:01 15:17- 18:01/18:03/18:05 07:01/07:05/07:06- 12:03/12:06
55 68/69- 01 53-08 04-jul
9946 03:01/03:63/03:127- 35:01/35:42- 40:01 03:04- 04:01
11:01/11:12/11:20
7929 01:01-01:01 35:02/35:81- 52:01/52:11 04:01/04:15- 12:02/12:10
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Table S1. Continued.

EBV-LCL HLA-A HLA-B HLA-C
3281 01:01-32:01 08:01-45:01 06:02- 07:01/07:06/07:07
5998 24:02- 68:02 14:02- 38:01 08:02-12:03
9619 01:01-33:03 44:03:02- 51:01 07:06/07:18- 14:02
6316 29:02- 30:01 13:02- 44:03 06:02- 16:01
7613 01:01- 24:02 15:01- 37:01 03:03-06:02
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ABSTRACT

Unconventional HLA class I-restricted CD8+ T-cell epitopes, longer than 10 amino acids,
have been implicated to play a role in human immunity against viruses and cancer. T-cell
recognition of long peptides, centrally bulging from the HLA cleft, has previously been
described. Alternatively, long peptides can contain a linear HLA-bound core peptide, with
a N or C-terminal peptide ‘tail’ extending from the HLA peptide binding groove. The role
of such a peptide ‘tail’ in CD8+ T-cell recognition remains unclear. Here, we identified a
20mer peptide (FLP) derived from the IL27RA gene restricted to HLA-A*02:01, for which
we solved the crystal structure and demonstrated a long C-terminal ‘tail’ extension. FLP
specific T-cell clones demonstrated various recognition modes, some T cells recognized
the FLP core peptide, while for other T cells the peptide tail was essential for recognition.
These results demonstrate a crucial role for a C-terminal peptide tail in immunogenicity.
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INTRODUCTION

HLA class | (HLA-I) presented peptide epitopes are key components of CD8+ T-cell
responses to pathogens and in cancer through recognition of neo-epitopes. HLA-I
complexes present peptides derived from cellular proteins on the cell surface. HLA-I
peptide complexes are formed in the endoplasmic reticulum (ER), where HLA-I single
chains and B2-microglobulin (B2m) assemble and incorporate peptides present in the
ER. The ER peptide reservoir is mainly composed of peptides derived from cytosolic
protein degradation by the proteasome, which are subsequently transported into the ER
through peptide transporter TAP, which preferentially binds peptides of 8-16 amino acids
in length (1). Besides this classical pathway, peptides can end up in the ER, independent
of TAP transport, through alternative peptide processing pathways (2). For example, the
C-terminal tail of type-Il transmembrane proteins, which is located inside the ER lumen,
can be cleaved by signal peptide peptidase releasing C-terminal peptides into the ER (3).
After localization into the ER, either through TAP or via alternative pathways, peptides
are available for binding to HLA. Once binding to HLA has occurred, peptide-HLA (pHLA)
complexes are transported to the cell surface where recognition by T cells can take place.
The HLA-I peptide binding groove contains six pockets (A-F), of which the B and F pocket
typically bind the N and C terminally located anchor residues of peptides respectively
(4). Conventional peptides bind the B pocket through the amino acid residue at position
2 (p2) and the F pocket with the last residue pQ. The HLA-I peptide binding groove
is flanked by closed A and F pockets, generally limiting the length of binding peptides
and resulting in preferential presentation of canonical peptides of 8-11 amino acids in
length. Longer peptides can fit in HLA through binding of both anchor residues while
bulging out of the groove in the center of the peptide or adapting a zig-zag conformation
(5). Additionally, the C-terminal part of unconventional long peptides can protrude
through the closed F pocket, resulting in a conventionally bound core peptide with a
solvent exposed C-terminal ‘tail’ hanging from the groove (6, 7). Moreover, N-terminal
peptide tails extending from the A pocket have been described (8). Mass spectrometry-
based studies revealed that unconventional long peptides compose around 5-10% of
the HLA-I peptide repertoire (9-12). In addition to their relatively high abundance, T-cell
recognition of multiple long peptides has been described to play a role in viral as well as
anti-tumor T-cell immunity (13-16).

Previously, a large set of TCR-pHLA crystal structures was reviewed and demonstrated
the general consensus of TCR docking on canonical pHLA complexes (17, 18). In the
reported TCR-pHLA-I complexes the TCRs were oriented in a 37-90° angle over the
peptide binding groove, with the variable domain of the TCRa chain generally located
over the a2 helix and the TCRPB chain over the al of the HLA molecule. The three loops
located at the membrane distal end of both TCR chains contain CDR1, CDR2 and CDR3.
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CDR1 and CDR2 (encoded by the germline variable (V) gene) interact primarily with
the HLA molecule, while the hypervariable CDR3 domain binds to the peptide and HLA
molecule.

Longer peptides usually bulge centrally from the peptide binding cleft (5). Bulged
peptides were described to be recognized through varying TCR docking mechanisms.
Rigid peptide bulges maintain their original conformation upon TCR ligation while more
motile bulges can be flattened upon TCR interaction (16, 19-21). T cells recognizing
bulged long peptides were shown to engage with the core of the peptide bulging out of
the HLA groove. In contrast, it is unknown how N or C-terminal peptide tails extending
from HLA cleft, impact T-cell recognition. To gain insight into the role of the peptide tail
in the interaction with CD8+ T cells, we investigated HLA binding of a naturally occurring
20mer peptide FLPTPEELGLLGPPRPQVLA (referred to as FLP) derived from the IL27RA
protein presented in HLA-A*02:01 (HLA-A2). We solved the crystal structure of the HLA-
A2-FLP complex and revealed that only the first 11 amino acids of the peptide bound
in the HLA-A2 binding groove (FLPTPEELGLL), while a proline-rich solvent exposed
C-terminal tail of 9 residues (GPPRPQVLA) extended from the F pocket of the HLA-A2
molecule. T cells recognizing the FLP peptide revealed that part of the C-terminal ‘tail’
can be critical for T-cell recognition, providing new insight in the diversity of T cells
recognizing unconventional long peptides in HLA-I.

RESULTS AND DISCUSSION

Identification of an HLA-A2 binding 20mer peptide

In a previous study, we mapped the HLA-I peptidome of LCLs by peptide elution
followed by mass spectrometry (9, 22). HLA-I peptides were eluted using W6/32
antibody followed by selection of peptides containing anchor residues for HLA-I. This
study revealed that HLA-I presented peptide longer than 11 amino acids occur more
frequently than previously anticipated. Here, we investigated HLA binding and T-cell
recognition of 20mer peptide FLPTPEELGLLGPPRPQVLA (FLP) identified by Hassan et
al., which originated from the C-terminal end of the interleukin-27 receptor a (IL27RA)
protein. The FLP peptide was eluted from HLA-A2+ LCL-HHC but not from HLA-A2+ LCL-
JYW (Figure 1). The FLP peptide contains multiple potential anchor residues that suggest
binding to HLA-A2. For example, the leucine at position 2 could act as the p2 anchor
residue for binding to HLA-A2. Alternatively, in case of an unconventional N-terminal
peptide tail extending from the HLA groove, leucine at p8, p10 or p11 could act as the
p2 anchor residue. Additionally, the C-terminal pQ anchor residue could be the leucine
at p10, p11 or p19 as well as the valine at p18. Stable binding of FLP to HLA-A2 was
confirmed by successful refolding and crystallization of the HLA-A2-FLP complex.
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Figure 1. Identification of IL27RA derived length variants of FLP peptide from HLA-A2+ LCLs. HLA class
| presented peptides were eluted from 40x1079 HLA-A2+ LCLs and measured by mass spectrometry.
Length variants of FLP peptides derived from the IL27RA protein were identified. Shown are frequencies
of detection, determined by number of detected sample scans, of FLP length variant from LCL-HHC (in
grey) and LCL-JYW (in black).

Crystal structure of HLA-A2-FLP revealed the presence of a long C-terminal ‘tail’

To investigate how the FLP peptide was presented by the HLA-A2 molecule, we solved
the crystal structure of the HLA-A2-FLP complex at 1.7 A resolution (Table S1). The crystal
structure contains two molecules in the asymmetric unit. The superposition of the two
pHLA complexes revealed that they both adopted the same conformation, with a root
mean square of 0.23 A for the antigen binding cleft and 0.34 A for the peptide (Figure
2A). Therefore, the structural analysis was performed with one of the complexes. The
HLA-A2-FLP structure revealed that amino acids at p1-p11 bind in the HLA-A2 peptide
binding groove in the same manner as conventional HLA class-I presented peptides,
with p11-L as the pQ anchor residue (Figure 2B). Amino acids p12-p20 extend from the
F-pocket and form a solvent exposed C-terminal ‘tail’. Part of the peptide tail (p12-p17)
was clearly defined in the electron density (Figure S1A-B), while the electron density
was weak for C-terminal residues (p18-p20) indicating high flexibility of this part. The
proline-rich nature of the p12-p17 extended region presumably added rigidity to this
section of the peptide, thereby enabling it to be readily visualized (19).
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Figure 2. Crystal structure of the HLA-A2-FLP complex. A) Superposition of the two HLA-A2-FLP
complexes present in the asymmetric unit represented as cartoon in green and orange. B) Structure of
the FLP-20mer peptide (cartoon and stick) in the cleft of HLA-A2 (white cartoon). The first 11 residues
of the FLP-20mer peptide colored in green are bound to the antigen binding cleft, while the C-terminal
tail (purple) is coming out of the cleft.

Identification of FLP peptide specific CD8+ T cells revealed immunogenicity

To assess the immunogenicity of FLP peptide, T cells were isolated from HLA-A2 negative
healthy donors to circumvent immunogenic tolerance for this non-mutated self-peptide
(23, 24). Using HLA-A2-FLP-tetramers we successfully isolated CD8+ T-cell clones (Figure
3A). These T-cell clones demonstrated functional recognition of FLP peptide upon
peptide titration using HLA-A2 Td Raji cells (Figure 3B). Unloaded /L27RA negative Raji
cells were not recognized, showing FLP peptide specificity (Figure 3B, Figure S1C).

Recognition of endogenously processed and presented FLP peptide was observed by
T cells stimulated with /L27RA expressing T2 cells (Figure 3C, Figure S1C), indicating
that the identified T-cell clones were potent enough to recognize target cells naturally
expressing the /L27RA gene. Additionally, recognition of T2 cells was enhanced by
retroviral overexpression of the /L27RA gene (Figure 3C). Similarly, Td of IL27RA into
Raji cells induced recognition, validating the requirement for IL27RA expression for
target cell recognition. Recognition of TAP deficient T2 cells by FLP specific T-cell clones
suggests that FLP peptide, which is located at the C-terminal end of the IL27RA protein, is
processed and presented independent of TAP transport through an alternative pathway
remaining to be identified. This observation is in accordance with the overrepresentation
of C-terminal peptides in the ligandome of TAP deficient cells (25).
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Figure 3. Reactivity of FLP specific T-cell clones. A) T cell clone 1A5.19, 1B4.25 and 1G8.26 stained
with IL27RA FLP pHLA-tetramer-PE (grey red or blue) or control CMV NLV HLA-A2 tetramer (white)
gated on live cells. B-E) IFN-y production after overnight co-culture. Values represent mean of technical
duplicates, data are representative examples of three experiments. B) T-cell clones co-cultured with Raji
cells Td with HLA-A2 loaded with decreasing FLP peptide concentrations. C) T-cell clones co-cultured
with Raji cells Td with HLA-A2 (Raji +A2), Raji + A2 additionally Td with the IL27RA gene (+IL27RA),
HLA-A2+ wild type (WT) T2 cells, T2 cells Td with the IL27RA gene (+IL27RA), HLA-A2+ WT LCLs from
donor HHC, HLA-A2+ WT LCLs from donor JYW and medium (TCM) only. D) Raji +A2 loaded with 100nM
c-terminal length variants of FLP peptide. E) Raji +A2 loaded with 100nM Ala scan of FLP 15mer peptide.
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Finally, LCLs from donors HHC and JYW were co-cultured with the T-cell clones,
despite similar natural /L27RA expression levels (Figure S1C), LCLs from donor HHC
were recognized while LCLs from donor JYW were not recognized (Figure 3C). This
corresponded with the difference in abundance of FLP length variants in peptide elution
data of the two LCLs (Figure 1), which demonstrated that FLP length variants, including
the 20mer peptide, were abundantly present on LCL-HHC cells, whereas no 20mer
peptide, and only one length variant could be detected in the peptide elution data of
LCL-JYW (Figure 1). In total, length variants of FLP were identified 21 times from LCL-HHC
while only 2 times from LCL-JYW. The substantial difference in detection of FLP length
variants indicated differential involvement of the pathway underlying presentation of
FLP peptides in LCL-HHC and JYW.

Solvent exposed C-terminal ‘tail’ of FLP peptide plays a role in T-cell recognition

To investigate if the solvent exposed ‘tail’ of FLP peptide plays a role in T-cell recognition,
C-terminallength variants of FLP were loaded on HLA-A2 Td Raji cells. Recognition by T-cell
clone 1A5.19 was located in the core between p1-p11 of FLP peptide, as recognition was
not influenced by length variations of the tail (p12-p20) (Figure 3D). Recognition was lost
upon stimulation with FLP-10mer peptide, demonstrating the requirement for the p11-L
anchor residue to be present that would likely conserve the same core structure as the
20mer peptide. T-cell clone 1B4.25 demonstrated a comparable recognition pattern but
additionally recognized FLP-10mer peptide at a reduced level (Figure 3D), indicating that
p10-L could act as an alternative, but less efficient anchor residue. Finally, T-cell clone
1G8.26 recognized FLP 20-14mer peptides to the same extend as FLP-20mer peptide,
but recognition was abrogated upon stimulation with FLP-13mer or shorter peptides
(Figure 3D). Therefore, the proline at p14 played an essential role in recognition by this
T-cell clone, demonstrating that the proximal part of the C-terminal peptide ‘tail’ was
involved in T-cell recognition. For all T-cell clones no differences were observed between
recognition of FLP-20mer and FLP-15mer indicating that p15-p20 did not influence T-cell
recognition. To confirm that amino acids in the proximal part of the ‘tail’ are important for
recognition by T-cell clone 1G8.26, an Ala scan of FLP-15mer was generated and loaded
onto HLA-A2 Td Raji cells. For T-cell clones 1A5.19 and 1B4.25 Ala substitutions between
p12 and p15 did not influence recognition of the FLP peptide, whereas recognition by
T-cell clone 1G8.26 was abrogated when p13 and pl4 were replaced by Ala, confirming
the previously observed role of the proximal part of the peptide tail for recognition by
this clone (Figure 3E). In addition, Ala substitutions between p1 and p11 demonstrated
that all three clones recognized the core region of the peptide but exhibited differential
recognition patterns of the FLP pHLA-A2 complex. Thus, T-cell clone 1G8.26 recognized
the core as well as the tail region of the FLP peptide, while clones 1A5.19 and 1B4.25
recognized the core peptide alone. The combined recognition of the core region as
well as proximal part of the tail by clone 1G8.26 suggested that upon TCR binding, the
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peptide tail is oriented away from the peptide binding groove rather than being folded
back over the linear peptide core, thereby allowing simultaneous TCR contact with the
core as well as the proximal part of the peptide tail.

Remesh et al previously reported that longer peptides extend at the C terminus by
opening the F-pocket with a charged amino acid not more than 3 residues after the pQ
anchor (7). In our study, the crystal structure of the HLA-A2-FLP complex does not reveal
opening of the F-pocket, and in addition the first charged amino acid at p15 was found
to be irrelevant for recognition (Figure 3D,E). Demonstrating that a C-terminal peptide
tail can extend from the HLA cleft without opening of the F-pocket by a charged amino
acid.

To conclude, these results demonstrated immunogenicity of a 20mer peptide composed
of a conventional core peptide and a C-terminal peptide tail coming out the F-pocket
presented in HLA-A2. One of three identified T-cell clones required the peptide tail to
allow peptide recognition, highlighting that the proximal part of the C-terminal peptide
tail can be a crucial component of such an unconventional T-cell epitope. These results
contribute to the knowledge about the dynamic range in functional T-cell epitopes that
exist beyond canonical peptides. The variable recognition patterns observed between
T-cell clones would indicate that the TCRs bind FLP through different docking modes,
and further study will be required to gain a detailed understanding of the interaction
between TCRs and this unconventional peptide.

MATERIALS AND METHODS

Peptide identification

HLA-I peptidomes of HLA-A2+ EBV transformed B lymphoblastic cell lines (LCLs) LCL-HHC
and LCL-JYW were previously determined by peptide elution and mass spectrometry
analysis (22). Peptide length variation was assessed for peptides containing anchor
residuesforbindingtoexpressed HLA-l alleles (9). In this study pHLA monomers containing
20-mer peptide FLPTPEELGLLGPPRPQVLA (FLP) derived from the Interleukin-27 receptor
subunit alpha (IL27RA) in HLA-A2 were folded and used to generate pHLA-tetramers as
previously described by Hassan et al (9). Peptides were synthesized by standard Fmoc
chemistry and dissolved in DMSO.

Protein expression, purification, crystallization and structure determination

DNA plasmids encoding HLA-A2 a-chain (1-275) and human B2m were transformed
separately into a BL21 strain of E. coli. Recombinant proteins were expressed insoluble
as inclusion bodies, extracted and purified. Soluble pHLA complex was produced by
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refolding 30 mg HLA-A2 a-chain, 5 mg B2m and 5 mg FLP peptide in a 0.5L buffer of 3M
Urea, 0.5 M L-Arginine, 0.1 M Tris-HCI pH 8.0, 2.5 mM EDTA pH 8.0, 5 mM glutathione
(reduced), 1.25 mM glutathione (oxidised). The mixture was stirred at 4°C for 3h and
dialysed against 10L of 10 mM Tris-HCl pH 8.0 three times over a 24h period (26). Soluble
pHLA was purified using anion exchange chromatography using a HiTrapQ column. The
HLA-A2-FLP complex was crystallised using vapor diffusion method with a 1:1 ratio
of protein:mother liquor. The protein was 5 mg/ml in 0.1M Tris-HC| pH8 and 0.15M
NaCl, and the mother liquor was composed of a mixture of 0.12M Monosaccharides
(D-Glucose; D-Mannose; D-Galactose; L-Fucose; D-Xylose; N-Acetyl-D-Glucosamine),
0.1M of Na-HEPES and MOPS buffer at pH 7.5, ZO%W/v Glycerol and 10% W/V PEG 4000.
The crystals were flash frozen in liquid nitrogen and data were collected on the MX1
beamline at the Australian Synchrotron, part of ANSTO, Australia (27). The data were
processed using XDS (28) and the structure was determined by molecular replacement
using the PHASER program (29) from the CCP4 suite (30) with a model of HLA-A2 without
peptide (derived from PDB ID: 3GSO DOI: 10.4049/jimmunol.0900556). Manual model
building was conducted using COOT (31) followed by refinement with BUSTER (32). The
final model has been validated and deposited using the wwPDB OneDep System with

accession code: 7T5M. The final refinement statistics are summarised in supplemental
Table 1. All molecular graphics representations were created using PyMOL.

T cell isolation

PBMCs were isolated from buffy coats obtained from HLA-A2 negative healthy donors
after written informed consent according to the Declaration of Helsinki. pHLA-tetramer+
CD8+ T cells were enriched, single-cell sorted and clonally expanded as previously
described (9). FLP-A2 specificity was determined by pHLA-tetramer stain.

Target cell generation

T2 and Raji cells were transduced (Td) with IL27RA in a MP71-IRES-NGFR vector. Td cells
were purified for transgene expression by MACS before use in experiments. Raji cells
were additionally Td with HLA-A2 in a PLZRS-markerless vector and purified.

T-cell assay

T-cell stimulation assays were performed by overnight incubation of 5,000 T cells with
30,000 target cells in 384 well plates. For peptide recognition target cells were loaded
with 100nM peptide or decreasing concentrations starting at 1uM in peptide titration
experiments. IFN- y production was measured by ELISA. C-terminal length variants of
FLP peptide were generated. Purity of all length variants was confirmed by HPLC and
mass spectrometry. FLP 15-mer peptide was used for alanine (Ala) scanning, all amino
acids were separately substituted by an Ala.
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RT-qPCR

IL27RA expression was measured by quantitative RT-PCR (gRT-PCR) as previously
described (24). Gene expression was calculated relative to the average expression of
housekeeping genes: GUSB, PSMB4 and VPS29.
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SUPPLEMENTARY MATERIAL

p17-Gin

D

p16-Pro p17-Gin 16-Pro
o Nl p14-Pro . 4

@)

IL27RA expression

Gene expression
relative to HKG (set to 1)

Figure S1. Crystal structures of FLP peptide and gene expression of the IL27RAgene. A-B) Electron
density maps contoured at 3o colored in green for the Fo-Fc map (A), and contoured at 1o colored in
blue for the 2Fo-Fc map (B). The peptide and HLA are colored as in Fig 1B. C) IL27RA gene expression in
LCL-JYW, LCL-HHC, T2 and Raji cells measured by gPCR, depicted relative to housekeeping genes (HKG).
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Table S1. Data collection and refinement statistics

Data Collection Statistics

HLA-A2-FLP

Space group

Cell Dimensions (a,b,c) (A)
Resolution (A)

Total number of observations
Nb of unique observation
Multiplicity

Data completeness (%)
/s,

R, (%)

cc,, (%)

Refinement Statistics
R (%)

R,..” (%)

rmsd from ideality

Bond lengths (A)

Bond angles (°)
Ramachandran plot (%)
Favoured

Allowed

Disallowed

P222,
70.18, 99.90, 135.46
48.74-1.67 (0.70 — 1.67)
823981 (34622)

111273 (5154)

7.4(6.7)

997 (94.3)

13.2 (2.4)

4.1(35.1)

99.8 (72.0)

18.7
20.8

0.008
0.98

99.03
0.97
0

a 12 b
Roim = 2ha (/N-D)] 5 1y - <> T S <hi® R =200 [ TFI-TF LT/ S, | F, Ifor all data except = 5% which
were used for R, calculation. Values in parentheses are for the highest resolution-shell.
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CHAPTER

Summary and
general discussion




SUMMARY

CD19- and BCMA-targeting chimeric antigen receptor (CAR) T cells have shown
significant anti-tumor effects in treating B-cell malignancies and multiple myeloma (MM)
(1, 2). However, relapses post-therapy highlights ongoing challenges in T-cell therapy.
Antigen escape is a common mechanism behind tumor escape, occurring when tumor
cells with low or no surface antigen expression survive treatment(1, 3). To counter this,
we advocate for multi-antigen-targeting approaches, simultaneously targeting several
antigens. Adding more specificities to cellular products can decrease the chance of
antigen escape(4).

To target multiple antigens, T-cell receptor (TCR) transduced T cells would be a promising
component of multi-antigen-targeting therapy. TCRs have the intrinsic ability to recognize
peptides from theoretically any antigen presented in HLA molecules on the cell surface,
enabling them to target antigens inaccessible to CARs. Targeting B-cell lineage antigens
consistently expressed in malignant cells is promising, as evidenced by the success of
CAR T cells against CD19 and BCMA.

This thesis aimed to identify targets expressed in B-cell malignancies, that are not
expressed in healthy cells except for the B-cell lineage. We searched for TCRs recognizing
such targets effective against B-cell or plasma cell malignancies. Our approach involved
identifying TCRs specific to peptides from B-cell antigens presented in various HLA
alleles. These epitopes, being self-peptides, are not immunogenic in an HLA-matched
setting. To overcome this, we isolated T-cell clones across HLA-barriers using donors
lacking the target HLA-alleles. We used peptide-HLA (pHLA) multimers for isolation,
followed by comprehensive potency and safety tests to select T cells with precise
antigen recognition.

The TCRs of selected T-cell clones were sequenced, inserted into retroviral vectors, and
introduced into third-party T cells. These T cells were then evaluated for their specificity
and ability to target and eliminate B-cell malignancies expressing the antigen. For certain
TCRs, we demonstrated anti-tumor effectiveness using in vivo xenograft models.

In Chapter 2, we performed a broad search to identify TCRs for therapy of B-/plasma
cell malignancies. We started by selecting potential antigens for TCR-based therapy of
B-/plasma cell malignancies. We utilized a gene expression dataset containing samples
from acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL), and MM
patients as well as healthy cells of various origins. We selected genes that were expressed
in one of these malignancies while expression in healthy cells, with the exception of
B cells, was negative. This approach yielded 28 proteins which could be promising
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targets for therapy of B-/plasma cell malignancies. We identified peptides derived from
these genes, presented in HLA on the surface of malignant B cells by peptide elution
and mass spectrometry. Our selection of target HLA alleles included HLA-A*01:01,
-A*24:01,-B*08:01, and-B*35:01, thereby focusing on commonly expressed alleles that
have not been extensively studied in the past. Twenty target peptides derived from
one of the selected genes and presented in one of the chosen HLA molecules were
identified. To bypass self-tolerance, T-cell clones were isolated from healthy donors
lacking the HLA alleles of interest. Employing pHLA-multimers, we isolated 5519 T-cell
clones from 13 donors. High-throughput screenings yielded 23 T-cell clones specific
for one of the target peptides, which demonstrated functional reactivity to naturally
processed and presented antigen. We sequenced the TCRs of six T-cell clones which
were sensitive enough to recognize and target B-cell malignancies naturally presenting
the antigen. Following TCR-transfer, third-party T cells effectively recognized and lysed
B-cell malignancies while antigen specificity was maintained. The selected TCRs target
peptides derived from FCRL5 presented in HLA-A*01:01, VPREB-3 in HLA-A*24:02, and
BOB1 in HLA-B*35:01. The potential therapeutic value of each TCR varies with the type
of malignancy. For instance, the FCRL5-specific TCR showed promise for CLL therapy
and possibly B-cell lymphomas. VPREB-3 is expressed in ALL and CLL, while expression
is lower in CLL, VPREB-3 TCR T cells recognized CLL samples and might therefore be
valuable for therapy of both. BOB1, expressed in ALL, CLL, and MM, was recognized by
TCR T cells, making it a candidate for treating all three malignancies. Additionally, B-cell
lymphoma cells were recognized.

In Chapter 3, we identified TCRs recognizing peptides from the joining chain (Jchain) that
can be used to treat MM. In Chapter 2, the Jchain was already identified as one of the
target proteins for therapy of B-/plasma cell malignancies. In healthy plasma cells the
Jchain functions as a linker molecule between monomers of IgA and IgM when secreted
in multimeric forms. Expression in MM cells is irrespective of the immunoglobulin isotype
that is produced and the Jchain is highly expressed in most MM samples. The Jchain
could therefore be a broadly applicable target antigen for MM. The Jchain is a secreted
protein and can thus not be targeted with CAR T cells, instead TCR T cells specific for
Jchain derived peptides in HLA can be used to target JCHAIN expressing cells. Our goal
in this chapter was to identify TCRs that could recognize Jchain peptides presented in
various HLA-A alleles. Target peptides derived from the Jchain presented in HLA were
identified from the HLA class-I peptidome of MM cells. pHLA-multimer technology as
used in Chapter 2, was applied to isolate Jchain specific T-cell clones. This resulted in
the discovery of four T-cell clones that effectively recognized Jchain peptides presented
in HLA-A*01:01,-A*03:01,-A*11:01, or-A*24:02. These Jchain-specific T cells showed
promising safety profiles. Upon equipping T cells with the Jchain-TCRs, we observed that
they successfully lysed MM tumor cells from various patients but only when the JCHAIN
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was expressed. Additionally, Jchain-TCR T cells drastically reduced tumor burdens in a
pre-clinical in vivo model of established MM. Thus, these TCRs hold substantial potential
for further development as MM therapies. Given their favorable HLA restrictions, these
four TCRs collectively have the potential to treat approximately 60% of individuals with
JCHAIN-positive MM.

In Chapter 4, we focused further on identification of TCRs applicable for MM therapy.
MM cells are the malignant counterpart of plasma cells and therefore often secrete high
amounts of immunoglobulins of a specific isotype. Most MM cells are of IgG isotype and
22% is of IgA isotype, but IgA expression is associated with an unfavorable prognosis.
We therefore aimed to target these immunoglobulins, specifically peptides from the
constant domains of IgG and IgA heavy chains, identified from the HLA-I peptidome
of B-cell malignancies. Following the approaches as in Chapter 2 and Chapter 3, we
aimed to identify T cells specific to these immunoglobulins. Extensive efforts led to the
discovery of T-cell clones specific for the LMI peptide from the IgG heavy chain constant
domain presented in HLA-A*02:01 or the SPK or HPR peptides from the IgA constant
domain presented in HLA-B*07:02. These clones effectively recognized and lysed MM
cell lines expressing the right isotype. Specificity and functionality was maintained
upon TCR sequencing and transfer to third party CD8 T cells. Immunoglobulin-TCR T
cells did not recognize healthy cells of hematopoietic origin other than B cells. These
T cells only lysed isotype-positive B cells while sparing others, suggesting a potential
clinical advantage by partially preserving B-cell immunity, especially when IgA-TCR T
cells are applied. Furthermore, dendritic cells co-culture with high concentrations of
lgG immunoglobulins were recognized by IgG-TCR T cells in a dose-dependent manner,
most likely as of result of IgG uptake, cross-presentation, and subsequent presentation
of the respective 1gG peptide in HLA-A*02:01 to TCR T cells. Immunoglobulin-specific
TCR-transgenic T cells specifically lysed patient-derived MM cells when the respective
immunoglobulin and targeted HLA allele were expressed. Furthermore, IgA-TCR T cells
effectively reduced tumor burdens in MM bearing mice.

Chapter 5 delves into an interesting aspect of the HLA class-I ligandome: the presence
of unconventionally long peptides. In the method applied in Chapters 2-4, as well as by
others working on T-cell epitope identification or prediction, the general assumption
has been applied that HLA class-I presents short peptides of 8-11 amino acids in
length. However, the HLA class-I ligandome contains a substantial fraction of longer
peptides which are often dismissed as contaminants from HLA class-Il. In Chapter 5 an
unconventionally long peptide was explored for its potential origin from HLA class-I.
We examined a 20-amino acid (20-mer) FLP peptide from the IL27 receptor alpha,
identified in HLA-A*02:01 expressing cells and investigated its binding to HLA-A*02:01.
Successful refolding of FLP:HLA-A*02:01 complexes demonstrated that the FLP peptide
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could indeed bind to HLA-A*02:01. Crystal structure analysis revealed that the first 11
amino acids bound HLA in a conventional linear manner, while the remaining portion
formed an extended ‘peptide tail. We isolated T cells recognizing the FLP peptide, as
in previous chapters, to understand how such a long peptide could be recognized. Our
findings indicated that while some T cells were activated by the core peptide alone,
others required the C-terminal tail, losing recognition if it was trimmed or altered. This
chapter highlights the diverse way peptides can bind to HLA and shows that T cells can
recognize peptides bound to HLA in unconventional manners.

GENERAL DISCUSSION

Combining CAR and TCR T cells to improve outcomes of cellular therapy

Most B-cell malignancies, unlike tumors with high mutational burdens, often lack neo-
antigens that can be targeted by therapies designed to exploit mutational diversity(5).
The absence of neo-antigens in B-cell malignancies limits the efficacy of treatments that
rely on high mutational burdens for targeting, such as tumor infiltrating lymphocyte (TIL)
therapy or immune checkpoint blockade to boost neo-antigen specific T cells. Instead,
these malignancies can be treated by targeting B-cell lineage antigens, which are
expressed throughout various stages of B-cell development and for which expression
is often maintained after malignant transformation(6). Initially, rituximab, an antibody
therapy that targets CD20 expressed on B cells, demonstrated efficacy for treatment
of lymphoma, chronic lymphocytic leukemia (CLL) and other B-cell mediated diseases
such as rheumatoid arthritis(7). Depletion of healthy B cells as side effect of treatment
increased the risk of infections but this side effect could be overcome by treatment with
immunoglobulin replacement therapy(8).

In addition to antibody mediated therapy for B-cell associated diseases, T-cell-based
therapies have emerged more recently. T-cell therapies are currently based on the
introduction of a chimeric antigen receptor (CAR) that targets a B-cell lineage antigen on
the surface of malignant B cells like CD19 and BCMA for treatment of B-cell malignancies
and multiple myeloma (MM), respectively. Despite achieving high initial response rates
many patients relapse after CAR T-cell therapy(9, 10). Some patients relapse with
antigen positive malignancy, often attributed to suboptimal performance of CAR T
cells(11). Additionally, outgrowth of antigen low or negative tumor cells can contribute
tumor escape(3). These relapses highlight the need to keep advancing cellular therapy
and demonstrate that new targets should be included as part of combination therapy
to mitigate the risk of antigen negative relapse. CAR T cells recognize proteins on the
surface of target cells. This characteristic combined with the requirement for B-cell
restricted expression limits identification of suitable CAR targets. T-cell receptor (TCR)
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transgenic T cells could complement CAR T cells in one crucial aspect. TCRs possess the
capability to recognize peptides derived from any protein, irrespective of its cellular
localization. Therefore, TCRs can be used to target any antigen of choice if the criteria
regarding a safe expression profile are met. This ability opens many avenues to explore
new target proteins for treatment of B-cell malignancies. Because CARs and TCRs have
a different recognition mode as well as a different composition/design, we believe
that combination of TCR and CAR T cells is expected to enhance the efficacy of T-cell
therapy as each modality brings unique advantages while balancing the limitations of
the other and thereby improving overall outcomes following T-cell therapy. In recent
years the CAR T-cell field has rapidly developed, and many clinical trials have been
performed that provided new insights in the advantages and disadvantages of CAR T
cells. An advantage of CAR T cells is that specific surface proteins independent of HLA
are targeted, making them broadly applicable across patients independent of HLA type.
CARs are artificial receptors that combine an antigen binding domain, a signaling domain
and one or more costimulatory domains in a modular manner, because of this modular
design CARs can easily be adapted and improved by changing an individual module.
Throughout different generations of CARs, the effector function was initially enhanced
by incorporation of a co-stimulatory domain and later by incorporation of alternative co-
stimulatory domains(12). Additionally, CARs contain a CD3zeta signaling domain which
makes CARs independent of endogenous T-cell signaling and therefore also independent
of the CD8 or CD4 co-receptor. Therefore, CARs function in both cytotoxic CD8 T cells
as well as CD4 helper T cells. CD4 T-cell help has been shown to be important for the
effectiveness of CD19 CAR T cells. Preclinical studies have shown that CAR T cells in a
defined CD8:CD4 ratio outperformed CAR T cells that were derived from CD4 or CD8 T
cells alone, indicating some degree of synergy between receptor engineered CD4 and
CD8 T cells(13). CD4 T cells not only ‘help’ other cells through specific cytokine signals or
by providing costimulatory ligands but can also directly exert effector functions and anti-
tumor activity(14). Furthermore, some patients demonstrated decade long persistence
of CAR T cells after administration(15). Interestingly, those CAR T cells were CD4 T
cells, suggesting that CD4 T cells may play a role in establishing long-term memory of
engineered T cells.

While the design of CARs brings many benefits, CAR T cells also have some disadvantages
which we previously described in the introduction of this thesis. In short: Depending
on the CAR design the artificial signaling mechanism of CAR T cells can induce tonic
signaling, which can lead to antigen-independent proliferation, differentiation, and
upregulation of co-inhibitory molecules(16). Upon antigen-dependent activation, CAR
T cells are sensitive to overactivation, which may compromise their efficacy especially
in settings with high tumor burdens or in solid tumors. Another limitation of CAR T
cells is the risk of antigen escape which can occur for various reasons: heterogeneous
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expression levels, genetic loss of target antigen, trogocytosis or target protein cleavage
which has been described in the case of BCMA(17).

We believe that TCR T cells can be used to overcome disadvantages associated with
CAR T cells because TCR T cells have distinct advantages. TCRs are the natural receptors
of T cells that do not contain costimulatory or signaling domains, additionally TCRs are
exclusively activated upon cognate antigen encounter. TCR T cells might therefore be
less sensitive to overstimulation compared to CAR T cells, increasing their ability to deal
with relatively high tumor burdens and potentially leading to increased persistence in
vivo(18). The degree of trogocytosis that occurs between a T cell and target antigen is
dependent on the receptor affinity for its ligand(19). TCRs generally have lower affinity
for their ligand than CARs(20), which likely underlies the limited trogocytosis by TCR T
cells. Furthermore, TCR T cells have the theoretical capability to target peptides derived
from any protein presented by HLA molecules, thereby expanding their targetable
protein repertoire to include secreted proteins or those essential for tumor cell survival,
such as certain transcription factors. Targeting antigens essential for survival makes it
unlikely that tumor cells evade TCR T cells through complete loss of these vital proteins.
Although TCR T cells offer several advantages some limitations should also be considered.
For instance, the HLA-restricted recognition of TCR T cells restricts the applicability of
TCR T cells to patients expressing the targeted HLA restriction element. In addition, HLA
class-I-restricted TCRs often depend on presence of the CD8 co-receptor for optimal
functionality, limiting their applicability in CD4 T cells(21). This observation is confirmed
in Chapters 2, 3 and 4 where it is demonstrated that all HLA class-I restricted TCRs are
dependent on the CD8 co-receptor for optimal functionality. CD8-dependent TCRs are
not functional in CD4 T cells, and CD4 T-cell help can thus not be provided by introducing
the TCR alone into CD4 T cells. In a setting of combination therapy with CAR T cells,
this might not be a problem as the TCR could be inserted in CD8 T cells only, while the
CAR could be introduced in both CD8 and CD4 T cells. Consequently, CAR-CD4 T cells
could provide help to the TCR-engineered CD8 T cells. An alternative approach is to
functionalize TCR-CD4 T cells by co-introducing the CD8 molecule alongside the TCR in
CD4 cells to generate functional TCR-engineered CD4 T cells(22).

While antigen escape can compromise efficacy of CAR T-cell therapy, antigen escape
after TCR T-cell therapy can also occur, partially through alternative mechanisms. After
TCR T-cell therapy, tumor cells can escape that do not or no longer present the targeted
epitope or HLA molecule(23). Epitope negativity can occur when the protein from which
the epitopeis derived is not expressed or expression is lost, when problems in the peptide
processing and presentation machinery hamper presentation of the targeted epitope,
or when a mutation in the targeted epitope arises resulting from the genetic instability
of the malignancy. In cancer, mutations in the peptide processing and presentation

SUMMARY AND GENERAL DISCUSSION | 153



machinery can lead to HLA negative tumor cells that could escape TCR-mediated
recognition(24). Alternatively, full genetic loss of one of the HLA loci can occur as a result
of immunological pressure. This is sometimes observed after haploidentical allogeneic
stem cell transplantation for treatment of leukemia and the same might following TCR T
cell therapy(25). Overall tumor cells can escape TCR-mediated recognition via multiple
mechanisms, some of which may not overlap with potential escape mechanisms
following CAR T cell therapy.

In summary, CAR and TCR T cells have distinct mechanisms of antigen recognition as
well as various functional differences. In CAR and TCR combination therapy, one subset
might be able to cope better with low tumor burdens while the other subset might
cope better with high tumor burdens. Additionally, both CD4 and CD8 tumor-targeting
T cells can be part of a combination product. Furthermore, the incorporation of multi-
antigen-targeting through different mechanisms should ensure that tumor cells escaping
recognition by one T-cell population can still be targeted by the other. Consequently,
CAR and TCR therapies are likely to complement each other very well, improving the
overall outcome of T-cell therapy. In this combined approach multiple TCRs and CARs
could be incorporated. By including multiple receptors, the likelihood of antigen escape
is further reduced. When selecting multiple TCRs, an optimal combination should target
different antigens as well as different HLA alleles, thereby reducing the chance of HLA-
based escape or escape through target protein loss.

TCRs targeting immunoglobulins

Targeting immunoglobulin heavy or light chains via TCR-mediated therapy might be
a promising strategy for immunotherapy of multiple myeloma (MM). MM cells are
the malignant counter part of plasma cells and are therefore characterized by high
production and secretion of monoclonal immunoglobulins. In MM, 54% of cases produce
lgG immunoglobulins and 22% produced IgA, but IgA production correlates with poorer
prognosis(26). Other immunoglobulin subtypes are rare, and 20% of the MM cases MM
secrete immunoglobulin light chains only(27). As B cells develop into plasma cells BCR
surface expression is lost. Consequently, malignant plasma cells do not express surface
BCR preventing targeting by CAR T cells. Instead, TCR mediated targeting of constant
domains of immunoglobulin heavy or light chains forms an attractive approach for
TCRs with widespread applicability for therapy of MM. In Chapter 4 of this thesis, TCRs
specific for peptides from 1gG and IgA immunoglobulin heavy chain constant domains,
presented by HLA-A*02:01 and HLA-B*07:02, respectively, were identified. MM cells
isolated from patient bone marrow samples expressed IgA or IgG immunoglobulin at
levels 100-1000-fold higher compared to housekeeping genes. Effective lysis of MM
cells by immunoglobulin-TCR T cells combined with lack of recognition of healthy cells
other than B cells, underscores the potential of immunoglobulin-specific TCR T cells as
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a therapeutic strategy for MM.

Immunoglobulin-specific TCR T cells offer a theoretical benefit over CD19 or BCMA CAR
therapy, as they only deplete the peripheral blood B cells expressing the targeted isotype,
while leaving B cells of another isotype intact. Especially in the context of IgA-specific
TCR T cells for therapy of MM or other IgA+ malignancies, preserving IgG+ B/plasma cells
holds significant advantages. 1gG serves as the primary antibody isotype responsible for
systemic protection against pathogens. By sparing 1gG+ B/plasma cells, patients would
retain this crucial aspect of B-cell immunity. Consequently, this preservation could
potentially alleviate the need for patients to receive soluble immunoglobulins after
T-cell therapy and thereby improve health and reduce the need of additional therapeutic
interventions, leading to a better quality of life.

Previously, immunoglobulin kappa light chain specific CAR T cells have been developed
to treat surface BCR positive B-cell malignancies(28). However, efficacy of Igk CAR T
cells has fallen behind that of CD19 CAR T cells, hampering their further application.
The functionality of Igk CAR T cells was inhibited by immunoglobulin proteins present in
human serum(29, 30). Additionally, CARs covered by circulating antigen lose their ability
to respond to antigen positive tumor cells(17). Given these functional differences, we
hypothesized that TCR T cells might be influenced differently when the target protein is
present in serum. TCR T cells recognizing peptides from proteins present in circulation
might indirectly recognize cells that naturally don’t express the targeted protein. In
Chapter 4, we proposed that cells proficient in endocytosis, such as antigen presenting
cells (APCs), might take-up full protein and sequentially process and cross-present
peptides from these proteins in HLA class-I on their cell surface. We investigated the
effect of co-culturing dendritic cells (DCs) as well as various adherent cells of different
tissue origins with varying concentrations of soluble 1gG immunoglobulins. DCs co-
cultured with varying concentrations of soluble IgG immunoglobulins stimulated IgG-
TCR T cells in a dose dependent manner, while adherent cells co-cultured with high
concentrations of immunoglobulins did not generally induce T-cell activation. Only
limited recognition of fibroblasts from one of two donors was observed after co-
culture with the highest dose of immunoglobulins. These data suggest that uptake of
immunoglobulins followed by cross-presentation and recognition by I1gG-TCR T cells is
dose dependent and mostly restricted to cells with high endocytic capacity and high
T-cell stimulatory capacity such as DCs. We hypothesize that immunoglobulin-TCR T cells
in vivo will be boosted by cross-presenting APCs, stimulating the anti-tumor response of
immunoglobulin-TCR T cells. This phenomenon is likely restricted to the initial period
after start of therapy when immunoglobulin serum concentrations are high. When
immunoglobulin-specific TCR T cells are effective and MM tumor burdens reduce,
serum immunoglobulin concentrations will reduce simultaneously abrogating cross-
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presentation of immunoglobulin peptides. While it hasn’t been investigated in this study
it is reasonable that as a consequence of T-cell recognition DCs cross-presenting these
immunoglobulin epitopes are killed. In natural immune responses, CTLs lyse antigen
expressing DCs as part of the negative feedback loop after initiation of an immune
response(31). While cross-presentation by APCs is expected to benefit TCR T cells, cross-
presentation by other cell types might result in undesired on-target off-tumor toxicity.
Our data showed that cross-presentation of immunoglobulin peptides by adherent cells
is very limited, but it might still occur under specific circumstances. It remains difficult
to predict how observations made in an in vitro co-culture assay translate to an in vivo
setting. If cross-presentation of immunoglobulin peptides occurs more broadly than
anticipated and leads to unexpected toxicity it should be considered that recognition
of cross-presented immunoglobulin peptides was dose-dependent and consequently
reducing the concentrations of serum immunoglobulin will reduce cross-presentation
by bystander cells and subsequent consequences.

MM is typically characterized by the secretion of monoclonal immunoglobulin(27). However,
20% of MM cases secrete immunoglobin light chains only, and some MM are classified
as non-secreters(27). When considering TCR therapy targeting immunoglobulins, it
becomes essential to establish whether these malignancies completely lack production
of immunoglobulin heavy chains or if secretion is hampered while production continues.
If secretion is impaired but immunoglobulins are still produced, peptides derived
from these proteins can still be presented in HLA molecules, enabling TCR T cells to
recognize these malignancies. On the other hand, if light-chain-only or non-secreting
MM completely lack heavy chain production, these malignancies cannot be treated with
immunoglobulin heavy chain-targeting TCR T-cell therapy.

In addition to MM, TCRs targeting IgA and IgG could be explored in the context of other
B-cell mediated diseases such as autoimmune disorders. Recently, CD19-targeting
CAR T cells have shown promise in treating patients with refractory systemic lupus
erythematosus and other B-cell-mediated autoimmune diseases such as anti-synthetase
syndrome and myasthenia gravis(32, 33). However, CD19 CAR T cells deplete all B
cells irrespective of their Ig subtype. Most autoimmune disorders are thought to be
associated with B cells of an IgG subtype. The subtype-specificity of IgG-targeting TCRs
could therefore provide an interesting conceptual advantage by sparing healthy B cells
of non-IgG subtypes such as IgA, which plays a crucial role in mucosal immunology.
Additionally, IgA-targeting TCR T cells could be an interesting approach to treat patients
suffering from IgA nephropathy, as it would leave 1gG producing B cells intact.

Verifying epitope presentation prior to therapy
As T-cell therapy is an extremely costly treatment it will be very important to select
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and treat patients for which a good response to therapy is expected. For TCR T cells to
recognize malignant cells the target proteins need to be expressed, the target HLA needs
to be expressed and epitopes derived from the target protein need to be processed and
presented in HLA. In this thesis, expression of the target gene in the malignant population
of interest was measured by gPCR. QPCR determines the average expression level of the
target gene on a bulk level. In this thesis as well as in other studies we observed that
in most cases, target gene expression combined with expression of the respective HLA
allele as determined by genotyping can be used to predict lysis by TCR T cells. However,
exceptions might exist in which HLA and gene expression do not precisely predict lysis
by TCR T cells. In Chapter 3, an example was observed: Jchain HLA-A*24:02 specific TCR
T cells did not lyse MM materials MM.J3 and MM.J4 despite high JCHAIN expression
of 14- and 39-fold compared to housekeeping genes, respectively. An HLA-A*24:02
restricted control T-cell clone did lyse these MM materials, indicating that HLA-A*24:02
was indeed expressed. In contrast, Jchain positive, HLA-A*24:02 positive MM sample
MM.J2 was lysed. These data suggest that despite expression of the target gene, the
Jchain A24 epitope is not always presented by HLA-A*24:02 positive MM cells. Rather
than a general lack of processing and presentation of this target peptide it seems that
the targeted peptide is absent in HLA molecules from some cell populations.

Cells of the hematopoietic lineage as well as MM cell can express immunoproteasomes,
which preferentially cleaves peptides with hydrophobic c-terminal amino acid(34).
The Jchain A24 epitope contains such an c-terminal amino-acid and predictions
suggest that the Jchain A24 epitope relies on processing and presentation by the
immunoproteasome(35). Activity of the immunoproteasome varies between MM
tumors (36), potentially influencing processing and presentation of the Jchain A24
epitope. To test this, immunoproteasome activity in MM samples should be determined
and correlated to recognition by Jchain A24 TCR T cells. The discrepancy between gene
expression and TCR T-cell recognition observed in this case underscores the inadequacy
of solely relying on gene expression as a diagnostic tool to predict recognition by TCR T
cells.

In addition to investigating gene or protein expression, it is essential to establish HLA
expression as well as peptide presentation before initiating therapy. Ideally, peptide:HLA
complexes should be detected in a fast and direct manner, for example by staining the
peptide:HLA complex of interest. Target peptide:HLA complexes on malignant cells can
be detected by staining with a soluble variant of the therapeutic TCR. However, sensitivity
currently only allows detection of artificially overexpressed peptide:HLA complexes and
further optimization would be needed to achieve sufficient sensitivity to detect natural
levels of peptide:HLA complexes on cells(37). Rather than direct detection of the target
peptide:HLA complex, functional analysis of TCR T-cell recognition might be a more
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feasible way to assess targetability of malignancies. Potential TCR T-cell recognition
of a patient sample could be swiftly assessed by using TCR transgenic T-cell reporter
cell lines like the Jurkat 76-based triple parameter reporter(38). These cells allow
detection of TCR triggering by flowcytometry within one day of co-culture with target
cells of interest. Confirming TCR T-cell recognition of malignancies prior to therapy will
be critical, especially for certain epitopes. Incorporating such diagnostics into clinical
trials could be valuable regardless of the targeted epitope, as the generated data could
ultimately be used for outcome predictions or to refine therapies in the future.

Expand coverage of TCRs for therapy of MM

As the field of TCR therapy advances, identifying new TCRs with alternative HLA
restrictions and specificities becomes crucial to extend the patient population eligible
for TCR therapy. Maximizing accessibility will require identification of TCRs targeting less
frequently expressed HLA alleles. Among the various HLA types, HLA-A alleles exhibit
the lowest degree of polymorphism, positioning these alleles as the most interesting
restriction alleles for TCRs to efficiently achieve broad coverage within the population(39).
Alternatively, HLA-C shares a similar degree of polymorphism. However, identification of
HLA-C restricted TCR comes with some challenges, which became apparent when we
tried to identify HLA-C restricted Jchain specific TCRs (data not shown). T cells expressing
certain KIR molecules bound HLA-C pHLA-multimers via the KIR receptor instead of their
TCR. Interference by KIRs could be overcome by counterstaining and exclusion of KIR+
T cells(40).

Attempts to identify TCR targeting less common HLA alleles currently face considerable
obstacles, including limited research funding, publication bias, a lack of data on rarer
HLA alleles, and the challenge of recruiting patients for clinical trials. Scientific data on
rare HLA alleles is limited for example in peptidome databases, which mostly collected
data from materials expressing common HLA alleles. As a result, peptide binding motifs
for rare alleles are weakly defined, hampering identification of peptides presented by
rare alleles, which is a fundamental starting point of the TCR identification pipeline.
Specific attempts are needed to establish peptide binding motifs for rare HLA alleles.
Approaches may involve introduction of single HLA molecules into HLA class-I negative
cells followed by peptidome analysis. Alternatively, HLA positive malignant cell lines
could be used, for which endogenous HLA knockout followed by introduction of a single
HLA allele should be performed prior to peptidome analysis.

Furthermore, the identification of new target peptide-HLA combinations is central to
extending the repertoire of available TCRs, a process that could be improved by targeted
mass spectrometry. Targeted mass spectrometry involves spiking the peptide of interest,
labeled with a stable epitope, into the biological sample, followed by parallel reaction

158 | CHAPTER®6



monitoring (PRM) mass spectrometry(41). Targeted mass spectrometry is a refined
approach with increased sensitivity and selectivity over regular methods.

Moreover, the limited availability of patient material for pre-clinical testing underscores
the necessity for comprehensive biobanking and the open exchange of diagnostic
samples among institutes. This collaborative spirit is vital for the pre-clinical evaluation
of therapies targeting rare HLA types.

Combination therapy with TCRs

Effective viral clearance after infection is achieved through oligo or polyclonal T-cell
responses directed towards multiple antigens and multiple HLA restriction alleles(42).
Similarly, effectiveness of allogeneic stem cell transplantation (allo-SCT) for hematologic
malignancies has been attributed to polyclonal T-cell responses(43). In transgenic T-cell
therapy, single-antigen-targeting regimens are associated with antigen escape and
disease relapse. To improve efficacy, it would be ideal to include multiple receptors with
different characteristics in a transgenic T-cell product to mimic the polyclonal immune
responses underlying effective viral defense or cure after allo-SCT for malignancies(44).
For multi-targeting TCR therapy of B-/plasma cell malignancies different types of target
antigens are explored, one type of targets are tumor-associated antigens (TAAs). TAAs
are proteins that are expressed by tumors of various origins while expression in healthy
adult tissues is absent or restricted to immune privileged sites. TAAs like MAGE family
members, PRAME and NY-ESO-1 are expressed in some MM cases. TAAs, despite
heterogeneous expression, might be appealing targets as they often appear in advanced
disease stages and expression inversely correlated with survival (19, 45). Many TAA-
specific TCRs have already been identified but these TCRs typically target commonly
expressed HLA alleles and therefore the target HLA diversity of such TCRs is limited(46).
The efficacy of an HLA-A*02:01 restricted TCR targeting NY-ESO-1 has been investigated
for therapy of MM. NY-ESO-1 is expressed in one-third of the MM cases (45). 70% of
the patients with NY-ESO-1+ tumor had a (near) complete response after treatment
with autologous stem cell transplantation followed by NY-ESO-1 TCR T-cell infusion
(23). Specific depletion of NY-ESO-1+ tumor cells demonstrated on-target activity of NY-
ESO-1 TCR T cells and simultaneously revealed that antigen escape variants can arise
when targeting heterogenous TAAs (23, 45). To achieve full tumor clearance with TCR T
cells, especially when targeting heterogeneous antigens like TAAs, combination therapy
should be employed. However, for many patients TAA-targeting TCRs are not available,
either because TAAs are not expressed in the patient’s malignant cells or due to the
limited HLA diversity of currently available TAA-targeting TCRs. Therefore, many patients
would benefit from an additional set of TCRs with different HLA restriction and targeting
different types of antigens, such as the B-cell antigen targeting TCRs identified in this
thesis.
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Throughout this thesis, multiple TCRs targeting proteins expressed in MM cells are
described, namely TCRs specific for peptides from BOB1 in HLA-B*35:01, Jchain in
HLA-A*01:01, Jchain in HLA-A*03:01, Jchain in HLA-A*11:01, Jchain in HLA-A*24:02,
lgG in HLA-A*02:01, and IgA in HLA-B*07:02 TCR. Previous work has identified a
BOB1-targeting TCR recognizing a peptide presented in HLA-B*07:02(47). Collectively,
these TCRs target 3 different target proteins: BOB1, the Jchain, and immunoglobulin
heavy chains. Each of these target proteins presents a promising candidate for TCR
T-cell therapy because of favorable characteristics. BOB1, encoded by the POU2AF1
gene, is a transcriptional coactivator and BOB1 is expressed in at normal levels in MM.
Expression of BOB1 has been shown to be essential for the survival of MM cells by
us and others(unpublished data)(48). MM cells with knockout of the BOB1 protein do
not survive, indicating that it is unlikely that MM cells escape BOB1-TCR therapy by
loss of the target protein. All patient-derived MM samples tested to date express the
BOB1 protein. While we did not analyze single cell-based gene expression profiles, the
necessity of BOB1 suggests homogenous expression within MM tumors. The Jchain
represents a different type of antigen, which is expressed in approximately 80% of MM
samples independent of the produced immunoglobulin isotypes(49, 50). Currently,
there is no evidence for an indispensable role for the Jchain in MM cells. A benefit of
targeting the Jchain is the enormous amount of Jchain protein produced in MM. As
established in Chapter 3 Jchain gene expression exceeds expression of housekeeping
genes by many-fold. Immunoglobulin heavy chains share characteristics with the Jchain.
An essential role for immunoglobulins in MM seems unlikely, but the enormous levels of
immunoglobulins produced by MM cells enables potent recognition by immunoglobulin-
specific TCR T cells. Our data has demonstrated that both Jchain- and immunoglobulin-
targeting TCR T cells can effectively eliminate MM cells from patient BM samples in
short term co-cultures. For highly expressed target proteins, the likelihood of identifying
TCRs with sufficient avidity to recognize malignant cells increases(51), which probably
contributed to the identification of TCRs targeting these proteins in this thesis. BOB1,
Jchain and immunoglobulin TCRs identified in this thesis have various HLA restrictions.
In a combination regimen, our TCRs can be used to target different proteins, each with
their own characteristics, across different HLA restriction alleles.

To explore the hypothetical MM patient coverage that could be treated with one or
more of these TCRs, several factors need to be considered, including gene expression
frequencies of target antigens and HLA allele frequencies in the population. The
expression frequencies of the target proteins are in MM: 100% for BOB1, 80% for
Jchain, 52% for 1gG and IgA is expressed in 21% of cases. Calculations including gene
expression and HLA alleles frequencies of the identified TCRs reveal that TCRs identified
in this thesis can be used to treat approximately 67% of patients with MM. For 28% of
the patients more than one TCR would be available. Together these identified TCRs can
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significantly contribute to the availability of TCRs for patients with MM as well as the
potential option to generate multi-targeting TCR products for therapy of patients with
MM complementing TAA-targeting TCRs such as the NY-ESO-1 TCR.
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NEDERLANDSE SAMENVATTING

Het immuunsysteem

De functie van het immuunsysteem is om ons lichaam te beschermen tegen
ziekteverwekkers zoals bacterién en virussen. Het immuunsysteem is een complex
systeem bestaande uit verschillende soorten cellen die, ieder met hun eigen functie,
onderling samenwerken om ziekteverwekkers onschadelijk te maken. Twee belangrijke
celtypen die een rol spelen in het onderzoek beschreven in dit proefschrift zijn de
B-cellen en de T-cellen. Zowel B- als T-cellen kunnen, middels receptoren die zij op hun
celoppervlak dragen, onderscheid maken tussen de ‘bekende’ gezonde weefsels van het
eigen lichaam en vreemde structuren zoals door virussen of bacterién geinfecteerde
weefsels. B-cellen ontwikkelen zich tijdens een infectie tot plasmacellen. Deze cellen
produceren antilichamen die binnengedrongen ziekteverwekkers kunnen binden. De
ziekteverwekkers worden hierdoor voorzien van herkenningsstructuren waardoor
andere immuuncellen de bacterién en virussen opnemen en doden.

T-cellen kunnen geinfecteerde cellen herkennen via de T-celreceptor (TCR), een eiwit
dat zich op het oppervlak van T-cellen bevindt. Lichaamscellen presenteren continu
peptiden, kleine fragmenten afkomstig van de eiwitten aanwezig in de cel, die in
humaan leukocytenantigeen (HLA) op het celopperviak komen. Wanneer een antigeen,
een peptide afkomstig van een lichaamsvreemd eiwit, in HLA gepresenteerd wordt, kan
dit vervolgens door T-cellen via de TCR worden herkend. T-cellen die middels hun TCR
een antigeen herkennen, worden geactiveerd. Dit heeft verschillende gevolgen. Voor
cytotoxische T-cellen is de belangrijkste uitkomst dat geinfecteerde cellen worden
aangevallen en gedood.

Naast het herkennen van geinfecteerde cellen zijn T-cellen in sommige gevallen ook in
staat om tumorcellen, die als gevolg van DNA-schade gemuteerde peptide presenteren,
te herkennen. Dit kan echter alleen plaatsvinden wanneer een tumorcel zoveel DNA-
schade heeft dat de T-cellen hem kunnen onderscheiden van gezonde lichaamscellen.
Vaak is dit niet het geval waardoor tumoren niet worden aangevallen en ongecontroleerd
kunnen groeien en ziekte veroorzaken. Wanneer T-cellen wel in staat zijn om tumorcellen
te herkennen, kan het voorkomen dat de tumorcellen zich over tijd zo ontwikkelen dat
ze T-cel-activatie kunnen remmen en daardoor niet langer worden aangevallen.

B-celmaligniteiten

Kanker kan ontstaan doordat in cellen een ophoping van DNA-mutaties heeft
plaatsgevonden. Deze mutaties kunnen een combinatie zijn van spontane DNA-
afwijkingen en van DNA-schade opgelopen door blootstelling aan externe invloeden.
Wanneer DNA-mutaties hebben plaatsgevonden in genen die verantwoordelijk
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zijn voor het reguleren van celdeling en geprogrammeerde celdood kunnen cellen
ongecontroleerd gaan delen. Afhankelijk van de afkomst van de cel van origine ontstaat
een bepaald type kanker. Wanneer B-cellen of plasmacellen maligne transformatie
ondergaan ontstaan B-cel- of plasmacelmaligniteiten.

Genetisch gemodificeerde T-cellen als kankerbehandeling

CAR-T-celtherapie, wat staat voor Chimeric Antigen Receptor T-celtherapie, is een
innovatieve vorm van immuuntherapie die kan worden gebruikt voor de behandeling
van B-celmaligniteiten. CARs zijn artificiéle eiwitten gebaseerd op de structuur van
antistoffen. CARs worden ontworpen om te binden aan eiwitten die specifiek tot
expressie komen op het oppervlak van kankercellen, in dit geval B-cel-specifieke eiwitten.
Een voorbeeld van een eiwit waar CAR T-cellen tegen kunnen zijn gericht is het CD19-
eiwit op het oppervlak van B-cellen.

Het proces van CAR-T-celtherapie begint met het verzamelen van de eigen T-cellen van
de patiént. Vervolgens worden deze T-cellen voorzien van de genetische informatie die
codeert voor de CAR. Nadat de T-cellen genetisch zijn gemodificeerd om de CARs tot
expressie te brengen, worden ze in grote aantallen in het laboratorium vermeerderd.
Vervolgens worden ze teruggegeven aan de patiént via een infusie. Wanneer deze CAR
T-cellen in het lichaam een kankercel vinden die het doeleiwit draagt, bindt de CAR aan
het oppervlak van de kankercel en activeert de T-cel om deze te vernietigen.

CAR-T-celtherapie heeft bijzondere successen behaald in de behandeling van
B-celmaligniteiten, waaronder genezing van een aanzienlijk aantal patiénten. Echter,
een belangrijke beperking is het fenomeen van antigeenverlies, waarbij tumoren
veranderingen ondergaan en ze het doelantigeen verliezen, wat de effectiviteit van de
therapie kan hinderen. Dit laat zien dat het ontwikkelen van nieuwe en aanvullende
therapieén belangrijk is.

Dit proefschrift

Om in de toekomst meer patiénten te kunnen genezen is het belangrijk behandelingen
te ontwikkelen die CAR T-cellen kunnen complementeren en in de toekomst wellicht
tegelijkertijd als behandeling kunnen worden ingezet om zo het fenomeen van
antigeenverlies te kunnen compenseren. Als behandeling focussen wijons op TCR T-cellen
die in staat zijn om peptiden afkomstig van B-cel-specifieke eiwitten te herkennen. Het
voordeel van TCR T-cellen is dat ze peptiden afkomstig van zowel intracellulaire als
oppervlakte eiwitten kunnen herkennen en daardoor een breder arsenaal hebben dan
CAR T-cellen. Het doel van dit proefschrift is om zoveel mogelijk TCRs te identificeren
die in de toekomst eventueel gebruikt kunnen worden voor TCR-T-celtherapie bij de
behandeling van B-celmaligniteiten en multipel myeloom.
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In hoofdstuk 2 hebben we een brede zoektocht uitgevoerd om TCRs te identificeren
voor de therapie van B-cel- en plasmacelmaligniteiten. We begonnen met het
selecteren van potentiéle doeleiwitten voor TCR-gentherapie van deze maligniteiten.
Hierbij maakten we gebruik van genexpressiedata van patiénten met acute lymfatische
leukemie, chronische lymfatische leukemie en multipel myeloom en van gezonde
cellen. We selecteerden genen die tot expressie kwamen in een van de maligniteiten,
terwijl de expressie in gezonde cellen, met uitzondering van B-cellen, afwezig was.
Deze aanpak leverde 28 doeleiwitten op die veelbelovend zouden kunnen zijn voor de
therapie van B-cel- en plasmacelmaligniteiten. We identificeerden peptiden afkomstig
van deze eiwitten, gepresenteerd in HLA op het oppervlak van maligne B-cellen
door middel van peptide-elutie en massaspectrometrie. Onze selectie van doel-HLA-
allelen omvatte HLA-A*01:01, -A*24:01, -B*08:01 en -B*35:01. Twintig doelpeptiden
afgeleid van een van de geselecteerde eiwitten gepresenteerd in een van de gekozen
HLA-moleculen werden geidentificeerd. Om immunologische tolerantie te omzeilen,
werden T-celklonen geisoleerd uit materiaal van gezonde donoren die de HLA-allelen
van interesse niet tot expressie brachten. Door middel van peptide-HLA-multimeren
isoleerden we 5519 T-celklonen. Hierna identificeerden we via screenings 23 T-celklonen
specifiek voor een van de doelpeptiden, met functionele reactiviteit tegen van nature
gepresenteerd antigeen. We bepaalden de sequenties van de TCRs van zes T-celklonen
die gevoelig genoeg waren om B-celmaligniteiten te herkennen en aan te vallen. Na TCR-
overdracht naar donor-T-cellen herkenden en doodden TCR T-cellen effectief en specifiek
B-celmaligniteiten. De geselecteerde TCRs herkennen peptiden afkomstig van FCRL5,
gepresenteerd in HLA-A*01:01, VPREB-3 in HLA-A*24:02 en BOB1 in HLA-B*35:01.
Afhankelijk van het expressieprofiel van de doeleiwitten zijn deze TCRs waardevol voor
behandeling van een of meerdere typen B-cel- en plasmacelmaligniteiten.

In Hoofdstuk 3 hebben we TCRs geidentificeerd die peptiden herkennen van de joining
chain (Jchain), die kunnen worden gebruikt voor de behandeling van multipel myeloom.
In Hoofdstuk 2 was de Jchain al geidentificeerd als een van de doeleiwitten voor de
therapie van B-cel- en plasmacelmaligniteiten. In gezonde plasmacellen fungeert de
Jchain als een verbindingsmolecuul tussen monomeren van IgA en IgM wanneer ze als
multimeren worden uitgescheiden. De JCHAIN expressie in multipel myeloomcellen
is onafhankelijk van het immunoglobuline-isotype dat wordt geproduceerd, en de
JCHAIN komt hoog tot expressie in de meeste multipel myeloom tumoren. Omdat de
Jchain een eiwit is dat door cellen wordt uitgescheiden, kan het niet worden herkend
door CAR T-cellen. TCR T-cellen specifiek voor Jchain-afkomstige peptiden kunnen wel
worden gebruikt om JCHAIN-positieve cellen aan te vallen. Ons doel in dit hoofdstuk
was om TCRs te identificeren die Jchain-peptiden gepresenteerd in verschillende HLA-
A-allelen kunnen herkennen. Doelpeptiden afgeleid van de Jchain gepresenteerd in HLA
werden geidentificeerd uit het HLA-klasse-I-peptidoom van multipel myeloom-cellen.
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Met behulp van de pHLA-multimer-technologie, zoals gebruikt in Hoofdstuk 2, werden
Jchain-specifieke T-celklonen geisoleerd. Dit resulteerde in de identificatie van vier
T-celklonen die Jchain-peptiden gepresenteerd in HLA-A*01:01, -A*03:01, -A*11:01,
of -A*24:02 goed herkenden. Deze Jchain-specifieke T-cellen lieten veelbelovende
veiligheidsprofielen zien. Door T-cellen uit te rusten met de Jchain-TCRs, observeerden
we dat ze multiple myeloom cellen van verschillende patiénten doodmaakten, en alleen
wanneer de JCHAIN tot expressie kwam. Bovendien verminderde Jchain-TCR T-cellen
drastisch de tumorgroei in een preklinisch in vivo model van multiple myeloom. Deze
TCRs hebben dus potentie voor verdere ontwikkeling als therapie voor patiénten
met multipel myeloom. Gezien hun gunstige HLA-restricties zouden met de vier TCRs
gezamenlijk ongeveer 60% van de patiénten met JCHAIN-positieve multipel myeloom
behandeld kunnen worden.

In Hoofdstuk 4 hebben we ons specifiek gericht op het identificeren van TCRs die
kunnen worden toegepast als therapie voor patiénten met multipel myeloom. Multiple
myeloomcellen zijn maligne plasmacellen en scheiden daarom vaak grote hoeveelheden
immunoglobulinen van een bepaald isotype uit. De meeste patiénten hebben multipel
myeloom van het 1gG-isotype en 22% van de patiénten heeft het IgA-isotype. Multipel
myeloompatiénten met IgA-expressie hebben een ongunstige prognose. We wilden
daarom deze beide immunoglobulinen aanvallen via peptiden afkomstig van de constante
delen van de IgG- en IgA-zware ketens. Volgens dezelfde aanpak als in Hoofdstuk 2 en
Hoofdstuk 3 hebben we geprobeerd T-cellen te identificeren die specifiek zijn voor deze
immunoglobulinen. Dit resulteerde in de ontdekking van T-celklonen specifiek voor het
LMI-peptide uit het constante deel van de IgG gepresenteerd in HLA-A*02:01, of de SPK-
of HPR-peptiden uit het constante deel van IgA gepresenteerd in HLA-B*07:02. Deze
T-cel klonen herkenden de multipel myeloomcellijnen en maakten ze dood wanneer
de tumorcellen het juiste isotype tot expressie brachten. Specificiteit en functionaliteit
bleven behouden na TCR-overdracht naar donor CD8 T-cellen. Immunoglobuline-
TCR T-cellen herkenden geen gezonde cellen van zowel niet-hematopoietische als
hematopoietische oorsprong, behalve B-cellen. Alleen de B-cellen die het specifieke
isotype tot expressie brachten werden gedood, terwijl immunoglobuline-specifieke
T-cellen andere B-cellen juist spaarden. Dit wijst op een potentieel klinisch voordeel
door behoud van een gedeelte van de B-celimmuniteit, vooral wanneer IgA-TCR T-cellen
worden gebruikt. De immunoglobuline-TCR T-cellen waren daarnaast in staat om heel
effectief multipel myeloomcellen op te ruimen uit het beenmergweefsel van patiénten
wanneer het respectievelijke immunoglobuline en het doel-HLA-allel tot expressie
kwamen. Bovendien verminderde IgA-TCR T-cellen effectief de tumorgroei in muizen
met multipel myeloom.
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In Hoofdstuk 5 wordt een specifiek aspect van het HLA-klasse-I-ligandoom onderzocht,
namelijk de aanwezigheid van onconventioneel lange peptiden. In de methode die we
hebben toegepast in de hoofdstukken 2-4, evenals door anderen die werken aan de
identificatie of voorspelling van T-cel-epitopen, is de algemene veronderstelling dat HLA-
klasse-I korte peptiden van 8-11 aminozuren lang presenteert. Echter, het HLA-klasse-
I-ligandoom bevat een aanzienlijk aantal langere peptiden die vaak worden afgedaan
als contaminanten uit HLA-klasse-1l. In hoofdstuk 5 werd een onconventioneel lang
peptide onderzocht op zijn potentiéle oorsprong uit HLA-klasse-I. We onderzochten
een 20-aminozuur lang (20-mer) FLP-peptide van de IL27-receptor alfa, geidentificeerd
in HLA-A*02:01-positieve cellen, en bestudeerden de binding ervan aan HLA-A*02:01.
Het succesvol vouwen van FLP:HLA-A*02:01-complexen toonde aan dat het FLP-peptide
inderdaad kon binden aan HLA-A*02:01. Analyse van de kristalstructuur toonde aan
dat de eerste 11 aminozuren op een conventionele lineaire manier aan HLA-A*02:01
bonden, terwijl het overige gedeelte een ‘peptidestaart’ vormde die uit het HLA
hing. We isoleerden T-cellen die het FLP-peptide herkenden, zoals beschreven in de
eerdere hoofdstukken, om te begrijpen hoe zo’n lang peptide kon worden herkend.
Onze bevindingen gaven aan dat terwijl sommige T-cellen werden geactiveerd door
het kernpeptide alleen, andere de C-terminale staart nodig hadden en de herkenning
verloren ging als deze werd afgeknipt of veranderd. Dit hoofdstuk benadrukt de diverse
manieren waarop peptiden kunnen binden aan HLA en laat zien dat T-cellen peptiden
gebonden aan HLA-klasse-l op onconventionele wijze kunnen herkennen.

Samenvattend hebben we in dit proefschrift elf nieuwe TCRs beschreven die veelbelovend
zijn voor behandelingen van B-cel- en plasmacelmaligniteiten. Een groot deel van de
TCRs, namelijk de BOB1, Jchain en immunoglobuline TCRs, herkent een doeleiwit dat
tot expressie komt in multipel myeloom. Berekeningen waarbij we rekening houden met
genexpressie- en HLA-allelfrequenties van de geidentificeerde TCRs onthullen dat de in
dit proefschrift geidentificeerde TCRs gebruikt kunnen worden om ongeveer 67% van de
patiénten met multipel myeloom te behandelen. Voor 28% van de patiénten zou meer
dan één TCR beschikbaar zijn. Terwijl nog veel onderzoek nodig zal zijn om te bepalen
of deze TCRs inderdaad waardevolle en veilige opties zijn voor behandeling, kunnen
deze TCRs potentieel aanzienlijk bijdragen aan de beschikbaarheid van TCRs voor de
behandeling van patiénten met multipel myeloom met TCR-gentherapie.
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