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Popular science summary of the thesis

Chronic lymphocytic leukemia (CLL) is the most common leukemia in adults in
Western countries. It develops when abnormal B lymphocytes gradually
accumulate in the blood, bone marrow, and lymph nodes. Many patients live with
the disease for years, but CLL can gradually affect both general health and the

immune system.

In recent years, treatment of CLL has improved greatly through drugs called
Bruton tyrosine kinase inhibitors (BTKi), including ibrutinib, acalabrutinib, and
zanubrutinib. These medicines can control the disease effectively, often for a
long time. However, they are usually taken continuously, which means that side
effects including those on the immune system become important.

This thesis examined how BTKi treatment affects patients with CLL, both
clinically and biologically. The first study found that long-term treatment with
ibrutinib in routine clinical practice was often associated with side effects such
as heart rhythm disturbances, bleeding, dose reductions, and treatment
discontinuation. The second study showed that repeated SARS-CoV-2
vaccination during zanubrutinib treatment led to limited antibody responses,
while T-cell responses appeared to be better preserved. These findings support
continued vaccination in this patient group. The third study found that treatment
with acalabrutinib and zanubrutinib changed the T-cell compartment over time,
although the immune system did not return fully to normal. The fourth study
examined whether selected patients could stop and later restart ibrutinib
treatment. It suggested that treatment interruption could be feasible in some
patients and gave insight into which biological effects of treatment were
reversible and which were not.

Taken together, the results show that BTKi treatment affects more than the
leukemia itself. It is also associated with toxicity, changes in immune function,
and broader biological effects over time. Better understanding of these effects
may help improve future treatment strategies for patients with CLL.






Abstract

Chronic lymphocytic leukemia (CLL) is a biologically heterogeneous B-cell
malignancy in which B-cell receptor signaling and tumor—microenvironment
interactions are central to disease pathogenesis. Covalent Bruton tyrosine kinase
inhibitors (BTKis) have transformed CLL treatment and provide durable disease
control, but are commonly given continuously, raising questions regarding
toxicity, immune effects, and the biological consequences of long-term

treatment.

The overall aim of this thesis was to investigate clinical and immunological
effects of BTKi therapy in CLL. Four studies were performed. Paper | was a
retrospective real-world study of 134 patients treated with ibrutinib. Paper I
examined local and systemic immune responses to repeated SARS-CoV-2
vaccination in 9 zanubrutinib-treated patients with CLL, with comparator
cohorts. Paper lll was a prospective longitudinal immune-monitoring study of 34
patients treated with acalabrutinib or zanubrutinib. Paper IV was a prospective
multicenter phase 1b/2 study of repeated response-guided interruption and re-

initiation of ibrutinib in 49 patients, with longitudinal biological analyses.

In Paper |, atrial fibrillation (AF), bleeding events, dose reductions, and treatment
discontinuation were common during long-term ibrutinib treatment, highlighting
the burden of continuous exposure. In Paper I, repeated SARS-CoV-2
vaccination during zanubrutinib treatment was associated with increased serum
antibody levels, but humoral and mucosal responses remained limited, whereas
spike-specific T-cell responses appeared relatively preserved. In Paper lll, both
acalabrutinib and zanubrutinib were associated with reductions in abnormal T-
cell expansion, exhaustion-associated phenotypes, and inflammatory plasma
markers, although immune remodeling was incomplete and abnormalities
remained evident, particularly in the CD8+ compartment. In Paper IV, repeated
response-guided interruption of ibrutinib was feasible in a selected subgroup.
The first off-treatment phase had a median duration of 17 months, most patients
remained off treatment for more than 12 months, and nearly all patients
responded to treatment re-initiation. Treatment withdrawal was accompanied
by coordinated immunologic, proteomic, and CLL-intrinsic biological changes,
but reversibility was incomplete and some alterations persisted despite
interruption.



BTKi therapy in CLL has effects beyond tumor control. Continuous treatment is
effective but associated with long-term toxicity. Immune effects during BTKi
therapy are compartment-specific and incompletely reversible. Response-
guided interruption may be feasible in selected patients and provides a model
for studying BTKi-associated changes that are treatment-dependent and persist

beyond active drug exposure.
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1 Introduction

Chronic lymphocytic leukemia (CLL) is a biologically heterogeneous B-cell
malignancy in which tumor-cell survival depends on both cell-intrinsic factors
and interactions with the tumor microenvironment (TME). A central component
of CLL biology is B-cell receptor (BCR) signaling, which promotes the survival,
proliferation, and trafficking of CLL cells. Bruton tyrosine kinase (BTK) is a
downstream kinase in this pathway, and BTK inhibition has become a
cornerstone of CLL treatment.

Covalent BTK inhibitors (BTKi), including ibrutinib, acalabrutinib, and zanubrutinib,
have shown high clinical efficacy in CLL and are administered as continuous
treatment. Prolonged exposure therefore raises questions regarding toxicity,
immune effects, and the long-term clinical and immunological consequences of
BTKi therapy. Beyond their antileukemic effects, BTKi influence several aspects of
host immunity and disease biology, but the full clinical and biological
implications of these effects remain to be clarified. This includes treatment-
related toxicity in routine clinical practice, antiviral immunity and vaccine
responsiveness during therapy, longitudinal immune remodeling, and whether
interruption of covalent BTKi treatment is clinically feasible and associated with
reversible biological changes. This thesis was undertaken to address these

questions through four complementary clinical and translational studies.



2 Background

2.1 Chronic lymphocytic leukemia - definition

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of
mature clonal B cells in the bone marrow, peripheral blood, and lymphoid tissues.
The diagnosis requires the presence of 25 x 10°/L monoclonal B cells in the
peripheral blood, typically expressing CD5, CD19, and CD23, together with weak
expression of either k or A immunoglobulin light chains (1). If CLL cells are
detected in lymph nodes and/or the bone marrow but the number of circulating
monoclonal B cells in the peripheral blood is <5 x 10°/L, the disease is classified
as small lymphocytic lymphoma (SLL). CLL and SLL represent different
manifestations of the same disease entity and are managed similarly.

2.2 Epidemiology and etiology

CLL is the most common leukemia in the Western world and primarily affects
older individuals, with a median age at diagnosis of approximately 72 years. The
disease occurs more frequently in men than in women. In Sweden, approximately
550-600 new cases are diagnosed each year, and the prevalence has increased
during recent decades. In 2015, the prevalence was 52 per 100,000, and it is

expected to rise further as more effective therapies prolong survival (2).

The etiology of CLL remains largely unknown. However, familial clustering has
been observed, and first-degree relatives of patients with CLL have an
approximately 8.5-fold increased risk of developing the disease compared with

the general population (3).

2.3 Pathogenesis

2.3.1 Monoclonal B-cell lymphocytosis

Monoclonal B-cell lymphocytosis (MBL) is defined by the presence of
monoclonal B cells with a CLL-like immunophenotype in the peripheral blood at
levels below the diagnostic threshold for CLL (<5 x 10°/L), in the absence of
lymphadenopathy, organomegaly, or cytopenias (4). MBL is considered a
precursor condition to CLL, and its prevalence increases with age, occurring in
approximately 5—20% of individuals older than 60 years (5). It can further be
divided into low-count MBL and high-count MBL, defined as <0.5 x 10%/L and

0.5-5 x10°/L monoclonal B cells, respectively. High-count MBL shares biological



features with CLL and is more likely to progress to CLL, with a rate of

approximately 1-2% per year (5-7).

2.3.2 Genetic alterations

The heterogeneity of CLL is largely driven by genetic features, including
chromosomal abnormalities, IGHV mutational status, and recurrent driver
mutations, which have important implications for prognosis, risk stratification,

and treatment resistance.

2.3.21 Chromosomal abnormalities and somatic mutations

Recurrent chromosomal abnormalities are present in the majority of CLL cases,
most commonly del(13q), trisomy 12, del(11q), and del(17p). Together with other
biological and clinical characteristics, these lesions remain important prognostic
markers, with del(17p) generally conferring the highest risk and isolated del(13q)

the most favorable outcome (8).

TP53, a key tumor suppressor gene, is located on the short arm of chromosome
17. Consequently, del(17p) often involves loss of one TP53 allele. However, TP53
mutations may also occur in the absence of del(17p) and are likewise associated

with an adverse prognosis (9, 10).

Next-generation sequencing has further identified recurrent mutations in genes
involved in RNA splicing, DNA damage response, and B-cell-receptor, NOTCH,
and NF-xB signaling, including NOTCH]I, ATM, SF3BI, XPOI, NFKBIE, POTI, BIRC3,
MYDS88, and EGR2 (11). Most of these mutations have been associated with a
more aggressive clinical course, including shorter time to first treatment and
inferior survival (12, 13). However, their prognostic impact appears to be context-
dependent and may differ according to immunoglobulin heavy chain variable
region (IGHV) mutational status (12).

2.3.2.2 IGHV mutational status and stereotyped B-cell receptors

The somatic hypermutation (SHM) status of the IGHV gene has both prognostic
and predictive value in CLL. This difference may partly reflect the cell of origin.
IGHV-mutated CLL (M-CLL) is thought to derive from post-germinal center
memory B cells, whereas unmutated CLL (U-CLL) likely arises from naive B cells.
Unmutated CLL (U-CLL), defined by 298% sequence homology between the
IGHV gene and the germline configuration, is associated with more aggressive
disease biology and inferior outcome following chemoimmunotherapy. In the era



of targeted therapy, however, the prognostic impact of IGHV mutational status
has become more treatment-dependent: continuous BTKi therapy appears to
mitigate much of the adverse effect of U-CLL, whereas fixed-duration
venetoclax-based regimens are still associated with shorter progression-free
survival (PFS) in unmutated disease than in M-CLL (14-16).

Immunogenetic analyses have identified distinct groups of patients with CLL
carrying highly similar, or stereotyped, B-cell receptor (BCR) immunoglobulins,
representing approximately 30%—40% of cases (17, 18). These subsets are
characterized by restricted immunoglobulin gene usage and highly similar
sequence motifs, particularly within the complementarity-determining region 3
(CDR3), supporting a role for antigen selection in CLL pathogenesis (17). Several
major stereotyped subsets have been associated with distinct biological and
clinical features, including differences in disease course and treatment response.
In particular, subset #2 has historically been linked to adverse prognosis and
poor response to chemoimmunotherapy regardless of IGHV mutational status,
whereas subset #8 has been associated with a more aggressive clinical course
and an increased risk of Richter transformation (18-21). However, the predictive
value of subset #2 in the era of targeted therapies remains to be established.

2.3.3 The B-cellreceptor

B-cell receptor signaling is essential for the survival, proliferation, and migration
of both normal and malignant B cells. The BCR consists of a membrane-bound
immunoglobulin molecule associated with the signaling heterodimer Iga (CD79A)
and IgB (CD79B). Upon antigen binding, immunoreceptor tyrosine-based
activation motifs (ITAMs) in CD79A/CD79B are phosphorylated by kinases such
as spleen tyrosine kinase (SYK) and the LYN tyrosine kinase, initiating
downstream signaling through B-cell linker protein (BLNK), Bruton tyrosine kinase
(BTK), and phosphoinositide 3-kinase-§ (PI3K§). This results in calcium
mobilization and activation of protein kinase C (PKC), the RAS—-MAPK pathway,
nuclear factor-kB (NF-kB), and PI3K—AKT signaling, thereby promoting B-cell
survival and activation (Figure 1). The co-receptor CD19 further amplifies PI3K—
AKT signaling (22).
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Figure 1. The B-cell receptor signaling pathway. Reproduced with permission from Burger JA, Wiestner A.
Targeting B cell receptor signaling in cancer: preclinical and clinical advances. Nature Reviews Cancer.
2018;18:148-167. Springer Nature.

CLL cells can exhibit autonomous BCR signaling, i.e.,, independently of external
antigen stimulation (23). In addition, antigen-dependent BCR signaling also
appears to contribute to CLL pathogenesis. Although the exact antigens
recognized by CLL BCRs remain incompletely defined, both self-antigens and
exogenous antigens have been implicated. Activation of the BCR pathway
promotes CLL cell survival and proliferation (22, 23).

2.3.4 Tumor microenvironment

The expansion and survival of CLL cells depend on a highly complex and
multifaceted TME, including endothelial and mesenchymal stromal cells,
monocytes/macrophages, natural killer (NK) cells, and T cells. When removed
from this supportive microenvironment and cultured in vitro without stromal

support, CLL cells rapidly undergo apoptosis (24, 25).

Although CLL is characterized by high numbers of malignant B cells in the
peripheral blood, this compartment mainly contains resting tumor cells and
plays a limited role in disease pathogenesis. In contrast, CLL cells home to
secondary lymphoid tissues, particularly lymph nodes, where they receive
critical microenvironmental signals that promote activation and proliferation (26,
27).

The migration and homing of CLL cells to lymphoid tissues are mediated in part
by chemokines secreted by nurse-like cells, stromal cells, follicular dendritic
cells, and high endothelial venules, including CXCL12, CXCL13, CCL19, and CCL2],



which bind to the corresponding receptors CXCR4, CXCR5, and CCR7 on CLL
cells (28-30).

Within lymphoid tissues, CLL cells localize to proliferation centers, where they
closely interact with nurse-like cells (NLCs), stromal cells, and T cells, which
promote their retention, survival, and proliferation. NLCs express tumor necrosis
factor (TNF) family ligands such as B-cell activating factor (BAFF) and a
proliferation-inducing ligand (APRIL), which provide survival signals through their
corresponding receptors on CLL cells and activate NF-xB signaling (31). In
addition, NLCs can enhance BCR signaling through antigenic and receptor-
mediated interactions, thereby supporting CLL cell survival and proliferation (32).
T cells in the bone marrow and lymph nodes are predominantly CD4+ helper T
cells, and CD40-CD4O0L interactions between activated T cells and CLL cells
further support proliferation and inhibit apoptosis (33).

2.4 Systemic immune defects

Immune dysregulation is a hallmark of CLL and is present from early stages of
the disease. It affects both adaptive and innate immunity and involves impaired
function of non-malignant B cells and plasma cells, quantitative and functional
abnormalities in the T-cell compartment, and defects in other immune
populations, including NK cells, dendritic cells, and myeloid cells. Clinically, these
abnormalities contribute to increased susceptibility to infections, autoimmune
complications, impaired vaccine responses, and a higher risk of second

malignancies (34).

2.41 Humoral immune dysfunction

Hypogammaglobulinemia is one of the most common immune abnormalities in
CLL and reflects impaired function of the non-malignant B-cell and plasma-cell
compartments. It may be present at diagnosis but generally becomes more
pronounced with disease progression (35). In addition to reduced
immunoglobulin levels, qualitative defects in antibody production contribute to
recurrent infections and poor responses to vaccination (36).

242 T-cell dysfunction

CLL is characterized by substantial alterations in the T-cell compartment,
involving both quantitative imbalances and functional impairment. Along with the
expansion of malignant B cells, both CD4+ helper T cells and, to an even greater

extent, CD8+ cytotoxic T cells are increased in CLL. This results in an inverted



CD4:CD8 ratio, which has been associated with disease progression and shorter
time to first treatment in untreated CLL (37). In parallel, there is a reduction in
naive T cells and an enrichment of antigen-experienced and highly differentiated
memory T-cell subsets, suggesting chronic antigenic stimulation and ongoing
immune dysregulation (38). T cells in CLL are not only quantitatively altered but
also functionally impaired. They are often oligoclonal, indicating selection by
restricted antigenic elements (39), and display defective immune synapse
formation together with impaired cytokine production, degranulation, and
cytotoxic activity (40, 41). In addition, both CD4+ and CD8+ T cells show features
of exhaustion, including increased expression of inhibitory receptors such as
programmed cell death protein 1(PD-1), cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), and T-cell immunoreceptor with Ig and ITIM domains (TIGIT)
(42-44).

At the same time, T cells may also support the leukemic clone. CD4+ helper T
cells within the TME provide survival and growth signals to CLL cells,and in a
xenograft model, autologous CD4+ T cells were required for efficient
engraftment and clonal expansion of CLL cells (45). Thus, T cells in CLL appear to
be both dysfunctional anti-tumor effectors and active contributors to the

leukemic microenvironment (46).

Among CD4+ T-cell subsets, altered polarization has been reported, including
expansion of regulatory T cells (Tregs) and Thi7 cells, whereas data on Th1/Th2

dominance are less consistent (46).

2.5 Symptoms and indications for treatment

At the time of diagnosis, most patients with CLL are in an indolent,
asymptomatic early phase of the disease. In this setting, treatment initiation is
not beneficial, and patients are managed according to the “watch and wait”
principle. Over time, however, approximately two-thirds of the patients will
require treatment as the disease becomes active. According to the 2018
International Workshop on Chronic Lymphocytic Leukemia (iwCLL) guidelines,
treatment should be initiated if at least one of the following criteria is met: bone
marrow failure manifested by anemia and/or thrombocytopenia; massive and/or
progressive lymphadenopathy or splenomegaly; autoimmune anemia and/or
thrombocytopenia with poor response to standard therapy; constitutional

symptoms, including unintentional weight loss, prolonged fever without evidence



of infection, and/or significant fatigue; or progressive lymphocytosis over a
defined time period (47).

2.6 Principles of therapy

The therapeutic landscape of CLL has changed profoundly over the past decade,
with a shift from chemoimmunotherapy to targeted therapies, primarily B-cell
lymphoma 2 (BCL2) inhibitors and Bruton tyrosine kinase inhibitors (BTKis) (48-
50). Current Swedish treatment recommendations for CLL are summarized in
Figure 2.

Previously untreated patients

Evaluate the possibility to include in a clinical trial
Evaluate comorbidities, i ications, and patient preferences

[ without del(17p)/TP53-mutation ] [ with del(17p)/TP53-mutation ]

V+0 12mo or AV 14mo 1% choice: continuous BTKi
(Continous BTKi can be considered if nd choice: V+O 12mo or A+V 14mg

unmutated IGHV or del(11q))

Relapsed/refractory patients or intolerance

Evaluate the possibility to include in a clinical trial

Evaluate comorbidities, concomitant medications, and patient preferences

V+ anti-CD20mAb Chemotherapy

[ Intolerant ] | R/R | + Intolerant Late relapse after time- V+anti-CD20mAb
]' l * Early relapse after limited treatment

o or continous BTKi*
time-limited treatment

b i First choice if del17p/TP5.
Other BTKi or V+anti-CD20 mAb PD during treatment
V+anti-CD20 mAb

(_continuousBTKi > (Repeat V+anti-CD20mAb/BTKi

Figure 2. CLL treatment algorithm. Adapted from the national guidelines of the Swedish CLL
Study Group, 2026. V, venetoclax; BTKi, Bruton tyrosine kinase inhibitor; A, acalabrutinib; mAb,

monoclonal antibody; R/R, relapsed/refractory.

2.7 Venetoclax-based therapy

B-cell ymphoma 2 (BCL2) is overexpressed in CLL cells. Venetoclax, the only
currently approved BCL2 inhibitor in CLL, selectively targets BCL2 and thereby
induces apoptosis of CLL cells (51). Venetoclax was initially FDA-approved as
monotherapy in 2016 based on a phase Il study demonstrating substantial
clinical activity in high-risk relapsed/refractory (R/R) patients with del(17p) (52).
Subsequent studies established fixed-duration venetoclax-based combinations
with anti-CD20 monoclonal antibodies (anti-CD20 mAb) and, more recently,

BTKi as central treatment strategies in CLL.



271 Fixed-duration venetoclax in combination with anti-CD20 monoclonal
antibodies
In the phase 3 CLL14 trial, fixed-duration venetoclax—obinutuzumab was
established as a first-line option in previously untreated patients with durable
remissions and sustained PFS on extended follow-up (53). Del(17p)/TP53
mutation, unmutated IGHV, and lymph node size 25 cm were associated with
shorter PFS (54). GAIA/CLLI3 supported venetoclax—obinutuzumab-based
treatment in fit patients and suggested superior efficacy for obinutuzumab- over
rituximab-based venetoclax combinations in this setting (55). In R/R CLL, the
phase 3 MURANO trial established fixed-duration venetoclax—rituximab as an
effective regimen with durable long-term disease control (56). The most
common toxicities of venetoclax-obinutuzumab treatment include neutropenia,
infections, and infusion-related reactions to obinutuzumab (54, 55), although the
regimen has generally been well tolerated in both fit and unfit patients (57). Early
use of venetoclax treatment was associated with a risk of tumor lysis syndrome
(TLS), particularly during treatment initiation, which led to the introduction of a
stepwise dose ramp-up with strict prophylaxis and monitoring (58). In
venetoclax—obinutuzumab regimens, obinutuzumab is administered before
venetoclax initiation to achieve tumor debulking and thereby reduce TLS risk
(59). Although this sequencing strategy may lower the risk of TLS, it may also
increase the likelihood of infusion-related reactions in patients with a high tumor

burden.

2.8 Covalent Bruton tyrosine kinase inhibitors

BTK is a key component of the downstream BCR signaling pathway. In CLL, BTK
is overexpressed relative to normal B cells and plays an important role in survival,
proliferation, and migration of the leukemic clone (60). These observations
provided the rationale for the clinical development of BTKis. Covalent BTKis bind
irreversibly to cysteine 481 within the ATP-binding pocket of BTK, thereby
suppressing downstream BCR signaling (60-62).

The covalent BTKis currently approved for CLL are ibrutinib, acalabrutinib, and
zanubrutinib. These agents are administered orally and have predominantly been
used as continuous therapy until unacceptable toxicity or disease progression,
although fixed-duration combination strategies have recently entered clinical
practice. Compared with the first-in-class ibrutinib, acalabrutinib and
zanubrutinib were developed to achieve greater selectivity for BTK and less off-
target kinase inhibition, which may contribute to differences in adverse-event



profiles, treatment tolerability and possibly efficacy. In addition to BTK, ibrutinib
inhibits several other kinases, including TEC family kinases (e.g., ITK, BMX and
TEC), human epidermal growth factor receptor 2 (HER2), Janus kinase 3 (JAK3),
and epidermal growth factor receptor (EGFR) (63). In contrast, acalabrutinib and
zanubrutinib were designed to reduce off-target kinase inhibition, although their

selectivity profiles are not identical (64, 65).

2.8.1 Efficacy

2.8.11 lbrutinib

Ibrutinib, the first-in-class covalent BTKi, established BTK inhibition as an
effective therapeutic strategy in CLL. In previously treated disease, the phase 3
RESONATE trial compared single-agent ibrutinib with ofatumumab in patients
with R/R CLL/SLL, most of whom had high-risk genomic features, and
demonstrated a marked and durable PFS benefit for ibrutinib. In the final analysis,
with a median follow-up of 65.3 months, median PFS was 44.1 months with
ibrutinib compared with 8.1 months with ofatumumab (66, 67). In the final
analysis of RESONATE-2, with a median follow-up of 9.6 years in the ibrutinib
arm, median PFS was 8.9 years with ibrutinib compared with 1.3 years with
chlorambucil. A substantial benefit was maintained in patients with high-risk
features, including unmutated IGHV, del(Tlg), TP53 mutation, or complex
karyotype, in whom median PFS was 8.4 years versus 0.7 years, respectively (68,
69). However, the use of chlorambucil as the control arm is questionable, and
comparison with more effective standard regimens was warranted.

In the ALLIANCE trial, patients aged 65 years or older were assigned to ibrutinib,
ibrutinib plus rituximalb, or bendamustine—rituximab (BR). Both ibrutinib-
containing arms prolonged PFS compared with BR, whereas the addition of
rituximab did not confer further benefit. With longer follow-up, median PFS was
44 months with BR but was not reached in either ibrutinib-containing arm, and
the corresponding 48-month PFS rates were 47% with BR and 76% in both
ibrutinib-containing arms. This benefit was maintained irrespective of IGHV
status and was also observed in patients with TP53 abnormalities, del(1lg), and

complex karyotype (70, 71).

In younger, fit patients, ibrutinib—rituximab was subsequently compared with
fludarabine, cyclophosphamide, and rituximab (FCR) in the phase 3 E1912 and in
the UK FLAIR trial. In E1912, ibrutinib—rituximab improved both PFS and overall



survival (OS) compared with FCR on long-term follow-up (72, 73). Similarly, in UK
FLAIR, ibrutinib—rituximab prolonged PFS relative to FCR (74).

2.8.12 Acalabrutinib

Acalabrutinib is a second-generation covalent BTKi developed to achieve
greater selectivity for BTK and less off-target kinase inhibition than ibrutinib. In
the phase 3 ELEVATE-TN trial, treatment-naive patients were randomized to
acalabrutinib plus obinutuzumab, acalabrutinib monotherapy, or obinutuzumab
plus chlorambucil. At 6 years of follow-up, both acalabrutinib-containing arms
showed markedly prolonged PFS compared with obinutuzumab plus
chlorambucil, with 72-month PFS rates of 78.0%, 61.5%, and 17.2%, respectively.
OS was significantly longer with acalabrutinib—obinutuzumab, but not with
acalabrutinib monotherapy, compared with obinutuzumab plus chlorambucil. In a
post hoc analysis, the addition of obinutuzumab was associated with longer PFS
and deeper responses compared with acalabrutinib alone, without a significant
difference in OS (75, 76). In R/R disease, the phase 3 ASCEND trial showed
superior PFS for acalabrutinib compared with investigator’s choice of idelalisib—
rituximab or bendamustine—rituximab and this benefit was maintained in the
final analysis (77, 78).

Importantly, acalabrutinib was further evaluated head-to-head against ibrutinib
in the phase 3 ELEVATE-RR trial, which enrolled previously treated patients with
del(17p) or del(11q). Median PFS was identical in both arms at 38.4 months,
establishing non-inferior efficacy for acalabrutinib. Its more favorable tolerability

profile relative to ibrutinib is discussed below (79).

2.8.13 Zanubrutinib

Zanubrutinib, also a second-generation BTKi, exerts a higher selectivity for BTK
and has fewer off-target effects than ibrutinib (65). In the phase 3 SEQUOIA trial,
treatment-naive patients without del(17p) were randomized to zanubrutinib or
bendamustine—rituximab. In the 5-year follow-up analysis, median PFS was not
reached with zanubrutinib and was 44.1 months with bendamustine—rituximab,
with estimated 60-month PFS rates of 75.8% and 40.1%, respectively. Benefit
was observed in both mutated and unmutated IGHV subgroups (80).
Zanubrutinib was further evaluated head-to-head against ibrutinib in the phase
3 ALPINE trial in R/R CLL (81). In the final comparative analysis, after a median
follow-up of 42.5 months, zanubrutinib maintained superior PFS compared with
ibrutinib including in patients with del(17p) and/or TP53 mutation (82).



2.8.14 BTKi—venetoclax (+ anti-CD20 antibody) combination therapy

Fixed-duration treatment strategies combining a covalent BTKi with venetoclax
have emerged as an important therapeutic approach in CLL, aiming to integrate
BTKi-mediated tumor debulking and redistribution from nodal compartments
with the deep remissions achieved by venetoclax (56, 83). In practice-defining
doublet studies, GLOW established fixed-duration ibrutinib—venetoclax as an
effective first-line regimen in older and/or comorbid patients (56, 84), while
CAPTIVATE demonstrated high rates of undetectable measurable residual
disease (UMRD) and durable remissions in younger patients (85, 86). FLAIR
extended this concept by applying MRD-guided ibrutinib—venetoclax and
showed superior PFS, with an OS signal, compared with FCR (87). More recently,
AMPLIFY showed that fixed-duration acalabrutinib—venetoclax, with or without
obinutuzumab, significantly prolonged PFS relative to chemoimmunotherapy,
thereby extending this strategy to second-generation BTKi-based combinations
(88). Triplet regimens incorporating an anti-CD20 antibody have generally
produced deeper remissions and higher uMRD rates, as shown in CLL2-GlIVe and
in the phase 2 AVO study, although a consistent long-term survival advantage
over doublets has not yet been established (89, 90). Importantly, MRD has
become a central endpoint in this field and is increasingly used to support
treatment cessation, but it is not yet fully validated as a surrogate endpoint for
long-term PFS across different BTKi—venetoclax platforms (87, 91). Early
retreatment data are encouraging, but remain too limited to define standard

retreatment strategies after prior fixed-duration BTKi—venetoclax therapy (92).

2.8.2 Toxicity

Although covalent BTKi have markedly improved the clinical outcome of patients
with CLL, toxicity remains an important limitation and may lead to treatment
discontinuation, particularly during long-term continuous therapy. This has been
most evident with ibrutinib, for which adverse-event-related discontinuation
rates of approximately 9-23% have been reported in clinical trials and long-term
follow-up studies. The most clinically relevant toxicities of ibrutinib include atrial
fibrillation (AF)/flutter, hypertension, bleeding, diarrhea, arthralgia or myalgia,
rash, cytopenias, and infections (67, 69). Cardiovascular toxicity represents one
of the clearest differentiators between first- and second-generation covalent
BTKi. In long-term studies of ibrutinib, AF and hypertension have been reported
in up to approximately 16% and 26% of patients, respectively, and the risk of AF
appears to be higher in older patients and in those with pre-existing
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cardiovascular comorbidity (67, 69). In the randomized ELEVATE-RR trial,
acalabrutinib was associated with lower rates of AF/flutter, hypertension, and
bleeding than ibrutinib; similarly, in the final ALPINE analysis, zanubrutinib showed
lower rates of AF/flutter and fewer serious cardiac events than ibrutinib (79, 82,
93). Experimental work suggests that ibrutinib-associated AF is likely to be
related primarily to off-target inhibition of C-terminal Src kinase rather than BTK
itself, whereas the mechanism underlying BTKi-associated hypertension remains
less clearly defined (94).

Bleeding events are also common during BTKi therapy. Most are low-grade
mucocutaneous events, whereas major bleeding is less frequent but remains
clinically relevant. Mechanistically, impaired platelet activation provides the most
plausible explanation, as BTK and TEC family kinases contribute to signaling
downstream of platelet transmembrane receptors, including glycoprotein VI and
pathways involved in von Willebrand factor-dependent platelet adhesion (95).
Major bleeding appears to occur at broadly similar rates across the covalent BTK
inhibitors in head-to-head trials, despite clearer differences in cardiovascular
toxicity (82, 93).

Other toxicity differences appear more agent-specific. Headache is reported
more frequently with acalabrutinib, whereas neutropenia appears more
prominent with zanubrutinib. By contrast, rates of serious infection do not
appear to differ as clearly between agents as rates of cardiovascular toxicity,
suggesting that infection risk is likely to remain multifactorial and influenced not
only by kinase selectivity, but also by underlying immune dysfunction, prior
treatment, and treatment-related cytopenias (93, 96). Overall, second-
generation BTKi appear to retain efficacy while improving tolerability relative to
ibrutinib, particularly with respect to cardiovascular adverse events, although

cumulative toxicity remains an important concern during continuous treatment.

Overall, second-generation BTKis are associated with fewer treatment
discontinuations due to adverse events than ibrutinib, together with lower rates
of key cardiovascular toxicities and maintained efficacy (79, 81). However,
continuous treatment with all BTKis remains a concern because of the
cumulative risk of adverse effects.

BTKi-based combination therapy shifts rather than eliminates the toxicity profile.
In fixed-duration BTKi—venetoclax regimens, BTKi lead-in reduces tumor burden

and lowers the proportion of patients at high risk of TLS before venetoclax



introduction, while the toxicity profile shifts towards neutropenia and infections.
In CAPTIVATE, an ibrutinib lead-in substantially reduced TLS risk before
venetoclax ramp-up, whereas neutropenia was the most frequent grade 23
adverse event during combination therapy (85, 86). In AMPLIFY, grade 23
neutropenia was more frequent in the acalabrutinib—venetoclax—obinutuzumab
triplet than in the doublet, illustrating that the addition of an anti-CD20 antibody
may deepen remissions but at the cost of greater hematologic toxicity (88).
Similar patterns have been reported in triplet studies such as CLL2-GIVe and
AVO, in which cytopenias and infections were among the dominant high-grade
adverse events, whereas major cardiovascular toxicity was less prominent (89,
90). Thus, a key trade-off of fixed-duration combination therapy may be
reduced cumulative exposure to BTKi-associated long-term toxicity, but with
greater short-term hematologic and immunologic toxicity during active

treatment.

2.8.3 Resistance

Although BTKi induce durable remissions in most patients with CLL, progressive
disease still develops in a subset during long-term therapy. Because ibrutinib,
acalabrutinib, and zanubrutinib all bind covalently to the same cysteine-481
residue in BTK, on-target substitutions affecting this binding site remain the
dominant molecular mechanism of resistance, most commonly BTK C481S,
although other C481 substitutions have also been described (97). The second
major class of resistance lesions comprises PLCG2 gain-of-function mutations,
which restore downstream signaling despite BTK inhibition (97, 98). Less
frequent or emerging abnormalities, including non-C481 BTK mutations such as
T4741,L528W, A428D, and E41V, as well as cooperating lesions outside the BTK-
PLCG2 axis, have also been reported, but their prevalence and functional
significance remain less well established than those of BTK C481 and PLCG2
mutations (99, 100).

Clinically, resistance may present either as progressive CLL or as Richter

transformation. In patients relapsing on ibrutinib, BTK and/or PLCG2

mutations can be identified in the majority, but not all, cases; with sensitive
molecular testing, such lesions have been reported in approximately 65% of
progressing patients, while around one-third remain mutation-negative (98, 100).
Serial analyses have shown that resistance is often subclonal and branched, with

multiple competing mutant populations emerging under treatment pressure, and



that resistance-associated mutations may be detectable months before overt
clinical progression. In one longitudinal study, high-sensitivity testing identified
such mutations up to 15 months before relapse became clinically apparent (98).
These observations suggest that clinical progression often represents the result

of a prolonged evolutionary process rather than a single late mutational event.

Available evidence does not suggest that acalabrutinib or zanubrutinib differ
fundamentally from ibrutinib regarding the core biology of acquired resistance. In
ELEVATE-RR, progression on acalabrutinib remained characterized
predominantly by acquired B-cell receptor pathway mutations, again centered
on BTK and PLCG2, supporting the view that second-generation BTKi share the
same dominant resistance biology despite improved selectivity and tolerability
(99). By contrast, relapse after fixed-duration BTKi—venetoclax may follow a
different biological trajectory. In the molecular analysis of CAPTIVATE, no
previously recognized resistance-associated BTK, PLCG2, or BCL2 mutations
were identified in evaluable patients relapsing after fixed-duration ibrutinib—
venetoclax (101). Thus, classical BTK-mediated resistance appears to be a
defining feature of continuous BTKi exposure, whereas relapse after time-limited
BTKi-based combination therapy may be biologically distinct and may have

different implications for subsequent treatment sequencing.

2.8.4 T-cell changes

All three approved covalent BTKis reshape and partially restore the T-cell
compartment in patients with CLL. IL-2-inducible T-cell kinase (ITK) is a member
of the TEC family tyrosine kinases. It is expressed on T-cell lineages and plays an
important role in the development and function of T cells through downstream
T-cell receptor signaling (102). Compared with acalabrutinib and zanubrutinib,
ibrutinib inhibits ITK to a greater extent; acalabrutinib exerts minimal or

no inhibition, whereas zanubrutinib exerts less inhibition of ITK. It is unclear to
what extent T-cell changes are related to the inhibition of ITK rather than to the
reduction of the tumor burden and therefore of the CLL-related

immunosuppression.

Changes in the immune cell populations during treatment with ibrutinib have
been extensively studied. However, the effects of the second-generation BTKis,
especially zanubrutinib, have been less extensively investigated. In particular,
long-term data are lacking.
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The increased levels of CD4+ and CD8+ T cells seen in patients with CLL
decrease during treatment with ibrutinib and normalize to levels similar to those
of healthy controls within 6-12 months and are maintained at 4-5 years follow-
up (103-107). A decrease in T-cell numbers has also been observed in patients
treated with acalabrutinib (108). At 6 months of follow-up, no changes in CD4+
and CD8+ T cells were seen with zanubrutinib (109). All three covalent BTKis
appear to partially reverse features of T-cell exhaustion, as the proportion of T
cells expressing checkpoint inhibitors such as PD-1and CTLA-4 decreases
during treatment (103, 109).

A reduction in both Th1 and Th2 helper T-cell subsets has been observed in
patients treated with ibrutinib (106). The balance between Th1 and Th2 might be
affected by ITK inhibition. In vitro studies have shown that Th2 differentiation
depends on ITK while Th1 cells express resting lymphocyte kinase (RLK) which
can provide compensatory signaling for activation and proliferation of Th1and
CD8+ cells (96). Further, when isolating CD4+ cells from CLL patients and
exposing them to ibrutinib, they were skewed towards a molecular and
phenotypic Thi profile (96). A reduction of Th2-associated cytokines in plasma
from ibrutinib-treated patients has been observed; however, reduction of Thi-
associated cytokines has also been reported (103, 104, 110). A shift toward Thl

may favor anti-tumor and anti-viral immunity.

ITK also regulates Th17 versus Treg differentiation. In vitro, ibrutinib suppresses
differentiation of CD4+ cells from healthy donors into Th17 cells. A reduction in
elevated Thi7 cells and associated cytokines as well as Tregs in patients with
CLL have been observed during treatment (104, 110).

Beyond their direct anti-leukemic activity, BTKis also exert broader
immunomodulatory effects. These include changes in T-cell number, phenotype,
and functional exhaustion, and may also influence antiviral immune responses.
However, the extent and kinetics of these effects may differ between individual
BTKis and may also depend on treatment duration, disease burden, and prior
therapy.

2.9 Non-covalent BTK inhibitors and BTK degraders

In addition to covalent BTKis, other forms of BTK-directed therapy are emerging
in CLL. Non-covalent BTKis bind reversibly to BTK and do not depend on the

C481 residue for target engagement, which allows activity in disease that has



become resistant to covalent BTKis through C481 mutations. Pirtobrutinib is the
most clinically advanced agent in this class and has shown clinically meaningful
activity in relapsed/refractory CLL after prior covalent BTKi exposure; it is now
approved in Europe for relapsed or refractory CLL after prior BTKi treatment (111,
112). BTK degraders represent a distinct strategy in which BTK is targeted for
proteasomal degradation rather than catalytic inhibition. Early-phase studies of
agents such as BGB-16673 and bexobrutideg (NX-5948) have shown preliminary
clinical activity in heavily pretreated CLL, including patients with prior BTKi
exposure, but their place in therapy remains uncertain and current clinical data
are still preliminary (113, 114).

2.10 COVID-19 and CLL

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus infection
was declared a pandemic in 2020. The prevalence of SARS-CoV-2 positivity in
patients with CLL is not higher than in the general population (115), though the
risk of severe disease and mortality was dramatically increased in the first wave
(118). In addition, humoral and cellular responses to SARS-CoV-2 vaccines are
impaired (117-119). Seroconversion after messenger RNA (mRNA) vaccination
against SARS-CoV-2 is particularly low in patients with CLL treated with either
BTKis or venetoclax + anti-CD20 antibody (119).

With regard to the vaccine-induced T-cell responses, these were observed in
28% of patients with CLL compared to 59% of healthy donors after 2 doses of
mRNA vaccine (120). However, in a cohort of 29 patients with a history of COVID-
19 who received three consecutive mRNA vaccinations, robust spike-specific
CD8+ T-cell responses were observed, indicating that hybrid immunity, i.e.
resulting from both infection and vaccination, is advantageous (121). Both in
healthy individuals and in patients with CLL, memory T cells continue to provide
cell-mediated immune recognition even of highly mutated emerging variants,
hopefully compensating for the reduced serological responses observed in CLL
(122).



3 Research aims

The overall aim of this thesis was to investigate the clinical and immunological
effects of BTKi therapy in CLL. The included studies address treatment-related
toxicity, antiviral immunity, T-cell immunomodulation, and the clinical and
biological consequences of treatment interruption.

Paper | aimed to characterize the incidence of cardiovascular and bleeding
events during long-term ibrutinib treatment in routine clinical practice, and to
analyze treatment discontinuation, dose reduction, and clinical factors
associated with AF.

Paper Il aimed to investigate local and systemic immune responses to repeated
SARS-CoV-2 vaccination in zanubrutinib-treated patients with CLL, with
particular focus on humoral and T-cell-mediated immunity, and with comparison

to ibrutinib-treated patients and healthy controls.

Paper lll aimed to evaluate longitudinal T-cell immunomodulation during
treatment with acalabrutinib and zanubrutinib, including changes in T-cell subset
distribution, memory differentiation, exhaustion marker expression, and selected

plasma biomarkers.

Paper IV aimed to assess the clinical feasibility of repeated response-guided
interruption and re-initiation of ibrutinib therapy, and to investigate how
suspended and resumed BTKi treatment affects immune cell subsets, plasma
proteins, resistance-associated BTK mutations, and CLL-intrinsic transcriptional

and epigenetic programs.



4 Materials and methods

4.1 Study design and study populations

This thesis is based on four studies investigating BTKi therapy in CLL using
complementary clinical and translational approaches. The included studies
comprised one retrospective real-world cohort study, two prospective
longitudinal translational studies, and one prospective investigator-initiated

multicenter phase 1b/2 trial.

Paper | included 134 consecutive patients with CLL treated with ibrutinib at
Karolinska University Hospital between 2014 and 2021. Patients had received
ibrutinib for at least 1 month, and follow-up continued until December 2022.

Clinical data were collected retrospectively from medical records.

Paper Il was a prospective study of SARS-CoV-2 vaccine responses in 9
zanubrutinib-treated patients with CLL. For comparison, 7 ibrutinib-treated
patients and 7 age-matched healthy controls were analyzed after vaccine dose

five.

Paper lll was a prospective longitudinal immune-monitoring study including 34
patients with CLL, of whom 18 received acalabrutinib and 16 zanubrutinib. Age-
and sex-matched healthy donors were recruited as controls, with 9 and 8

controls for the acalabrutinib and zanubrutinib groups, respectively.

Paper IV was an investigator-initiated multicenter prospective single-arm phase
1b/2 study of response-guided interruption and re-initiation of ibrutinib therapy
in patients with CLL who had achieved at least partial remission during routine-
care treatment. Forty-nine patients were enrolled across four Swedish centers.

4.2 Clinical data collection and endpoints

In Paper |, retrospective chart review was used to collect data on cardiovascular
events, bleeding complications, dose reductions, treatment discontinuation, PFS,
OS and time to treatment failure. Comorbidity burden was assessed using the

Cumulative lliness Rating Scale.

In Paper IV, the major clinical objective was to evaluate the feasibility of
repeated response-guided BTKi interruption. Patients discontinued ongoing
ibrutinib treatment and were monitored off therapy until early asymptomatic

progressive disease, at which point BTKi treatment was restarted. Time to first



BTKi re-initiation, response after restart, and outcomes during repeated on-off

cycles were evaluated.

4.3 Sample collection and longitudinal follow-up

Paper Il included longitudinal blood and saliva sampling before vaccine doses 3
and 5 and 2-3 weeks after doses 3, 4, and 5. Control cohorts were sampled after

dose 5.

In Paper lll, peripheral blood samples were collected at baseline and serially
during treatment to allow longitudinal assessment of immune-cell dynamics and
circulating biomarkers.

In Paper IV, peripheral blood samples were collected immediately before first
treatment interruption, during the first off-treatment period, before treatment
restart, and at later protocol-defined on- and off-treatment time points. When
available, pre-treatment samples obtained before initial ibrutinib exposure were
also analyzed. The study design and longitudinal sample collection are shown in
Figure 3.
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Figure 3. Study design and longitudinal sample collection in Paper IV, the response-guided on-
off ibrutinib study. Abbreviations: BTKi, Bruton tyrosine kinase inhibitor; PR, partial remission;
CR, complete remission.

4.4 Flow cytometry

Flow cytometry was a central analytical method in Papers lll and IV. In these
studies, peripheral blood immune cell subsets were analyzed longitudinally
during treatment and treatment interruption. The analyses included major T-cell
populations, differentiation states, and selected activation- or exhaustion-
associated markers. In both studies, proliferative and resting CLL fractions were
also assessed based on differential CD5 and CXCR4 expression. In Paper llI,
some flow cytometric analyses differed between the treatment cohorts, with
zanubrutinib samples analyzed using PBMCs and acalabrutinib samples analyzed

in whole blood.
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4.5 Serological and cellular vaccine-response analyses

Paper Il focused on vaccine-induced systemic, mucosal, and cellular immunity.
Quantitative analyses of SARS-CoV-2-specific antibodies were performed in
serum, including antibodies against the spike receptor-binding domain and
nucleocapsid. Additional analyses of spike-specific IgG, spike-specific IgA, and
ACE2 inhibition capacity were performed in both serum and saliva. T-cell
responses were assessed in PBMCs using an activation-induced marker assay
after stimulation with viral peptides.

4.6 Plasma protein profiling

Plasma biomarker profiling was performed in Papers lll and IV using proximity
extension assay (PEA; Olink). In Paper llI, this was used to evaluate longitudinal
changes in inflammatory and immune-related plasma proteins during treatment
with acalabrutinib and zanubrutinib. In Paper IV, serial plasma samples from pre-
treatment, on-treatment, and off-treatment phases were analyzed using panels
covering inflammation, immune response, and oncology-related proteins.

4.7 BTK mutation analyses

Papers lll and IV included analyses of acquired BTK resistance-associated
mutations. In both studies, hotspot BTK mutations were analyzed in genomic
DNA extracted from PBMCs using droplet digital PCR. In Paper lll, the analyses
included BTK p.C481S c.1442G>C, BTK p.C481S c.1441T>A, and BTK p.L528W
c1583T>G, whereas Paper IV included the hotspot BTK p.C481S-encoding
mutations ¢.1442G>C and c.1441T>A. The assay sensitivity was 0.025%.

4.8 Cell sorting and sequencing analyses

In Paper IV, sequencing-based analyses were performed. Fluorescence-
activated cell sorting was used to isolate highly enriched CLL cell populations
from cryopreserved PBMCs. The sorted cells were subsequently analyzed by
RNA sequencing and assay for transposase-accessible chromatin using
sequencing (ATAC-seq) to investigate transcriptional and epigenetic changes

associated with BTKi exposure and treatment interruption.

4.9 Statistical analyses

Statistical analyses were adapted to the design of each study. In Paper |,
descriptive statistics, group comparisons, Kaplan—Meier estimates and
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competing-risk regression were used. In Papers Il and lll, non-parametric
methods were applied for longitudinal and between-group comparisons. In
Paper IV, time to first BTKi re-initiation was analyzed using Kaplan—Meier
estimates, log-rank tests, and Cox proportional hazards models, and plasma
proteomic data were analyzed using Wilcoxon signed-rank tests with correction
for multiple testing. For RNA-seq and ATAC-seq analyses, differential expression
and differential accessibility analyses were performed using DESeq2, with

patient as a covariate.

4.10 Ethical considerations

All studies included in this thesis were approved by the Swedish Ethical Review
Authority and conducted in accordance with the Declaration of Helsinki. For the
interventional study of intermittent ibrutinib treatment, the protocol further
stated compliance with ICH Good Clinical Practice guidelines and required
ethics approval before study initiation and before implementation of protocol
amendments.

The prospective parts of this work involved both patients with CLL and healthy
controls. Participants received oral and written study information describing the
purpose of the research, study procedures, and possible risks and benefits.
Participation was voluntary, and participants were informed of their right to
withdraw at any time. Written informed consent was obtained before any study-
related procedures were performed.

Papers lI-IV included repeated blood sampling and, in Paper II, also saliva
sampling. These procedures involve limited but relevant burdens, primarily
discomfort, pain, bruising, and the inconvenience associated with additional
study visits. To reduce this burden, blood volumes were limited and sampling
was coordinated, when possible, with routine clinical visits. In the interventional
on-off ibrutinib study, participants were monitored closely during off-treatment
periods through scheduled visits, laboratory assessments, and adverse-event
reporting, reflecting the need for careful safety surveillance when evaluating

treatment interruption.

The studies also involved handling of personal and sensitive health data,
including information retrieved from medical records. Participant confidentiality
was protected through coded data handling, with restricted access to the code

key. The study protocol for Paper IV further specified protection of subject
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privacy in accordance with local regulations and described requirements for

secure retention of study records and source documentation.

Particular ethical attention was required for Paper IV, which evaluated response-
guided interruption and re-initiation of ibrutinib. Although all patients had
already achieved a sustained partial remission on treatment, treatment
interruption could theoretically involve risks such as disease progression,
rebound phenomena, or delayed detection of intolerance or resistance. For that
reason, the protocol defined eligibility criteria, close follow-up, adverse-event
reporting procedures, and safety oversight, including reporting of serious
adverse events and notification of new significant risks to the ethics committee
and regulatory authorities when required. In addition, an early prespecified
interim analysis was conducted to assess the initial safety and clinical feasibility
of the first off-treatment phase before further enrolment.

4.11 Ethical approvals

Paper I
2013/952-31/3, amendments: 2015/1025-32, 2021-04660.

Papers Il and llI:

00-135, amendment: 2010/1479-32

00-138, amendment: 2010/1478-32, 2016/2506-32, 2018/2565-32, 2019-0566],
2021-01107, 2023-07585-02.

2018/76-32

2019/01902

Paper IV:

2017/1297-31/2, amendments: 2018/265-32, 2019-00916, 2021-00731, 2021-
ones.
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5 Results

5.1 Paperl

Paper | examined cardiovascular and bleeding events, treatment modifications,
and clinical outcomes in a real-world cohort of 134 patients with CLL treated

with ibrutinib. Baseline cardiovascular comorbidity was common.

Among patients without prior AF, 24.5% developed AF during treatment. The
cumulative incidence was 11.9% at 1 year, 14.4% at 2 years, and 22.7% at 5 years,

with most cases occurring during the first year of treatment (Figure 4).
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Figure 4. Cumulative incidence of atrial fibrillation (AF) during ibrutinib treatment. Estimated
cumulative incidence (95% Cl), adjusted for competing risks including toxicity, allogeneic stem
cell transplantation, death, and other events.

Bleeding events were frequent and occurred in 66.4% of patients, although most
were grade 1-2. Grade 3—-4 bleeding was observed in 7.4%. Treatment
modification was also common: 47% of patients underwent at least one dose
reduction and 68% permanently discontinued ibrutinib, most often because of
toxicity.

Clinical outcomes differed by treatment setting. In first-line treatment, median
PFS and OS were not reached. In the relapsed/refractory setting, median PFS was
3 years and median OS 5 years.

5.2 Paperll

Paper Il investigated systemic, mucosal, and cellular immune responses to

repeated SARS-CoV-2 vaccination in zanubrutinib-treated patients with CLL,
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with comparison to ibrutinib-treated patients and age-matched healthy
controls. Nine zanubrutinib-treated patients were sampled longitudinally before
and after vaccine doses 3 to 5, while the comparator cohorts were analyzed
after dose 5. All zanubrutinib-treated patients were seronegative before dose 3,

and the median treatment duration before the first vaccination was 28 months.

Repeated vaccination was associated with increased serum spike-specific
antibody levels in zanubrutinib-treated patients. Compared with baseline, total
spike-specific antibody titers increased significantly after doses 3, 4, and 5.
However, 44% of patients remained seronegative after dose 3, 50% after dose 4,
and 43% after dose 5. After dose 5, median total spike-specific antibody levels
were 2.7 U/mL in zanubrutinib-treated patients, compared with 21,648 U/mL in
healthy controls. Antibody levels in ibrutinib-treated patients were also
significantly lower than in healthy controls (Figure 5).
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Figure 5. Serum antibody responses after repeated SARS-CoV-2 vaccination.

Antibodies against the SARS-CoV-2 spike receptor-binding domain (RBD) were measured
longitudinally in zanubrutinib-treated patients and after dose 5 in ibrutinib-treated patients and
healthy controls.

Functional humoral responses were also limited. In zanubrutinib-treated patients,
serum ACE2 inhibition correlated strongly with spike-specific IgG levels,
indicating that detectable antibodies were functional. In contrast, mucosal
immunity remained poor. Salivary spike-specific IgG increased modestly, but
spike-specific IgA remained unchanged in both serum and saliva, whereas
healthy controls exhibited higher serum IgA levels after dose 5.
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T-cell responses were better preserved than humoral responses. No significant
differences in spike-specific CD4+ or CD8+ T-cell responses were observed
between BTKi-treated patients and healthy controls after dose 5. In the
zanubrutinib-treated cohort, Omicron-specific CD8+ T-cell responses increased

significantly after dose 3, with no further increase after doses 4 and 5.

Collectively, these findings showed that repeated SARS-CoV-2 vaccination
during zanubrutinib treatment was associated with preserved T-cell

responsiveness but persistently impaired humoral and mucosal immunity.

5.3 Paperlil

Paper lll investigated longitudinal T-cell immunomodulation during treatment
with acalabrutinib and zanubrutinib in 34 patients with CLL, including 18 treated
with acalabrutinib and 16 with zanubrutinib, with age- and sex-matched healthy
donors as controls. Both drugs were associated with marked changes in
circulating lymphocyte populations during treatment. Total CD19+ B cells
declined significantly in both cohorts, with earlier reductions in the acalabrutinib
group than in the zanubrutinib group.

At baseline, both CD4+ and CD8+ T-cell counts were elevated compared with
healthy donors. During therapy, both subsets decreased significantly. CD4+ T
cells normalized by month 2 in the acalabrutinib cohort and by month 6 in the
zanubrutinib cohort, whereas CD8+ T cells remained above healthy donor levels
at 2 years in both groups. Expression of the exhaustion markers PD-1and TIGIT
on both CD4+ and CD8+ T cells was also increased at baseline and declined
during treatment, again with earlier changes in the acalabrutinib cohort. However,
exhausted CD8+ T cells remained elevated at 2 years (Figure 6).

Helper and memory T-cell subsets also changed during treatment. Th1 cells and
regulatory T cells were expanded at baseline and decreased during therapy, with
earlier normalization in the acalabrutinib cohort than in the zanubrutinib cohort.
Central memory CD4+ and CD8+ T cells were elevated at baseline and declined
during treatment, whereas effector memory subsets progressively decreased
towards healthy donor levels. In contrast, naive CD8+ T cells remained stable,
while naive CD4+ T cells declined during treatment.
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Figure 6. Longitudinal changes in CD4+ and CD8+ T cells and PD-1-expressing CD4+ and
CD8+ T cells during acalabrutinib and zanubrutinib treatment. Asterisks (*) indicate
statistically significant differences between baseline and the respective time point, and plus
signs (+) indicate statistically significant differences between patients and healthy donors. “ns”
denotes no significant difference.

Plasma protein profiling showed a broad reduction in inflammatory mediators
during treatment. Of 92 analyzed inflammatory biomarkers, 17 decreased
significantly in both cohorts, including the CLL-associated proteins CCL3, CCL4,
CD5, and CD6. In addition, distinct treatment-specific biomarker changes were
observed, with acalabrutinib and zanubrutinib showing partly overlapping but
non-identical plasma protein signatures. Hotspot BTK mutations also emerged in

both cohorts, primarily in R/R patients.

5.4 PaperlV

Paper IV investigated the clinical feasibility and biological effects of repeated
response-guided interruption and re-initiation of BTKi therapy in 49 patients
with CLL who had achieved at least partial remission during long-term ibrutinib
treatment in routine clinical care. Median follow-up from the first treatment

cessation was 47 months.

The median duration of the first off-treatment phase (OFF1) was 17 months.
Overall, 73% of patients remained off treatment for more than 12 months, 37% for
more than 24 months, and 5 patients for more than 36 months. At the time of
analysis, 40 patients had restarted BTKi therapy, and 39 of 40 (98%) responded
to treatment re-initiation. Twenty patients entered a second off-treatment
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phase (OFF2), with a median duration of 10 months at data cut-off. The

longitudinal treatment course of each patient is shown in Figure 7.
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Figure 7. Individual treatment courses during repeated response-guided interruption and re-
initiation of BTKi therapy. BTKi, Bruton tyrosine kinase inhibitor; ON, on-treatment phase; OFF,
off-treatment phase; PR, partial remission; CR, complete remission; #patients with del(17p)/TP53

mutation, PD, progressive disease; V, venetoclax; T, death (cause of death).

The duration of OFF1 differed between clinical subgroups. Patients with mutated
IGHV genes had longer OFF1 than patients with unmutated IGHV genes (median
64 vs 14 months). Longer OFF1 was also observed in patients who were in
complete remission at study entry and in those with longer prior exposure to
ibrutinib, whereas no significant differences were observed according to age or
del(17p)/TP53 status.

BTK p.C481S hotspot mutations were analyzed in 36 evaluable patients at end-
OFF1. Mutations were detected in 7 patients (19%), including 5 with low variant
allele frequencies and 2 with high variant levels.

Treatment interruption was accompanied by marked biological changes. During
OFF1, the proliferative fraction of CLL cells increased rapidly, whereas the resting
fraction decreased. PD-1and Ki-67 expression on CLL cells also increased during
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OFF1 and declined after treatment re-initiation. In parallel, CD4+ and CD8+ T-cell
counts increased at the end of OFF1, driven mainly by expansion of central and
effector memory subsets, and exhaustion-associated markers on T cells
increased during the off-treatment phase and decreased again after treatment

restart.

Plasma protein profiling showed broad treatment-associated modulation of
inflammatory mediators. Many proteins suppressed during BTKi treatment
increased during OFF1 and approached pre-treatment levels at the time of
treatment restart, whereas a subset remained persistently altered. Sequencing-
based analyses of FACS-sorted CLL cells from six patients showed that many
transcriptional and epigenetic changes induced during BTKi treatment reverted

during OFF1, but not all changes returned fully to the pre-treatment state.
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6 Discussion

This thesis examined clinical and immunological consequences of BTKi therapy
in CLL across four complementary studies. Taken together, the findings show
that BTKi therapy affects more than disease control alone. It is also associated
with toxicity, host immunity, and treatment-associated biological states. The
work therefore supports a broader view of BTKi therapy in CLL, in which
continuous exposure, immune remodeling, and the feasibility of treatment
interruption need to be considered alongside antileukemic efficacy.

6.1 Continuous BTKi therapy is effective, but long-term tolerability
remains a central issue

In Paper |, AF, bleeding, dose reductions, and permanent treatment
discontinuation were common during long-term ibrutinib treatment in routine
clinical practice. The proportion of patients who discontinued treatment was
higher than in randomized trials (123, 124), which may in part reflect the older age
and greater comorbidity burden of patients in the present cohort. These findings
highlight the cumulative clinical burden of continuous ibrutinib exposure outside
trial-selected populations.

The introduction of second-generation covalent BTKis has partly improved this
situation. Comparative studies have shown that acalabrutinib and zanubrutinib
retain efficacy while reducing some adverse events associated with ibrutinib,
particularly cardiovascular toxicities, and are also associated with lower rates of
treatment discontinuation due to adverse events (79, 82). Nevertheless, adverse
events remain an important clinical issue during continuous covalent BTKi
therapy, and prolonged treatment exposure continues to raise questions

regarding long-term tolerability and treatment burden.

These observations also align with the rationale for the response-guided
interruption strategy explored in Paper IV. The results support the feasibility of
this approach in a selected subgroup of patients who had already achieved
durable disease control during long-term ibrutinib therapy, but they do not
support broad generalization to all patients receiving covalent BTKi. This should
be viewed in the historical context in which the study was initiated. At that time,
continuous covalent BTKi treatment was an established strategy in CLL, whereas
fixed-duration BTKi—venetoclax regimens had not yet entered routine clinical

practice. In that setting, a response-guided interruption strategy was clinically
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provocative but rational: if prolonged exposure contributes to cumulative
toxicity and treatment burden, carefully selected treatment pauses might
reduce exposure while also helping to clarify which effects are closely linked to
active BTKi treatment.

Since the study was initiated, the therapeutic landscape in CLL has changed, and
time-limited targeted therapy has become established in CLL management,
including fixed-duration venetoclax-based regimens and BTKi—venetoclax
combinations in first-line treatment algorithms (50). More recently, CLL17 has
provided prospective randomized evidence that fixed-duration targeted therapy
can achieve disease control comparable to continuous ibrutinib in previously
untreated CLL (125), although follow-up remains relatively short and longer-term
data are still needed. Paper IV should therefore not be discussed as an
alternative to current fixed-duration combination regimens, but rather as an
earlier and distinct strategy addressing a related clinical problem: whether
treatment burden during prolonged covalent BTKi exposure can be reduced in
selected patients, and what treatment withdrawal reveals about disease and
host biology.

Regarding the duration of the off-treatment phases, OFF1 was longer than OFF2,
with median durations of 17 and 10 months, respectively. The shorter duration of
OFF2 likely reflects, at least in part, both shorter preceding BTKi exposure and a
less deep remission before the second treatment stop. The study therefore
provides stronger support for the feasibility of an initial response-guided
interruption than for a fully established repeated on-off strategy. This is also
relevant when interpreting off-treatment duration in relation to newer fixed-
duration regimens, in which treatment-free intervals extending over several
years have been reported in a considerable proportion of patients, although
longer follow-up is still needed and follow-up maturity differs between studies
(84, 88,125).

6.2 BTKitherapy is associated with compartment-specific immune
remodeling

Paper Il suggests that vaccine-induced immunity during BTKi therapy is
compartment-specific. Repeated SARS-CoV-2 vaccination during zanubrutinib
treatment was associated with some increase in serum antibody levels, but
humoral and mucosal responses remained limited. In contrast, spike-specific T-
cell responses appeared to be relatively preserved. The study did not
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demonstrate a difference between zanubrutinib- and ibrutinib-treated patients.
Instead, the findings suggest that humoral and cellular responses may be
affected differently during BTKi therapy. This interpretation should, however, be
made with caution, since the T-cell analyses were based on relative frequencies
rather than absolute cell counts. Notably, the recent randomized IMPROVE trial
showed that a 3-week pause of covalent BTKi around SARS-CoV-2 booster
vaccination did not improve antibody titers, neutralization, or cellular responses
(126). Together with the present findings, this suggests that vaccine
responsiveness during BTKi therapy is influenced by factors that are more

complex than ongoing kinase inhibition alone.

Paper lll extends this observation beyond vaccine responses and addresses the
broader effects of second-generation covalent BTKis on the peripheral T-cell
compartment. Both acalabrutinib and zanubrutinib were associated with
reductions in abnormal T-cell expansion, exhaustion-associated phenotypes,
and inflammatory plasma markers, suggesting that part of the immune
dysregulation in CLL is at least partly reversible during effective targeted
therapy. At the same time, the findings do not support complete immune
normalization. In particular, abnormalities within the CD8+ compartment
remained evident at later time points, including persistently increased CD8+ T-
cell counts and exhaustion-marker expression, indicating that immune
remodeling during therapy is partial rather than complete.

These findings should, however, be interpreted within the limits of the study
design. The analyses were confined to peripheral blood and primarily describe
phenotypic changes rather than direct functional recovery. They therefore do
not establish whether corresponding changes occur in lymphoid tissues, where
key tumor—host interactions in CLL take place, or whether the observed
remodeling translates into restored immune competence. Another observation
was that these changes appeared with different time kinetics in the two cohorts,
with earlier changes in the acalabrutinib-treated patients than in the
zanubrutinib-treated patients. This should be interpreted cautiously. Paper lli
was not designed as a formal head-to-head comparison, cohort sizes were
limited, and some flow-cytometric analyses differed methodologically between
the cohorts, including the use of whole blood in the acalabrutinib group and
PBMC preparations in the zanubrutinib group. The most robust conclusion is

therefore not that one agent is immunologically superior to the other, but that
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the peripheral immune effects of second-generation covalent BTKis may not be
temporally identical.

6.3 Response-guided interruption provides a model for studying
reversibility of BTKi-associated changes
Paper IV extends the thesis from observation of BTKi-associated changes during
treatment to direct assessment of their reversibility during treatment
withdrawal. Clinically, repeated response-guided interruption of ibrutinib was
feasible in a selected subgroup of patients with sustained benefit from prior
therapy, with prolonged first off-treatment periods in many patients and
preserved sensitivity to BTKi re-initiation in almost all evaluable cases. Beyond
the clinical findings, the study also provided an informative model for examining
which biological effects were closely linked to active BTKi exposure. During OFF],
coordinated changes were observed across several compartments: the
proliferative CLL fraction expanded, checkpoint-marker expression increased,
and many plasma protein changes moved back towards the pre-treatment
state. Sequencing-based analyses likewise showed that many transcriptional
and epigenetic changes induced during BTKi therapy shifted during interruption.
However, this reversion was incomplete. Some plasma proteins remained
persistently altered, not all gene-regulatory changes returned fully to the pre-
treatment state, and BTK p.C481S mutations remained detectable in a subset of
patients at the end of OFF1. Taken together, these findings suggest that BTKi-
associated changes are heterogeneous in their reversibility. Some appear closely
treatment-dependent, whereas others persist despite drug withdrawal,
indicating that BTKi exposure may leave biological effects that do not
immediately disappear when treatment is stopped.

6.4 Strengths and limitations

A strength of this thesis is the integration of four complementary studies
addressing clinically and biologically linked questions within the same
therapeutic framework. Together, they combine real-world clinical toxicity data,
prospective immune monitoring, vaccine immunology, and longitudinal clinical-
translational analyses during treatment interruption. Additional strengths include
serial sampling, clinically anchored longitudinal designs, the inclusion of both
clinical and laboratory endpoints, and the use of multiple analytical platforms
spanning flow cytometry, proteomics, ddPCR, RNA sequencing, and ATAC-seq.
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The limitations should also be acknowledged. Paper | was retrospective and
single center. Papers Il and lll were limited by modest cohort sizes, and Paper llI
was not designed for formal comparative evaluation between acalabrutinib and
zanubrutinib. In Paper ll, interpretation of preserved T-cell responsiveness is
complicated by the use of relative rather than absolute response measures. In
Papers lll and IV, the biological analyses were based largely on peripheral blood
and therefore do not fully capture processes within lymphoid tissues, where key
tumor—microenvironment interactions in CLL occur. In Paper IV, several analyses
were performed in relatively small subsets, and the mutational analysis was
limited to two BTK p.C481S-encoding hotspot variants and was further
complicated at some time points by very low circulating CLL-cell counts despite
the use of a highly sensitive ddPCR approach. In addition, the interruption
strategy was applied to a selected population of patients who had already
achieved sustained benefit from long-term ibrutinib treatment, which limits
generalizability.
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7 Conclusions

BTKi therapy in CLL has important consequences beyond tumor control. Long-
term ibrutinib treatment was associated with frequent cardiovascular and
bleeding complications, dose reductions, and treatment discontinuation in
routine clinical practice. Repeated SARS-CoV-2 vaccination during zanubrutinib
treatment induced limited humoral and mucosal responses, whereas spike-
specific T-cell responses were relatively preserved. Treatment with acalabrutinib
and zanubrutinib was associated with longitudinal T-cell remodeling with
different time kinetics. Repeated response-guided interruption and re-initiation
of ibrutinib was feasible in selected patients and showed that several BTKi-
associated immune and tumor-cell changes were treatment-dependent and

partly reversible.
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8 Points of perspective

The treatment landscape in CLL has changed, and targeted treatment options
have expanded. Fixed-duration targeted regimens have become established,
and recent randomized data support that time-limited treatment can achieve
disease control comparable to continuous ibrutinib in the first-line setting. An
important next step will therefore be to define more precisely which patients are

likely to require prolonged BTK-directed therapy.

The growing number of BTK-directed therapies also raises questions about how
covalent BTKi should be sequenced relative to non-covalent BTK inhibitors and,
potentially, BTK degraders. Pirtobrutinib is the first non-covalent BTK inhibitor to
receive regulatory approval in CLL/SLL after prior covalent BTKi exposure, making
treatment sequencing within this class increasingly relevant. Early-phase studies
of BTK degraders have also shown clinical activity in heavily pretreated disease,
but their role remains uncertain. Future studies will need to determine how these
different forms of BTK-directed therapy should best be sequenced, how prior
treatment exposure influences later response, and whether they select for
distinct resistance patterns or address different resistance states.

The present thesis also highlights an important unresolved question in the field.
Tumor control and immune recovery should not be regarded as equivalent
outcomes. The findings suggest that BTKi-associated immune effects are
compartment-specific and only partly reversible, and that treatment withdrawal
can help distinguish changes that are closely linked to active exposure from
those that persist beyond it. Future studies should therefore examine immune
recovery as a distinct clinical and biological objective, using not only peripheral
blood phenotyping but also functional immune assays and, when feasible,
tissue-based analyses. This may be important both for infection prevention and
for understanding which immune changes during BTKi therapy are biologically

and clinically relevant.

36



9 Acknowledgements

First and foremost, | would like to thank Marzia Palma, my main supervisor, for
your enthusiasm, energy, and encouragement throughout this work. | admire your
genuine curiosity, your high ambitions, and the energy you bring to research.
Whenever | have felt anxious, doubtful, or simply stuck, you have been there to
encourage me and push me forward. | am deeply grateful for everything | have
learned from you, and | look forward to continuing our work together beyond this

thesis.

[ would also like to thank Lotta Hansson, my co-supervisor, for your support
throughout this process, both scientifically and beyond. Thank you for all the life
coaching: the runs, the bike rides, the fashion inspiration, the laughter, and the
conversations about life in general. You have helped me through many climbs

along the way.

Anders Osterborg, my co-supervisor and group leader, thank you for generously

sharing your broad clinical and scientific expertise.

Robert Mansson, my co-supervisor, thank you for your input and valuable

contributions to this work.

To all the members of my research group, thank you. Kia, | am impressed by
your precision, your organizational skills, and your willingness to help. Together
with Ann, your laboratory work across these projects has been essential, and
without it this thesis would not have been possible. Ann, thank you for your
warmth and encouraging words when | truly needed them. Leila, thank you for

your kindness, for the laughs, and for always being so helpful.

To all the co-authors of the different projects in this thesis, thank you for your

collaboration and your expertise.

To all the patients who participated in the studies included in this thesis, thank

you. This work would not have been possible without your contribution.

To all my colleagues at the Department of Hematology, thank you. | genuinely
love my work, and | owe much of that to all of you. Thank you for lively
discussions in our daily work, at our conferences, and at Livet, for your inspiring
expertise, and for your collegial and friendly support. Maria Ljungkvist, thank you

for hiring me and for supporting me throughout my specialist training and

37



beyond. Torsten Dahlén, thank you for giving me the opportunity to continue my

work at the Lymphoma Department. You are a great person, clinician and leader.

To my mom and dad, thank you for your love, support, and comfort, and for
teaching me to stay grounded, keep going, and not give up too easily.

To my siblings, Martin, Klara, and Karl, thank you for always being there when
needed, for teaching me how to argue, and for telling me when | am exaggerating
and when | am being too hard on myself. And thank you for all my fantastic
nieces and nephews.

To my closest friends, thank you for being exactly that. Thank you for listening to
more complaints about research than anyone should reasonably have had to.
And my apologies in advance — | know | have said more than once that | would
never do this again, but that may well turn out not to be true.

And to Andreas, thank you for balancing me, for being my rock, and for all your

love.

38



10 Declaration about the use of generative Al

The Al-assisted tool ChatGPT (OpenAl, GPT-5.2) was used in the writing of the
comprehensive summary of the thesis for language refinement purposes.
Specifically, it was used to improve grammar and overall text flow. No scientific
content, data interpretation, or conclusions were generated by the Al tool.

| take full responsibility for the content of the thesis.

39



11 References

1.Rawstron AC, Kreuzer KA, Soosapilla A, Spacek M, Stehlikova O, Gambell P, et al. Reproducible
diagnosis of chronic lymphocytic leukemia by flow cytometry: An European Research Initiative
on CLL (ERIC) & European Society for Clinical Cell Analysis (ESCCA) Harmonisation project.
Cytometry B Clin Cytom. 2018;94(1):121-8.

2. Mattsson M, Sandin F, Kimby E, Héglund M, Glimelius I. Increasing prevalence of chronic
lymphocytic leukemia with an estimated future rise: A nationwide population-based study. Am
J Hematol. 2020;95(2):E36-¢8.

3. Cerhan JR, Slager SL. Familial predisposition and genetic risk factors for lymphoma. Blood.
2015;126(20):2265-73.

4. Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, et al. WHO classification of
tumours of haematopoietic and lymphoid tissues: International agency for research on cancer
Lyon, France; 2008.

5. Rawstron AC, Bennett FL, O'Connor SJ, Kwok M, Fenton JA, Plummer M, et al. Monoclonal B-
cell lymphocytosis and chronic lymphocytic leukemia. N Engl J Med. 2008;359(6):575-83.

6. Vardi A, Dagklis A, Scarfo L, Jelinek D, Newton D, Bennett F, et al. Inmunogenetics shows that
not all MBL are equal: the larger the clone, the more similar to CLL. Blood. 2013;121(22):4521-8.

7. Kern W, Bacher U, Haferlach C, Dicker F, Alpermann T, Schnittger S, et al. Monoclonal B-cell
lymphocytosis is closely related to chronic lymphocytic leukaemia and may be better
classified as early-stage CLL. Br J Haematol. 2012;157(1):86-96.

8. Dohner H, Stilgenbauer S, Benner A, Leupolt E, Kréber A, Bullinger L, et al. Genomic aberrations
and survival in chronic lymphocytic leukemia. N Engl J Med. 2000;343(26):1910-6.

9. Rossi D, Cerri M, Deambrogi C, Sozzi E, Cresta S, Rasi S, et al. The prognostic value of TP53
mutations in chronic lymphocytic leukemia is independent of Dell7p13: implications for overall
survival and chemorefractoriness. Clin Cancer Res. 2009;15(3):995-1004.

10. Malcikova J, Pavlova S, Baliakas P, Chatzikonstantinou T, Tausch E, Catherwood M, et al. ERIC
recommendations for TP53 mutation analysis in chronic lymphocytic leukemia-2024 update.
Leukemia. 2024;38(7):1455-68.

11. Knisbacher BA, Lin Z, Hahn CK, Nadeu F, Duran-Ferrer M, Stevenson KE, et al. Molecular map of
chronic lymphocytic leukemia and its impact on outcome. Nat Genet. 2022;54(11):1664-74.

12.Mansouri L, Thorvaldsdottir B, Sutton LA, Karakatsoulis G, Meggendorfer M, Parker H, et al.
Different prognostic impact of recurrent gene mutations in chronic lymphocytic leukemia
depending on IGHV gene somatic hypermutation status: a study by ERIC in HARMONY.
Leukemia. 2023;37(2):339-47.

13.Nadeu F, Delgado J, Royo C, Baumann T, Stankovic T, Pinyol M, et al. Clinical impact of clonal
and subclonal TP53, SF3B1, BIRC3, NOTCHI, and ATM mutations in chronic lymphocytic
leukemia. Blood. 2016;127(17):2122-30.

14.Hamblin TJ, Davis Z, Gardiner A, Oscier DG, Stevenson FK. Unmutated Ig V(H) genes are

associated with a more aggressive form of chronic lymphocytic leukemia. Blood.
1999;94(6):1848-54.

40



15.Shanafelt TD, Wang XV, Hanson CA, Paietta E, O'Brien S, Barrientos J, et al. Tolerability and
long-term disease control by IGHV mutation status among patients with CLL on ibrutinib arm
of E1912. Blood Advances. 2025;9(1):224-8.

16.Al-Sawaf O, Zhang C, Jin HY, Robrecht S, Choi Y, Balasubramanian S, et al. Transcriptomic
profiles and 5-year results from the randomized CLL14 study of venetoclax plus obinutuzumab
versus chlorambucil plus obinutuzumab in chronic lymphocytic leukemia. Nat Commun.
2023;14(1):2147.

17.Agathangelidis A, Darzentas N, Hadzidimitriou A, Brochet X, Murray F, Yan XJ, et al.
Stereotyped B-cell receptors in one-third of chronic lymphocytic leukemia: a molecular
classification with implications for targeted therapies. Blood. 2012;,119(19):4467-75.

18.Agathangelidis A, Chatzidimitriou A, Gemenetzi K, Giudicelli V, Karypidou M, Plevova K, et al.
Higher-order connections between stereotyped subsets: implications for improved patient
classification in CLL. Blood. 2021,137(10):1365-76.

19.Rossi D, Spina V, Cerri M, Rasi S, Deambrogi C, De Paoli L, et al. Stereotyped B-Cell Receptor Is
an Independent Risk Factor of Chronic Lymphocytic Leukemia Transformation to Richter
Syndrome. Clin Cancer Res. 2009;15(13):4415-22.

20. Baliakas P, Hadzidimitriou A, Sutton LA, Minga E, Agathangelidis A, Nichelatti M, et al. Clinical
effect of stereotyped B-cell receptor immunoglobulins in chronic lymphocytic leukaemia: a
retrospective multicentre study. Lancet Haematol. 2014;1(2).e74-84.

21.Jaramillo S, Agathangelidis A, Schneider C, Bahlo J, Robrecht S, Tausch E, et al. Prognostic
impact of prevalent chronic lymphocytic leukemia stereotyped subsets: analysis within
prospective clinical trials of the German CLL Study Group (GCLLSG). Haematologica.
2020;105(11):2598-607.

22. Burger JA, Wiestner A. Targeting B cell receptor signalling in cancer: preclinical and clinical
advances. Nat Rev Cancer. 2018;18(3):148-67.

23. Duihren-von Minden M, Ubelhart R, Schneider D, Wossning T, Bach MP, Buchner M, et al.
Chronic lymphocytic leukaemia is driven by antigen-independent cell-autonomous signalling.
Nature. 2012;489(7415):309-12.

24. Collins RJ, Verschuer LA, Harmon BV, Prentice RL, Pope JH, Kerr JF. Spontaneous
programmed death (apoptosis) of B-chronic lymphocytic leukaemia cells following their
culture in vitro. Br J Haematol. 1989;71(3):343-50.

25. Panayiotidis P, Jones D, Ganeshaguru K, Foroni L, Hoffbrand AV. Human bone marrow
stromal cells prevent apoptosis and support the survival of chronic lymphocytic leukaemia
cells in vitro. Br J Haematol. 1996;92(1):97-103.

26. Herishanu Y, Pérez-Galan P, Liu D, Biancotto A, Pittaluga S, Vire B, et al. The lymph node
microenvironment promotes B-cell receptor signaling, NF-kB activation, and tumor proliferation
in chronic lymphocytic leukemia. Blood. 2011;117(2):563-74.

27. Herndon TM, Chen SS, Saba NS, Valdez J, Emson C, Gatmaitan M, et al. Direct in vivo
evidence for increased proliferation of CLL cells in lymph nodes compared to bone marrow and
peripheral blood. Leukemia. 2017;31(6):1340-7.

28. Burger JA, Burger M, Kipps TJ. Chronic lymphocytic leukemia B cells express functional

CXCR4 chemokine receptors that mediate spontaneous migration beneath bone marrow
stromal cells. Blood. 1999;94(11):3658-67.

41



29. Burkle A, Niedermeier M, Schmitt-Graff A, Wierda WG, Keating MJ, Burger JA.
Overexpression of the CXCR5 chemokine receptor, and its ligand, CXCL13 in B-cell chronic
lymphocytic leukemia. Blood. 2007;110(9):3316-25.

30.Till KJ, Lin K, Zuzel M, Cawley JC. The chemokine receptor CCR7 and alpha4 integrin are
important for migration of chronic lymphocytic leukemia cells into lymph nodes. Blood.
2002;99(8):2977-84.

31.Nishio M, Endo T, Tsukada N, Ohata J, Kitada S, Reed JC, et al. Nurselike cells express BAFF
and APRIL, which can promote survival of chronic lymphocytic leukemia cells via a paracrine
pathway distinct from that of SDF-lalpha. Blood. 2005;106(3):1012-20.

32. Koehrer S, Burger JA. Chronic Lymphocytic Leukemia: Disease Biology. Acta Haematol.
2023:1-14.

33. Pascutti MF, Jak M, Tromp JM, Derks IA, Remmerswaal EB, Thijssen R, et al. IL-21 and CD40L
signals from autologous T cells can induce antigen-independent proliferation of CLL cells.
Blood. 2013;122(17):3010-9.

34. Narkhede M, Ujjani CS. Immune Dysfunction and Consequences in Chronic Lymphocytic
Leukemia. J Natl Compr Canc Netw. 2025;23(3).

35. Parikh SA, Leis JF, Chaffee KG, Call TG, Hanson CA, Ding W, et al. Hypogammaglobulinemia in
newly diagnosed chronic lymphocytic leukemia: Natural history, clinical correlates, and
outcomes. Cancer. 2015;121(17):2883-91.

36. Francis ER, Vu J, Perez CO, Sun C. Vaccinations in patients with chronic lymphocytic
leukemia. Semin Hematol. 2024;61(2):131-8.

37. Nunes C, Wong R, Mason M, Fegan C, Man S, Pepper C. Expansion of a CD8(+)PD-1(+)
replicative senescence phenotype in early stage CLL patients is associated with inverted
CD4:CD8 ratios and disease progression. Clin Cancer Res. 2012;18(3):678-87.

38. Palma M, Gentilcore G, Heimersson K, Mozaffari F, Nasman-Glaser B, Young E, et al. T cells in
chronic lymphocytic leukemia display dysregulated expression of immune checkpoints and
activation markers. Haematologica. 2017,102(3):562-72.

39. Vardi A, Vlachonikola E, Karypidou M, Stalika E, Bikos V, Gemenetzi K, et al. Restrictions in the
T-cell repertoire of chronic lymphocytic leukemia: high-throughput immunoprofiling supports
selection by shared antigenic elements. Leukemia. 2017;31(7)1555-61.

40.Ramsay AG, Johnson AJ, Lee AM, Gorglin G, Le Dieu R, Blum W, et al. Chronic lymphocytic
leukemia T cells show impaired immunological synapse formation that can be reversed with an
immunomodulating drug. J Clin Invest. 2008;118(7):2427-37.

41.Ramsay AG, Clear AJ, Fatah R, Gribben JG. Multiple inhibitory ligands induce impaired T-cell
immunologic synapse function in chronic lymphocytic leukemia that can be blocked with
lenalidomide: establishing a reversible immune evasion mechanism in human cancer. Blood.
2012;,120(7):1412-21.

42. Marzia P, Giusy G, Kia H, Fariba M, Barbro N-G, Emma Y, et al. T cells in chronic lymphocytic
leukemia display dysregulated expression of immune checkpoints and activation markers.
Haematologica. 2017,102(3):562-72.

43. Davide B, Sara S, Marta C, Davide R, Giovanni DA, Luca L, et al. The PD-1/PD-L1 axis

contributes to T-cell dysfunction in chronic lymphocytic leukemia. Haematologica.
2013;98(6):953-63.

42



44. Catakovic K, Gassner FJ, Ratswohl C, Zaborsky N, Rebhandl S, Schubert M, et al. TIGIT
expressing CD4+T cells represent a tumor-supportive T cell subset in chronic lymphocytic
leukemia. Oncoimmunology. 2018;7(1):e1371399.

45. Bagnara D, Kaufman MS, Calissano C, Marsilio S, Patten PE, Simone R, et al. A novel adoptive
transfer model of chronic lymphocytic leukemia suggests a key role for T lymphocytes in the
disease. Blood. 2011;117(20):5463-72.

46. Roessner PM, Seiffert M. T-cells in chronic lymphocytic leukemia: Guardians or drivers of
disease? Leukemia. 2020;34(8):2012-24.

47. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Déhner H, et al. iwCLL
guidelines for diagnosis, indications for treatment, response assessment, and supportive
management of CLL. Blood. 2018;131(25):2745-60.

48. Wierda WG, Brown J, Abramson JS, Awan F, Bociek G, Boyer D, et al. NCCN Guidelines®
Insights: Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma, Version 2.2026:
Featured Updates to the NCCN Guidelines. J Natl Compr Canc Netw. 2026;24(3):68-80.

49. The national working group of CLL R. Nationellt vardprogram kronisk lymfatisk leukemi.
2026.

50. Eichhorst B, Ghia P, Niemann CU, Kater AP, Gregor M, Hallek M, et al. ESMO Clinical Practice
Guideline interim update on new targeted therapies in the first line and at relapse of chronic
lymphocytic leukaemia. Ann Oncol. 2024;35(9):762-8.

51.Anderson MA, Deng J, Seymour JF, Tam C, Kim SY, Fein J, et al. The BCL2 selective inhibitor
venetoclax induces rapid onset apoptosis of CLL cells in patients via a TP53-independent
mechanism. Blood. 2016;127(25):3215-24.

52. Stilgenbauer S, Eichhorst B, Schetelig J, Coutre S, Seymour JF, Munir T, et al. Venetoclax in
relapsed or refractory chronic lymphocytic leukaemia with 17p deletion: a multicentre, open-
label, phase 2 study. Lancet Oncol. 2016;17(6):768-78.

53. Fischer K, Al-Sawaf O, Bahlo J, Fink AM, Tandon M, Dixon M, et al. Venetoclax and
Obinutuzumab in Patients with CLL and Coexisting Conditions. N Engl J Med.
2019;380(23):2225-36.

54. Al-Sawaf O, Robrecht S, Zhang C, Olivieri S, Chang YM, Fink AM, et al. Venetoclax-
obinutuzumab for previously untreated chronic lymphocytic leukemia: 6-year results of the
randomized phase 3 CLL14 study. Blood. 2024;144(18):1924-35.

55. Furstenau M, Kater AP, Robrecht S, von Tresckow J, Zhang C, Gregor M, et al. First-line
venetoclax combinations versus chemoimmunotherapy in fit patients with chronic lymphocytic
leukaemia (GAIA/CLL13): 4-year follow-up from a multicentre, open-label, randomised, phase 3
trial. Lancet Oncol. 2024;25(6):744-59.

56. Kater AP, Owen C, Moreno C, Follows G, Munir T, Levin M-D, et al. Fixed-Duration lbrutinib-
Venetoclax in Patients with Chronic Lymphocytic Leukemia and Comorbidities. NEJM Evidence.
2022;1(7):EVID0a2200006.

57. Al-Sawaf O, Furstenau M, Giza A, Robrecht S, von Tresckow J, Fink A-M, et al. The impact of

fitness and dose intensity on clinical outcomes with venetoclax-obinutuzumab in CLL. Blood.
2025;146(20):2406-16.

43



58. Seymour JF. Effective mitigation of tumor lysis syndrome with gradual venetoclax dose
ramp, prophylaxis, and monitoring in patients with chronic lymphocytic leukemia. Ann Hematol.
2016;95(8):1361-2.

59. Flinn IW, Gribben JG, Dyer MJS, Wierda W, Maris MB, Furman RR, et al. Phase 1b study of
venetoclax-obinutuzumab in previously untreated and relapsed/refractory chronic
lymphocytic leukemia. Blood. 2019;133(26):2765-75.

60.Herman SE, Gordon AL, Hertlein E, Ramanunni A, Zhang X, Jaglowski S, et al. Bruton tyrosine
kinase represents a promising therapeutic target for treatment of chronic lymphocytic
leukemia and is effectively targeted by PCI-32765. Blood. 2011;117(23):6287-96.

61.Ponader S, Chen SS, Buggy JJ, Balakrishnan K, Gandhi V, Wierda WG, et al. The Bruton tyrosine
kinase inhibitor PCI-32765 thwarts chronic lymphocytic leukemia cell survival and tissue
homing in vitro and in vivo. Blood. 2012;119(5):1182-9.

62. Pan Z, Scheerens H, Li S-J, Schultz BE, Sprengeler PA, Burrill LC, et al. Discovery of Selective
Irreversible Inhibitors for Bruton’s Tyrosine Kinase. ChemMedChem. 2007;2(1):58-61.

63. Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B, et al. The Bruton tyrosine
kinase inhibitor PCI-32765 blocks B-cell activation and is efficacious in models of autoimmune
disease and B-cell malignancy. Proc Natl Acad Sci U S A. 2010;107(29):13075-80.

64. Barf T, Covey T, lzumi R, van de Kar B, Gulrajani M, van Lith B, et al. Acalabrutinib (ACP-196): A
Covalent Bruton Tyrosine Kinase Inhibitor with a Differentiated Selectivity and In Vivo Potency
Profile. J Pharmacol Exp Ther. 2017;363(2):240-52.

65.Guo Y, Liu Y, Hu N, Yu D, Zhou C, Shi G, et al. Discovery of Zanubrutinib (BGB-3111), a Novel,
Potent, and Selective Covalent Inhibitor of Bruton's Tyrosine Kinase. J Med Chem.
2019;62(17):7923-40.

66. Byrd JC, Brown JR, O'Brien S, Barrientos JC, Kay NE, Reddy NM, et al. lbrutinib versus
ofatumumab in previously treated chronic lymphoid leukemia. N Engl J Med. 2014;371(3):213-23.

67. Munir T, Brown JR, O'Brien S, Barrientos JC, Barr PM, Reddy NM, et al. Final analysis from
RESONATE: Up to six years of follow-up on ibrutinib in patients with previously treated chronic
lymphocytic leukemia or small lymphocytic lymphoma. Am J Hematol. 2019;94(12):1353-63.

68. Burger JA, Tedeschi A, Barr PM, Robak T, Owen C, Ghia P, et al. Ibrutinib as Initial Therapy for
Patients with Chronic Lymphocytic Leukemia. N Engl J Med. 2015;373(25):2425-37.

69. Burger JA, Barr PM, Robak T, Owen C, Tedeschi A, Sarma A, et al. Final analysis of the
RESONATE-2 study: up to 10 years of follow-up of first-line ibrutinib treatment for CLL/SLL.
Blood. 2025;146(18):2168-76.

70. Woyach JA, Ruppert AS, Heerema NA, Zhao W, Booth AM, Ding W, et al. lbrutinib Regimens
versus Chemoimmunotherapy in Older Patients with Untreated CLL. N Engl J Med.
2018;379(26):2517-28.

71.Woyach JA, Perez Burbano G, Ruppert AS, Miller C, Heerema NA, Zhao W, et al. Follow-up from
the A041202 study shows continued efficacy of ibrutinib regimens for older adults with CLL.
Blood. 2024;143(16):1616-27.

72. Shanafelt TD, Wang XV, Kay NE, Hanson CA, O'Brien S, Barrientos J, et al. Ibrutinib-Rituximab

or Chemoimmunotherapy for Chronic Lymphocytic Leukemia. N Engl J Med. 2019;381(5):432-
43.

44



73. Shanafelt TD, Wang XV, Hanson CA, Paietta EM, O’'Brien S, Barrientos J, et al. Long-term
outcomes for ibrutinib—rituximab and chemoimmunotherapy in CLL: updated results of the
E1912 trial. Blood. 2022,140(2):112-20.

74. Hillmen P, Pitchford A, Bloor A, Broom A, Young M, Kennedy B, et al. Ibrutinib and rituximab
versus fludarabine, cyclophosphamide, and rituximab for patients with previously untreated
chronic lymphocytic leukaemia (FLAIR): interim analysis of a multicentre, open-label,
randomised, phase 3 trial. Lancet Oncol. 2023;24(5):535-52.

75. Sharman JP, Egyed M, Jurczak W, Skarbnik A, Pagel JM, Flinn IW, et al. Acalabrutinib with or
without obinutuzumab versus chlorambucil and obinutuzmab for treatment-naive chronic
lymphocytic leukaemia (ELEVATE TN): a randomised, controlled, phase 3 trial. Lancet.
2020;395(10232):1278-91.

76. Sharman JP, Egyed M, Jurczak W, Skarbnik A, Patel K, Flinn IW, et al. Acalabrutinib-
obinutuzumab improves survival vs chemoimmunotherapy in treatment-naive CLL in the 6-
year follow-up of ELEVATE-TN. Blood. 2025;146(11):1276-85.

77. Ghia P, Pluta A, Wach M, Lysak D, Kozak T, Simkovic M, et al. ASCEND: Phase Ill, Randomized
Trial of Acalabrutinib Versus Idelalisib Plus Rituximab or Bendamustine Plus Rituximab in
Relapsed or Refractory Chronic Lymphocytic Leukemia. J Clin Oncol. 2020;38(25):2849-61.

78. Ghia P, Pluta A, Wach M, Lysak D, Simkovié M, Kriachok |, et al. Acalabrutinib Versus
Investigator's Choice in Relapsed/Refractory Chronic Lymphocytic Leukemia: Final ASCEND
Trial Results. Hemasphere. 2022;6(12):e801.

79. Byrd JC, Hillmen P, Ghia P, Kater AP, Chanan-Khan A, Furman RR, et al. Acalabrutinib Versus
Ibrutinib in Previously Treated Chronic Lymphocytic Leukemia: Results of the First Randomized
Phase Ill Trial. J Clin Oncol. 2021:Jc02101210.

80. Shadman M, Munir T, Robak T, Brown JR, Kahl BS, Ghia P, et al. Zanubrutinib Versus
Bendamustine and Rituximab in Patients With Treatment-Naive Chronic Lymphocytic
Leukemia/Small Lymphocytic Lymphoma: Median 5-Year Follow-Up of SEQUOIA. J Clin Oncol.
2025;43(7):780-7.

81.Brown JR, Eichhorst B, Hillmen P, Jurczak W, KaZmierczak M, Lamanna N, et al. Zanubrutinib or
Ibrutinib in Relapsed or Refractory Chronic Lymphocytic Leukemia. N Engl J Med.
2023;388(4):319-32.

82. Brown JR, Eichhorst B, Lamanna N, O'Brien SM, Tam CS, Qiu L, et al. Sustained benefit of
zanubrutinib vs ibrutinib in patients with R/R CLL/SLL: final comparative analysis of ALPINE.
Blood. 2024;144(26):2706-17.

83. Barr PM, Tedeschi A, Wierda WG, Allan JN, Ghia P, Vallisa D, et al. Effective Tumor Debulking
with lbrutinib Before Initiation of Venetoclax: Results from the CAPTIVATE Minimal Residual
Disease and Fixed-Duration Cohorts. Clin Cancer Res. 2022;28(20):4385-91.

84. Niemann CU, Munir T, Moreno C, Owen C, Follows GA, Benjamini O, et al. Fixed-duration
ibrutinib-venetoclax versus chlorambucil-obinutuzumab in previously untreated chronic
lymphocytic leukaemia (GLOW): 4-year follow-up from a multicentre, open-label, randomised,
phase 3 trial. Lancet Oncol. 2023;24(12):1423-33.

85. Tam CS, Allan JN, Siddiqi T, Kipps TJ, Jacobs R, Opat S, et al. Fixed-duration ibrutinib plus

venetoclax for first-line treatment of CLL: primary analysis of the CAPTIVATE FD cohort. Blood.
2022;139(22):3278-89.

45



86. Barr PM, Allan JN, Siddigi T, Wierda WG, Tam CSL, Moreno CD, et al. Fixed-duration ibrutinib
+ venetoclax for first-line treatment of chronic lymphocytic leukemia (CLL)/small lymphocytic
lymphoma (SLL): 4-y follow-up from the FD cohort of the phase 2 CAPTIVATE study. J Clin
Oncol. 2023;41(16 _suppl):7535-.

87. Munir T, Girvan S, Muli A, Cairns D, Allsup D, Bloor A, et al. Ibrutinib plus rituximab leads to
superior progression-free and overall survival to FCR in previously untreated CLL: Results of the
Phase Il NCRI FLAIR trial. Blood. 2025;146(Supplement 1):2128-.

88. Brown JR, Seymour JF, Jurczak W, Aw A, Wach M, llles A, et al. Fixed-Duration Acalabrutinib
Combinations in Untreated Chronic Lymphocytic Leukemia. N Engl J Med. 2025;392(8):748-62.

89. Huber H, Tausch E, Schneider C, Edenhofer S, von Tresckow J, Robrecht S, et al. Final
analysis of the CLL2-GlIVe trial: obinutuzumab, ibrutinib, and venetoclax for untreated CLL with
del(17p)/TP53mut. Blood. 2023;142(11):961-72.

90. Davids MS, Ryan CE, Lampson BL, Ren Y, Tyekucheva S, Fernandes SM, et al. Phase Il Study
of Acalabrutinib, Venetoclax, and Obinutuzumab in a Treatment-Naive Chronic Lymphocytic
Leukemia Population Enriched for High-Risk Disease. J Clin Oncol. 2025;43(7):788-99.

91.Mauro FR, Allsup D, Molica S. Beyond mechanisms: toward patient-centered choices in BTKi-
venetoclax fixed-duration therapy for CLL. Leukemia. 2026.

92. Ghia P, Wierda WG, Barr PM, Kipps TJ, Siddiqi T, Allan JN, et al. Relapse after First-Line Fixed
Duration lbrutinib + Venetoclax: High Response Rates to Ibrutinib Retreatment and Absence of
BTK Mutations in Patients with Chronic Lymphocytic Leukemia (CLL)/Small Lymphocytic
Lymphoma (SLL) with up to 5 Years of Follow-up in the Phase 2 Captivate Study. Blood.
2023;142(Supplement 1):633-.

93. Seymour JF, Byrd JC, Ghia P, Kater AP, Chanan-Khan A, Furman RR, et al. Detailed safety
profile of acalabrutinib vs ibrutinib in previously treated chronic lymphocytic leukemia in the
ELEVATE-RR trial. Blood. 2023;142(8):687-99.

94. Xiao L, Salem JE, Clauss S, Hanley A, Bapat A, Hulsmans M, et al. Ibrutinib-Mediated Atrial
Fibrillation Attributable to Inhibition of C-Terminal Src Kinase. Circulation. 2020;142(25):2443-
55.

95. Levade M, David E, Garcia C, Laurent PA, Cadot S, Michallet AS, et al. Ibrutinib treatment
affects collagen and von Willebrand factor-dependent platelet functions. Blood.
2014;124(26):3991-5.

96. Dubovsky JA, Beckwith KA, Natarajan G, Woyach JA, Jaglowski S, Zhong Y, et al. Ibrutinib is
an irreversible molecular inhibitor of ITK driving a Thl-selective pressure in T lymphocytes.
Blood. 2013;122(15):2539-49.

97. Woyach JA, Furman RR, Liu TM, Ozer HG, Zapatka M, Ruppert AS, et al. Resistance
mechanisms for the Bruton's tyrosine kinase inhibitor ibrutinib. N Engl J Med.
2014;370(24):2286-94.

98. Ahn IE, Underbayev C, Albitar A, Herman SE, Tian X, Maric |, et al. Clonal evolution leading to
ibrutinib resistance in chronic lymphocytic leukemia. Blood. 2017;129(11):1469-79.

99. Woyach JA, Jones D, Jurczak W, Robak T, llés A, Kater AP, et al. Mutational profile in

previously treated patients with chronic lymphocytic leukemia progression on acalabrutinib or
ibrutinib. Blood. 2024;144(10):1061-8.

46



100. Bonfiglio S, Sutton LA, Ljungstrom V, Capasso A, Pandzic T, Westrom S, et al. BTK and
PLCG2 remain unmutated in one-third of patients with CLL relapsing on ibrutinib. Blood Adv.
2023;7(12):2794-806.

101. Jain N, Croner LJ, Allan JN, Siddiqi T, Tedeschi A, Badoux XC, et al. Absence of BTK, BCL2, and
PLCG2 Mutations in Chronic Lymphocytic Leukemia Relapsing after First-Line Treatment with
Fixed-Duration Ibrutinib plus Venetoclax. Clin Cancer Res. 2024;30(3):498-505.

102. Berglof A, Hamasy A, Meinke S, Palma M, Krstic A, Mansson R, et al. Targets for Ibrutinib
Beyond B Cell Malignancies. Scand J Immunol. 2015;82(3):208-17.

103. Long M, Beckwith K, Do P, Mundy BL, Gordon A, Lehman AM, et al. Ibrutinib treatment
improves T cell number and function in CLL patients. J Clin Invest. 2017;127(8):3052-64.

104. Niemann CU, Herman SE, Maric |, Gomez-Rodriguez J, Biancotto A, Chang BY, et al.
Disruption of in vivo Chronic Lymphocytic Leukemia Tumor-Microenvironment Interactions by
Ibrutinib--Findings from an Investigator-Initiated Phase Il Study. Clin Cancer Res.
2016;22(7):1572-82.

105. Solman IG, Blum LK, Burger JA, Kipps TJ, Dean JP, James DF, et al. Impact of long-term
ibrutinib treatment on circulating immune cells in previously untreated chronic lymphocytic
leukemia. Leuk Res. 2021;,102:106520.

106. Mulder TA, Pefia-Pérez L, Berglof A, Meinke S, Estupifian HY, Heimersson K, et al. Ibrutinib
Has Time-dependent On- and Off-target Effects on Plasma Biomarkers and Immune Cells in
Chronic Lymphocytic Leukemia. Hemasphere. 2021;5(5).e564.

107. Burger JA, Sivina M, Jain N, Kim E, Kadia T, Estrov Z, et al. Randomized trial of ibrutinib vs
ibrutinib plus rituximab in patients with chronic lymphocytic leukemia. Blood. 2019;133(10):1011-
9.

108. Pleyer C, Sun C, Desai S, Ahn IE, Tian X, Nierman P, et al. Reconstitution of humoral
immunity and decreased risk of infections in patients with chronic lymphocytic leukemia
treated with Bruton tyrosine kinase inhibitors. Leuk Lymphoma. 2020;61(10):2375-82.

109. Zou YX, Zhu HY, Li XT, Xia Y, Miao KR, Zhao SS, et al. The impacts of zanubrutinib on immune
cells in patients with chronic lymphocytic leukemia/small lymphocytic lymphoma. Hematol
Oncol. 2019;37(4):392-400.

110.Yin Q, Sivina M, Robins H, Yusko E, Vignali M, O'Brien S, et al. lbrutinib Therapy Increases T
Cell Repertoire Diversity in Patients with Chronic Lymphocytic Leukemia. J Immunol.
2017,198(4):1740-7.

111.Mato AR, Woyach JA, Brown JR, Ghia P, Patel K, Eyre TA, et al. Pirtobrutinib after a Covalent
BTK Inhibitor in Chronic Lymphocytic Leukemia. N Engl J Med. 2023;389(1):33-44.

N2. Sharman JP, Munir T, Grosicki S, Roeker LE, Burke JM, Chen Cl|, et al. Phase Il Trial of
Pirtobrutinib Versus Idelalisib/Rituximab or Bendamustine/Rituximab in Covalent Bruton
Tyrosine Kinase Inhibitor-Pretreated Chronic Lymphocytic Leukemia/Small Lymphocytic
Lymphoma (BRUIN CLL-321). J Clin Oncol. 2025;43(22):2538-49.

113. Ahn |, Parrondo R, Thompson M, Frustaci A, Allan J, Ghia P, et al. Updated efficacy and safety
results of the Bruton tyrosine kinase (BTK) degrader BGB-16673 in patients with
relapsed/refractory chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL)
from the ongoing phase 1 CaDAnCe-101 study. Blood. 2025;146(Supplement 1):85-.

47



114. Omer Z, Danilov A, Forconi F, Munir T, Gleeson M, Shah N, et al. Bexobrutideg (NX-5948), a
novel Bruton's tyrosine kinase (BTK) degrader, demonstrates rapid and durable clinical
responses in Relapsed/Refractory chronic lymphocytic leukemia (CLL): New and updated
findings from an ongoing Phase 1a/b trial. Blood. 2025;146(Supplement 1):86-.

115. Cuneo A, Rigolin GM, Coscia M, Quaresmini G, Scarfd L, Mauro FR, et al. Management of
chronic lymphocytic leukemia in Italy during a one year of the COVID-19 pandemic and at the
start of the vaccination program. A Campus CLL report. Hematol Oncol. 2021;39(4):570-4.

116. Mato AR, Roeker LE, Lamanna N, Allan JN, Leslie L, Pagel JM, et al. Outcomes of COVID-19 in
patients with CLL: a multicenter international experience. Blood. 2020;136(10):1134-43.

117. Roeker LE, Eyre TA, Thompson MC, Lamanna N, Coltoff AR, Davids MS, et al. COVID-19 in
patients with CLL: improved survival outcomes and update on management strategies. Blood.
2021;138(18):1768-73.

118. Herishanu Y, Avivi |, Aharon A, Shefer G, Levi S, Bronstein Y, et al. Efficacy of the BNT162b2
mRNA COVID-19 vaccine in patients with chronic lymphocytic leukemia. Blood.
2021,137(23):3165-73.

119. Chen P, Bergman P, Blennow O, Hansson L, Mielke S, Nowak P, et al. Real-world assessment
of immunogenicity in immunocompromised individuals following SARS-CoV-2 mRNA
vaccination: a one-year follow-up of the prospective clinical trial COVAXID. EBioMedicine.
2023;94:104700.

120. Blixt L, Wullimann D, Aleman S, Lundin J, Chen P, Gao Y, et al. T-cell immune responses
following vaccination with mRNA BNT162b2 against SARS-CoV-2 in patients with chronic
lymphocytic leukemia: results from a prospective open-label clinical trial. Haematologica.
2022;107(4):1000-3.

121. Blixt L, Gao Y, Wullimann D, Murén Ingelman-Sundberg H, Muschiol S, Healy K, et al. Hybrid
immunity in immunocompromised patients with CLL after SARS-CoV-2 infection followed by
booster mRNA vaccination. Blood. 2022;140(22):2403-7.

122.Mdller TR, Gao Y, Wu J, Ribeiro O, Chen P, Bergman P, et al. Memory T cells effectively
recognize the SARS-CoV-2 hypermutated BA.2.86 variant. Cell Host Microbe. 2024.

123.Byrd JC, Hillmen P, O'Brien S, Barrientos JC, Reddy NM, Coutre S, et al. Long-term follow-up
of the RESONATE phase 3 trial of ibrutinib vs ofatumumab. Blood. 2019;133(19):2031-42.

124.Burger JA, Barr PM, Robak T, Owen C, Ghia P, Tedeschi A, et al. Long-term efficacy and
safety of first-line ibrutinib treatment for patients with CLL/SLL: 5 years of follow-up from the
phase 3 RESONATE-2 study. Leukemia. 2020;34(3):787-98.

125.Al-Sawaf O, Stumpf J, Zhang C, Simon F, Bosch F, Feyzi E, et al. Fixed-Duration versus
Continuous Treatment for Chronic Lymphocytic Leukemia. N Engl J Med. 2026;394(11):1084-96.

126. Cook JA, Patten PEM, Peckham N, Moss P, Phillips N, Abhishek A, et al. A 3-week pause
versus continued Bruton tyrosine kinase inhibitor use during COVID-19 vaccination in
individuals with chronic lymphocytic leukaemia (IMPROVE trial): a randomised, open-label,
superiority trial. Lancet Haematol. 2025;12(4).e294-e303.

48



