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Chronic lymphocytic leukemia (CLL) is a malignancy of mature, antigen-experienced B
lymphocytes. Despite great progress recently achieved in the management of CLL, the
disease remains incurable, underscoring the need for further investigation into the
underlying pathophysiology. Microenvironmental crosstalk has an established role in
CLL pathogenesis and progression. Indeed, the malignant CLL cells are strongly
dependent on interactions with other immune and non-immune cell populations that
shape a highly orchestrated network, the tumor microenvironment (TME). The
composition of the TME, as well as the bidirectional interactions between the malignant
clone and the microenvironmental elements have been linked to disease heterogeneity.
Mounting evidence implicates T cells present in the TME in the natural history of the CLL as
well as in the establishment of certain CLL hallmarks e.g. tumor evasion and immune
suppression. CLL is characterized by restrictions in the T cell receptor gene repertoire,
T cell oligoclonal expansions, as well as shared T cell receptor clonotypes amongst
patients, strongly alluding to selection by restricted antigenic elements of as yet
undisclosed identity. Further, the T cells in CLL exhibit a distinctive phenotype with
features of “exhaustion” likely as a result of chronic antigenic stimulation. This might be
relevant to the fact that, despite increased numbers of oligoclonal T cells in the periphery,
these cells are incapable of mounting effective anti-tumor immune responses, a feature
perhaps also linked with the elevated numbers of T regulatory subpopulations. Alterations
of T cell gene expression profile are associated with defects in both the cytoskeleton and
immune synapse formation, and are generally induced by direct contact with the
malignant clone. That said, these abnormalities appear to be reversible, which is why
therapies targeting the T cell compartment represent a reasonable therapeutic option in
CLL. Indeed, novel strategies, including CAR T cell immunotherapy, immune checkpoint
blockade and immunomodulation, have come to the spotlight in an attempt to restore the
functionality of T cells and enhance targeted cytotoxic activity against the malignant clone.

Keywords: chronic lymphocytic leukemia, T lymphocytes, anti-tumor immunity, tumor microenvironment, T cell-
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is an age-related
malignancy characterized by the accumulation of monoclonal
mature B cells expressing CD5, CD19 and CD23 on their surface
(1). Numerous studies support that the clonotypic B cell receptor
immunoglobulin (BcR IG) is critically implicated in disease
pathophysiology (2). Indeed, the intensity of intracellular
signaling downstream of the BcR in CLL cells is associated
with cell proliferation and disease severity (3), whereas restrictions
in the gene repertoire of the clonotypic BcR IG strongly highlight
the role of antigenic triggering in disease pathogenesis (4, 5).

Different lines of evidence suggest that interactions with two
main categories of microenvironmental components i.e. soluble
factors and other extracellular elements as well as bystander cells
are implicated in shaping a supportive tumor microenvironment
(TME) in CLL (6-8). The former category includes various
extracellular molecules (e.g.) cytokines, chemokines, antigens
but also, in a broader sense, products of metabolic processes.
Indeed, although cellular metabolism in CLL remains largely
unexplored, increasing evidence implicates oxidative stress in the
natural history of CLL by showing e.g. that the accumulation of
reactive oxygen species (ROS) may hold prognostic significance
(9, 10).

Turning to bystander cells, different subpopulations of T cells
as well as natural killer (NK) cells accumulate in vivo along
with mesenchymal stromal cells (MSC) and nurse-like cells
(NLCs), forming a complex network that favors clonal
expansion and proliferation of the malignant clone (11-13).
Ongoing crosstalk of CLL malignant cells with these other cell
populations in the TME affects the function of both parties.
On the one hand, this leads to immunosuppression, a
hallmark of CLL associated with increased susceptibility to
infections, autoimmune manifestations, and a higher incidence
of secondary malignancies (14). On the other hand, external
triggers support the survival and proliferation of the neoplastic
cells (15); this was first made evident when it was found that CLL
cells undergo apoptosis in suspension cultures, which can be
partially rescued by co-cultures with stromal cells or NLC (11).

T cells are major contributors to adaptive immunity, actively
engaged in defense against pathogens and tumor cells through a
great variety of accessory and effector functions. Upon encounter
with a specific antigen, T cells are activated and eventually
differentiate into various distinct subpopulations, acquiring
either cytotoxic or helper properties. Pathogen clearance,
mediated by cytotoxic T cells or through the activation of
other cell types induced by cytokines secreted from T helper
cells, is followed by the apoptosis of the effector T cells as a
homeostatic mechanism that restores the immune system at the
pre-activation state. Simultaneously, a small fraction of antigen-
specific memory T cells are resting in the body, ready to generate
an immediate and effective secondary response (16, 17). This
homeostatic balance is perturbed in CLL, where, similar to
various solid or hematological malignancies, T cells exhibit a
number of phenotypic and functional defects undermining their
normal immune responses (18). Moreover, T cells appear to have
an active involvement in CLL development and evolution, as

supported by experimental evidence that the transfer of
autologous activated T cells in NOD/Shi-scid, yenull (NSG)
mice is a prerequisite for successful engraftment of CLL cells
in murine models (19, 20). Interestingly, the post-transfer
outgrowth of functionally competent Thl T cells seen in NSG
mice highlights the suppressive and inhibitory TME in CLL
patients, particularly considering reports that these T cells can
regain their functionality and promote B cell diversification and
differentiation (18). It has been proposed that this phenomenon
may reflect selection for Thl cells in vivo, release from various
inhibitory mechanisms operating within the human host or a
special effect of the distinct NSG microenvironment. Arguably,
similar mechanisms may also act in CLL patients, however,
strong correlations remain elusive (20), highlighting the need
for caution when attempting extrapolations based on findings
deriving from model systems.

In CLL, as in other cancers, genomic instability leads to various
alterations that serve as a source of cognate antigens, sufficient for
the induction of tumor-reactive T cell responses (21-24).
Although tumor-/antigen-specific T cells have been identified in
CLL patients, these are incapable of effectively eliminating
neoplastic cells due to several intertwined immunosuppressive
mechanisms that establish T cell dysfunction (25, 26), thus,
favoring escape from immune surveillance (27). Evidence
suggests that this tolerogenic TME is actively induced by the
CLL cells themselves through the secretion of cytokines and
chemokines that affect cellular functions in the bystander cells
(15). As a matter of fact, a recent study demonstrated that shared
peptides from the highly conserved BcR IG of patients belonging
to CLL stereotyped subsets 1 and 2 could generate antigen-specific
T cells upon presentation in HLA-restricted manner.
Furthermore, that study reported T cell specific reactivity against
CLL cells, while also showing that immunization of Eu-TCL1 mice
with BcR IG-derived peptides led to anti-leukemic T cell
responses, implying that targeted T cell immunotherapy against
the clonotypic BcR IG represents an appealing treatment option
(28). Along similar lines, the identification of the unique set of
neo-epitopes of each patient could lead to the isolation of
leukemia-specific T cells, that can be used as a novel treatment
approach (29).

Taken together, deciphering the cross-talk mechanisms between
CLL cells and bystander T cells as well as the implicated signaling
pathways is reasonably anticipated to offer insights into disease
pathophysiology, and, potentially, a great opportunity for designing
microenvironment-directed treatment approaches.

T CELL SUBPOPULATION IMBALANCES
IN CLL

Alterations in the T cell composition have been extensively
described in CLL, however the exact impact of these changes
on disease development and progression remains controversial.
The first described T cell abnormality in a CLL-specific context
concerned the finding of increased numbers of T cells in the
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periphery, accounting mostly for CD8" T cell expansion that
leads to inversion of the normal CD4*/CD8" cell ratio (30). Of
note, these CD8" T cells are severely compromised as to their
capacity to exert cytotoxicity (31). Regarding the potential
clinical relevance of these findings, it has been reported that
elevated numbers of CD8" cells are associated with disease
progression as well as shorter time to first treatment and
progression-free survival, perhaps partly due to co-expression
of the inhibitory receptor of programmed death-1 (PD-1) (32).
However, under different conditions oligoclonal expansion of
CD8" effector cells in the Ep-TCL1 mouse model of CLL has
been associated with disease control, whereas conversely,
ablation of CD4" T cells did not affect disease progression (33).

Expansions of different CD4" T cell subpopulations that exert
either pro-tumoral activity or immunosuppression have been
reported in CLL. Early studies have shown that IFN-y secreting
Thl cells can provide trophic signal for CLL cells inhibiting
programmed cell death and supporting survival (34). On the
other hand, T cell-mediated immune responses have been linked
with disease control in cases of autologous CLL regression,
highlighting the multi-dimensional T cell activity into the CLL
TME (35). Further, expansion of a novel CD4" T subpopulation
characterized by the expression of the TIGIT (T cell
immunoreceptor with Ig and ITIM domains) inhibitory
receptor has been recently observed in patients at advanced
stages of CLL; these cells were shown to support CLL survival
in in vitro experiments (36). Finally, CD4"PD-1"HLA-DR" T
cells that co-express inhibitory and activation markers have been
associated with aggressive disease (37). Altogether, these
apparently conflicting findings clearly indicate the need for
delving deeper into the distinct subsets and functions of the T
cell compartment in CLL.

A well-characterized finding in CLL concerns the elevated
numbers of T regulatory cells (Tregs) (30, 38) that are generally
known to contribute to cancer progression through dampened
antitumor responses and immunosuppression (39, 40). Of note,
CLL Tregs are more suppressive than normal Tregs, whereas
depletion of these cells led to efficient anti-tumor responses in
animal models of CLL (41, 42). Additionally, interleukin 4 (IL-4)
secreted from Tregs also induces anti-apoptotic pathways in CLL
cells through the overexpression of the anti-apoptotic protein
BCL2, which is therapeutically targeted by venetoclax, an
effective agent for the treatment of CLL (43-46). Hence, efforts
to inhibit Tregs through targeting the FoxP3 transcription factor,
that is critical for their function (47, 48), or other interacting
molecules in the downstream pathway could be clinically useful,
at least in principle, similar to what has been proposed for other
cancers (49, 50).

Th17 cells represent another T cell subpopulation with a
critical role in immune homeostasis, actively participating in
inflammatory processes. Imbalances in Th17 populations have
been linked with autoimmune disorders, however their role in
cancer remains to be fully elucidated (51). In CLL, Th17 cells are
increased compared to healthy individuals; however, increased
Th17 cells in cases at early disease stages have been reported to be
associated with a favorable clinical outcome, conceivably

through controlling the expansion of Tregs (52, 53).
Altogether, the aforementioned evidence suggests that the
balance between Tregs and Thl7 cells may impact on the
clinical outcome through as yet unknown mechanisms (14, 51).

FUNCTIONAL IMPAIRMENT

OF T CELLS IN CLL: CAUSES,
FUNCTIONAL CONSEQUENCES,
AND CLINICAL IMPLICATIONS

T cell activation starts when an antigen-presenting cell (APC)
introduces an epitope bound on an HLA molecule to a specific
TR. A second signal from the CD28 receptor, constitutively
expressed on T cells, enhances cell proliferation, generation of
cytotoxic lymphocytes, and cytokine production (54). In CLL, in
vitro T cell activation through CD28 followed by infusion of the
activated autologous T cells to the patients was shown to lead to
competent anti-leukemic effects and decreased TR clonality.
Based on this evidence, ex vivo T cell activation and expansion
was proposed as a valid treatment option in CLL, however failed
to gain ground (55).

Effective activation of naive T cells through normal
interactions with APCs requires the formation of the immune
synapse, a specialized contact area between T cells and APCs
(56). Impaired immune synapse formation has been documented
as a hallmark of CLL and shown to be mechanistically linked to
alterations in the expression of genes associated with actin
polymerization, cytoskeletal organization and vesicle trafficking
(57). Of note, immune synapse defects appear to be contact-
dependent, as shown in both ex vivo studies of primary patient
samples and in vivo studies of animal models of CLL (58, 59).

Such effects may dampen effective antitumor responses,
through a complex network of inhibitory signals and
immunosuppressive interactions amongst CLL cells and T cells
into TME. Importantly, signals delivered through the CTLA-4
and PD-1 receptors modulate T cell activation status through
reduction of TR signaling and cytolytic functions. These
inhibitory molecules are overexpressed in T cells of patients
with CLL, while their ligands are also overexpressed by the
malignant cells, hence putting the brakes on anti-tumor
activity (60). Specifically, CLL cells express inhibitory surface
molecules from B7 and TNF-receptor families, namely CD200,
CD274 (PD-L1), CD276 and CD270 which are implicated in
synapse formation defects in both autologous and allogeneic T
cells, suggesting a novel evasion mechanism (61).

On these grounds, research into these receptors and ligands
could pave the way to novel treatment modalities for CLL,
whereby T cell-driven immune responses could be re-
invigorated through targeting the interactions between
inhibitory receptors and their ligands. However, despite
encouraging pre-clinical results, the clinical application of
antibodies against these receptors (immune checkpoint
inhibitors [ICI]) has been frustratingly disappointing in CLL,
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with only minimal effectiveness when administered as
monotherapy (62, 63). Evidently, more research is warranted
in order to define the precise role of ICIs in the management of
CLL and also better understand the mechanisms underlying the
emergence of severe adverse events reported for these agents
(64, 65).

In CLL, immune synapse defects were found to be reversible
by the administration of lenalidomide, an immunomodulatory
drug (IMiD) that appears to reshape the expression of cytokines
and orchestrate cell-mediated responses, mobilizing the T cell
compartment (66, 67). In addition, lenalidomide treatment
invigorates T cell motility and migration through activation of
integrin lymphocyte function-associated antigen-1 (LFA-1), also
affected by direct contact with CLL cells (68). Relevant to
mention, clinical studies of lenalidomide as monotherapy or
consolidation therapy after chemoimmunotherapy have reported
restored immune synapse formation and downstream signaling
and well as improved quality of clinical responses (69, 70).

T cells in CLL display features of exhaustion, a functional
state initially described in the setting of chronic infections but
later also recognized in various cancer types (25, 71-75). In such
conditions, exhaustion has been postulated to arise as a result of
persistent antigenic stimulation, leading to gradual loss of T cell
effector functions (76-78). Similar to other contexts, exhausted T
cells in CLL are characterized by low proliferative rates, reduced
cytotoxicity, altered cytokine production and, as already
mentioned, expression of multiple inhibitory receptors on their
surfaces, including CTLA-4, PD-1 and LAG-3 (25, 79, 80).

The functional analogies between T cells in individuals
exposed to persistent antigenic stimulation due to a chronic
infection and individuals affected by CLL allows arguing that
antigenic pressure is key to shaping the T cell repertoire and
functionality also in CLL. That notwithstanding, the exact nature
of the cognate antigens/epitopes implicated in T cell selection in
CLL is yet to be defined. However, the most prominent (classes
of) candidates concern: (i) the same antigens that are implicated
in the selection of the CLL progenitors or the malignant cells
themselves; (ii) tumor-derived epitopes from aberrant proteins
expressed by the malignant cells e.g. due to a pathogenic
mutation or other genomic aberration; and (iii) the clonotypic
IG, perhaps the most abundant clone-specific molecule (81-84)
(Figure 1).

ANTIGEN SELECTION SHAPES
THE T CELL COMPARTMENT IN CLL:
IMMUNOGENETIC EVIDENCE

The clonotypic BcR IG is critically implicated in the natural
history of CLL, a fact amply supported by the therapeutic efficacy
of agents interfering with BcR IG signaling, which have changed
dramatically the therapeutic landscape of CLL (85-87). This
clinical evidence complements immunogenetic evidence that the
BcR IG is a key driver in disease ontogeny and evolution. In more
detail, the BcR IG gene repertoire is characterized by remarkable
restrictions (88), culminating in BcR IG stereotypy where, at

[ T cell exhaustion J
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Dysfunctional immune
synapse formation

[ ]
of
7~ o
“ N pntige"™
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FIGURE 1 | Phenotypic and functional defects of T cells in CLL.
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clear odds with serendipity, different clones share (quasi)
identical IG (4, 5, 89). Moreover, the molecular characteristics
of the clonotypic BcR IG have established prognostic and
predictive significance since patients with a significant imprint
of somatic hypermutation (SHM) display indolent disease, in
contrast to those with few or no SHM who generally follow a
more aggressive clinical course (90, 91). Taken together, these
features emphasize the links between BcR IG structure and clonal
behavior, while also highlighting the importance of antigen
selection in CLL pathophysiology (92, 93).

Considering the importance of extracellular cues for CLL cell
survival and proliferation, as well the T cell compartment defects
in CLL patients, the interest in the TR gene repertoire of T cells in
CLL and the implicated antigens is hardly surprising.
Immunophenotypic studies in the 1990s described T cell clonal
expansions in CLL patients, prompting speculations that these
cells could be possibly related to the host immune response
against CLL-derived antigens, or emerged as a result of a
longitudinal interplay between CLL and T cells in the
proliferative centers (94). Moreover, analyses of the TR beta
(TRB) chain gene rearrangements by Southern blotting offered
the first molecular evidence for skewed TRBV gene repertoire
and oligoclonality in both CD4" and CD8" T cells of CLL
patients compared to healthy aged-matched controls (95-97).
Additionally, stimulation of isolated T cells from CLL patients
with autologous malignant cells resulted in monoclonal TR
expansions, prompting speculations that CLL patients could
bear a pool of T cells that specifically recognize leukemia-
associated antigens (95, 98). Similar findings of decreased
clonal diversity were also reported in Epu-TCL1 mice
supporting the notion of CLL-dependent antigen-driven
selection pressure on the TR gene repertoire (99).

These initial studies were followed by significantly more
extended examinations of the TR gene repertoire by our group,
first through subcloning of TRBV-TRBD-TRBJ gene
rearrangements followed by Sanger sequencing (100) and, more
recently, by high-throughput approaches using next generation
sequencing (NGS) (101, 102). Summarizing our findings: (i) the
TRBV gene repertoire is skewed; (ii) oligoclonal T cell expansions
feature prominently, particularly amongst cytotoxic T cells; (iii)
such expansions persist and may even increase during the disease
course; and, (iv) identical or highly similar TR clonotypes were
shared between different patients, especially those belonging to the
same stereotyped subset, and these appeared to be CLL-biased as
they were not present in other contexts. Altogether, these findings
allow arguing that antigen selection has a key role in shaping the TR
repertoire in CLL, while also favoring the intriguing hypothesis that
the relevant antigens are most likely CLL-related (101). However,
the exact mechanism that underlies T cell clonality and retains these
expanded populations during the disease course remains elusive.

In order to further understand T cell compartment dynamics
in CLL, we extended our studies to longitudinal investigation (pre/
post-treatment) of patients treated with chemoimmunotherapy
with the fludarabine-cyclophosphamide-rituximab (FCR)
regimen or the BcR signaling inhibitors (BcRi) ibrutinib (IB)
and idelalisib (the latter in combination with rituximab, R-ID).

We found that T-cell clonality significantly increased at (i) 3
months in the FCR and R-ID treatment groups, and (ii) over
deepening clinical response in the R-ID group, with a similar trend
detected in the IB group. Perhaps more importantly, in contrast to
FCR that induced T-cell repertoire reconstitution, BcRi retained
pretreatment clones. Extensive comparisons of the CLL dataset
against external TR sequence databases showed little similarity
with other entities, but instead revealed major TR clonotypes
shared exclusively by patients with CLL, supporting selection by
conserved CLL-associated antigens. In addition, we assessed the
functional impact of these treatments on T cells and found that (i)
R-ID upregulated the expression of activation markers in effector
memory T cells, and (ii) both BcRi improved antitumor T-cell
immune synapse formation, in marked contrast to FCR (102).
Here, it is worth mentioning the contradictory findings of an
another NGS-based longitudinal study of the TR gene repertoire
in IB-treated patients, where this therapy resulted in TR repertoire
diversification (103). However, major differences in the
experimental and analytical procedures render these two studies
incomparable, highlighting the need for further harmonization of
the NGS protocols and bioinformatics workflows. A limitation
inherent to both studies concerns the fact that total CD3" T cells
rather than particular T cell subpopulations were investigated,
which could lead to misinterpretation due to a “dilution effect” by
bulk T cell analysis. Finally, robust conclusions regarding the links,
if any, between T cell dynamics overtime and clinical outcome are
still not possible: hence studies on larger, well-characterized
cohorts remain of paramount importance.

Considering mounting evidence that the TR gene repertoire
in CLL is antigen selected, identifying the cognate antigens is an
obvious line of research, not least because it would assist in
designing effective antigen-specific immunotherapy. Studies of
HLA-presented antigenome and computational models for
tumor-associated antigen prediction proposed the existence of
disease specific antigens, deriving from CLL-related genomic
aberrations, that were identified exclusively on neoplastic cells of
CLL patients (104-106). Additionally, the broad representation
of BcR IG-derived epitopes in patients across different disease
(Binet) stages and through various treatments suggest them as
potential candidates for peptide vaccines and objectives of
neoantigen-targeting immunotherapies. However, immune
tolerance mechanisms can turn the BcR IG-derived peptides, a
potentially significant pool of cognate neo-antigens in B cell
lymphomas (107, 108), into ineffective targets for T cells. This
phenomenon, known as immunoediting, has been described in
different contexts (including cancer and viral infections) and can
neutralize an immunogenic phenotype favoring cells to survive
and proliferate (27, 109).

TREATMENT OPTIONS IN CLL
AND IMPLICATION OF THE
T CELL COMPARTMENT

T cells in the CLL TME exhibit a number of phenotypic and
functional defects, acquired through persistent crosstalk with the
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neoplastic cells. The T cell compartment aberrations appear to be
CLL-specific and induced by the CLL cells, leading to functional
exhaustion, reduced activation and proliferation of effector
subpopulations and decreased cytotoxic responses. Thus,
CLL cells have the ability to amend alter T cell functions in
order to evade immune-surveillance, proliferate and further
expand overtime.

Despite the severe T cell deficiencies identified in CLL patients
and models, studies demonstrate that subsets of these defective T
cells can restore their functionality and mount anti-tumor
responses under particular therapeutic interventions (Figure
2). Moreover, the identification of tumor-derived antigens
implicated in T cell clonal expansions that may harbor anti-
tumor properties can pave the way for therapeutic peptide
vaccination strategies and adoptive T-cell transfer protocols in
order to augment efficacy and guide the specificities of anticancer
immune responses. Consequently, deep understanding of tumor-
derived T cell dysfunction is highly significant for the
development of new therapeutic modalities to restore anti-
tumor immunity and result in tumor control.

In recent years, the advent of BCRi has led to a major
paradigm change in the treatment of CLL. Due to structural
and functional similarities of kinases between T and B cells,
cross-reactivity of these agents has been described, highlighting
an additional immunomodulatory mechanism of action in TME.
In more detail, besides inhibiting the Bruton’s tyrosine kinase
(BTK) that is implicated in signal transduction of the activated
BcR in CLL cells (110), ibrutinib targets also the T-cell associated

kinase ITK, modulating T cell immunity. This is made manifest
by effective immune synapse formation, shift towards Thl
polarization, and expansion of functionally competent specific-
T clones, possibly contributing in deepening clinical response
(102, 111, 112). In addition, ibrutinib-induced down-regulation
of the PD-1/PD-L1 axis and inhibition of the STAT3 pathway
modulates the immunosuppressive TME: on these grounds,
combination protocols with lenalidomide or checkpoint
inhibitors hold promises for reactivation of anti-tumor
immunity (113-115). Similar effects have been demonstrated
by treatment with idelalisib that also targets other PI3K isoforms
in T cells, enhancing anti-tumor functions through modulation
of Tregs (74). This is unsurprising considering that intracellular
signaling that leads to suppression of T cell effector functions is
extensively dependent on pathways implicating an isoform of
PI3KS$ that constitutes an excellent target for idelalisib. At a first
glance, this effect might be considered as an alternative
mechanism to reduce immunosuppression and invigorate T
cell responses; however, the described severe autoimmune
adverse effects cannot be overlooked (116). Effects on the CLL
TME are not restricted to BCRi though, since treatment with the
BCL2 inhibitor venetoclax has been associated with reduced
numbers of PD-1" T cells and expression of inflammatory
cytokines, suggesting a mechanism of immune recovery
(117). Collectively, thorough investigation of the possible
immunomodulatory effects of novel agents in CLL is of great
relevance for future development of new combination
therapeutic strategies.

Immune checkpoint inhibitors
Ipilimumab
Nivolumab

Inversion of CD8* silencing
Invigoration of anti-tumor
responses Q&

Restoration of immune synapse
T cell migration

Lenalidomide

Adoptive T cell therapy
Ex vivo activated T lymphocytes
CAR T cells

Enhanced cytotoxicity towards
CLL cells

Th1 immune responses
T cell clonal expansion
Restoration of immune synapse

B cell receptor inhibitors
Ibrutinib
Idelalisib

FIGURE 2 | Possible mechanisms for restoration of T cell functionality in CLL under different treatment manipulations.
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As already mentioned, interactions between inhibitory
receptors and their ligands, including the PD-1/PD-L1 axis,
enable CLL cells to evade T cell immunosurveillance, thus
proposing a new area for therapeutic targeting. Preclinical
studies in a murine CLL model showed that immune
checkpoint inhibition of PD-1/PD-L1 led to prevention of
immune dysfunction and leukemia development, hence
offering a rationale for the clinical testing of these regiments
(58). Despite the promising results of PD-1 blockade in clinical
trials for metastatic melanoma (MM), non-small cell lung cancer
(NSCLC) and renal cell cancer (RCC) (118), anti-PD-1
monotherapy benefits only a small fraction of CLL patients
who developed Richter syndrome (64). Nevertheless,
combination therapies with regimens targeting different
inhibitory pathways may offer better outcomes (71, 119).

Adoptive T cell therapy is an evolving field that shows
promises in recent trials. The protocol is based on the infusion
of genetically modified T lymphocytes with a particular
specificity for antigen recognition on the malignant cells. In
CLL, the expression of the CD19 surface molecule is used as a
selective B cell target and autologous cytotoxic T cells are
modified ex vivo to express a chimeric antigen receptor (CAR)
with affinity to CD19 of CLL cells. The engagement of a CAR-T
cell with a CD19" B cell leads to T cell activation in a MHC-
independent manner, redirecting cytotoxic effects towards CLL
cells (120). Encouraging results from adoptive T cell therapy in B
acute lymphoblastic leukemia have paved the way for trials in
CLL: initial results were deemed positive, but the overall
efficiency of the approach was limited in patients with bulky
lymph node involvement (121). Attempts to induce the anti-
tumor properties and the efficiency of the CAR-T cells are based
on, amongst others, modifications for constitutive expression of
the CD40 ligand that lead to proliferation and Thl immune
responses, whereas also combination with PD-1 blockade has
been used in order to bypass CAR-T exhaustion (121, 122).

A major challenge for effective CAR-T cell designs is to
enhance and guide specificity towards the malignant cells.
Thus, identification and in-depth characterization of T cell
clones bearing anti-tumor properties emerge as highly relevant.
In parallel, detailed studies on the HLA-lingadome highlight
tumor-derived antigens that are exclusively expressed on the
leukemic cells and represent possible effective targets for
adoptive T cell therapy (107, 123). Additionally, the
identification of anti-CLL T clones and the respective disease-
specific cognate antigens offers a rationale for peptide
vaccination strategies in order to induce anti-tumor responses,
but also for target recognition for T-cell based immunotherapy.
Indeed, spectrometric studies on the naturally presented HLA
ligands in CLL identified a pool of antigens exclusively expressed
in CLL patients, providing information regarding the
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