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Abstract

Patients with chronic lymphocytic leukemia (CLL) are at increased
risk of Streptococcus pneumoniae infections due to disease- and treat-
ment-related immune dysfunction. Vaccine responses are often im-
paired. This thesis evaluates the immune response to primary im-
munization with pneumococcal conjugate vaccine (PCV) versus
pneumococcal polysaccharide vaccine (PPSV), long-term antibody
persistence and the effect of revaccination in CLL patients.

Study I was a randomized trial in treatment-naive CLL patients com-
paring PCV and PPSV, demonstrating that PCV elicits an enhanced
immune response.

Study II was a prospective study evaluating B-cell subsets and plas-
mablast dynamics before and after revaccination. It showed that re-
peated revaccinations with PCV in CLL patients improves early hu-
moral response.

Study III assessed antibody persistence 5 years after primary immun-
ization and response to revaccination, showing that CLL patients
have poor long-term antibody persistence, but that revaccination
with PCV enhances immunity.

Study IV examined the impact of two analytical methods, multiplex
immunoassay (MIA) and enzyme immunoassay (EIA), on serotype-
specific IgG measurements and demonstrated their influence on vac-
cine response interpretation in CLL patients.

The findings in this thesis emphasize the importance of pneumococ-
cal conjugate vaccines in CLL patients and suggest a need for revac-

cination to maintain protection against severe pneumococcal disease.

Keywords: chronic lymphocytic leukemia, secondary immunodefi-
ciency, vaccine response, pneumococcal polysaccharide vaccine,

pneumococcal conjugate vaccine, pneumococcal revaccination
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Introduction

Chronic lymphocytic leukemia

CLL biology

Chronic lymphocytic leukemia (CLL) is a malignant B-lymphocyte
disorder. With an incidence of 4-5 per 100,000, it is the most com-
mon leukemia in the Western world, typically diagnosed at a median
age of 70 years and nearly twice as common in males (1). Most cases
are asymptomatic and diagnosed as a result of lymphadenopathy or
incidental finding of lymphocytosis. Due to defective apoptosis,
driven by active B-cell receptors (BCRs) and complex interactions
with the microenvironment that provide continuous stimulation and
activation, malignant B cells accumulate in the bone marrow, lymph
nodes, and spleen (2, 3). CLL B-cells are seen as increased lymphocyte
counts in peripheral blood, which can be the only presentation at di-
agnosis. Morphological features associated with CLL are Gumprechts
nuclear shadow (smudge cells) seen in peripheral blood smears (Fig-
ure 1). According to the 2018 International Workshop on CLL
(iwCLL) (4), the diagnosis requires at least 5 x 10’ monoclonal B-
cells/L in peripheral blood, sustained for at least 3 months, with typi-
cal phenotype detected through flow cytometry. CLL cells express the
B-cell marker CD19, usually with weaker expression of CD20. CD5,
CD23, x and A are also needed to establish the diagnosis (5). Smaller
clonal B-cell populations (<5 x 10%), without signs of lymphoprolifera-
tive disorders, are defined as monoclonal B-cell lymphocytosis (MBL).
This can be categorized as either low-count or high-count MBL, based
on whether the B-cell count is above or below 0.5 x 10°/L, with
greater risk of progression to CLL if the count is high (6, 7).
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Figure 1. Morphological features of chronic lymphocytic leukemia (CLL). Left:
Blood smear showing characteristic smudge cells. Right: Histological section of
a lymph node involved by CLL, displaying proliferation centers (pseudofolli-
cles). Images by Dr. Graham Beards and Nephron. Licensed under CC BY-SA
3.0. Source: Wikimedia Commons.

Many individuals are diagnosed at an early asymptomatic stage, and
only approximately 15% of patients require treatment at the time of
diagnosis. Around two thirds develop a need for treatment at some
point during the disease course (4, 8). The heterogenous clinical
course is mainly a result of different genetic alterations in the CLL
cells, which have significance for the prognosis. Staging of a CLL pa-
tient traditionally involves evaluating disease burden through physi-
cal examination and laboratory data, in accordance with the classifica-
tions suggested by Rai (9) or Binet (10). Independent factors
influencing prognosis and treatment response include genetic aberra-
tions such as TP53 status, del(17p), del(11q), trisomy 12, and
del(13q), as well as immunoglobulin heavy chain gene (IGHV) muta-
tion status, clinical stage (Rai or Binet), lymphocyte doubling time,
serum beta-2 microglobulin levels >3.5 mg/L, and age (11-16). The
IGHV mutation status reflects the developmental origin of B-cells,
with mutated IGHV (M-CLL) indicating a population derived from
more mature B-cells. Unmutated IGHV (U-CLL) is characterized by
the absence of somatic hypermutation in the IGHV region genes,
likely originating from naive or marginal zone-like B-cells (17).

IGHV mutation status gives prognostic information early in the
course of the disease. M-CLL occurs in 50-60% of newly diagnosed
patients and is associated with more favorable prognosis than U-CLL,
which has faster progression and shorter remissions after

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 11



chemoimmunotherapy (18, 19). Other genetic aberrations, like muta-
tions in the genes for NOTCHI1 and SF3B1, stereotyped BCR subsets
and complex karyotype, are also independent prognostic factors (20-
22), but less commonly used in clinical practice.

CLL treatment

The iwCLL criteria for initiating treatment in CLL focus on identify-
ing “active disease” (4). Treatment is recommended for patients with
significant disease-related symptoms, i.e., progressive bone marrow
failure, massive splenomegaly and lymphadenopathy, rapid increase
of lymphocytosis, B symptoms, and refractory autoimmune complica-
tions. In the absence of these conditions, a “watch and wait” approach
with regular monitoring is typically advised. One third of CLL pa-
tients never require treatment, and early-stage treatment with chemo-
therapy has not been shown to prolong survival (23). First-line treat-
ment in CLL is selected based on various factors, including genetic
abnormalities such as del(17p), del(11q) and TP53 mutations, as well
as IGHV mutation status (U-CLL or M-CLL).

Chemoimmunotherapy has for many years been the backbone of
CLL treatment, with fludarabine and cyclophosphamide used in
younger, fit patients, and bendamustine preferred for elderly patients
and those with comorbidities. These treatments are combined with
CD20 antibodies. In recent years, so-called targeted therapies have in-
creasingly been incorporated in CLL treatment (24). Targeted ther-
apy, with or without CD20 antibodies, has now replaced chemoim-
munotherapy for the majority of patients in Sweden (25). However,
chemoimmunotherapy may still be a treatment option for patients
with M-CLL who lack other high-risk features.

CD20 antibodies, such as rituximab and obinutuzumab, are essential
in CLL treatment. They act by targeting B-cells for immune-mediated
destruction. Rituximab, a first-generation CD20 antibody, is widely
used with chemotherapy (for instance with fludarabine and cyclo-
phosphamide or with bendamustine) and targeted therapies.
Obinutuzumab, a second-generation, glycoengineered CD20 anti-
body, offers enhanced efficacy through stronger antibody-dependent
cellular cytotoxicity and direct induction of apoptosis (26). It is
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frequently combined with targeted therapies in the frontline setting,
providing a fixed-duration treatment that often achieves deep remis-
sions (27).

Bruton’s tyrosine kinase inhibitors (BTKis) are targeted therapies
for CLL and other B-cell malignancies. By inhibiting Bruton’s tyro-
sine kinase (BTK), a key enzyme in B-cell receptor signaling, they dis-
rupt malignant B-cell survival, proliferation and migration, inducing
apoptosis. BTKis have become an established treatment option in
both frontline and relapse treatment, particularly for high-risk genetic
profiles, due to superior progression-free survival. In patients with
del(17p) or TP53 mutations, continuous BTKi therapy is preferred for
its deep and durable responses (28). However, off-target inhibition of
other kinases may be a problem, especially with first-generation BTKi
such as ibrutinib, as these off-target interactions are associated with
adverse effects. Second-generation inhibitors such as acalabrutinib
and zanubrutinib, which more selectively target BTK, have fewer off-
target effects and consequently improved tolerability (29). New non-
covalently binding BTKis will soon be used in clinical practice,
changing the treatment landscape further.

B-cell lymphoma 2 inhibitors (BCL2is) are a class of targeted thera-
pies, with venetoclax being widely used in clinical practice. These in-
hibitors target the B-cell lymphoma 2 (BCL-2) protein, which is over-
expressed in CLL cells and plays a key role in preventing apoptosis.
By inhibiting BCL-2, these drugs restore the apoptotic process, lead-
ing to the selective death of CLL cells (30). Venetoclax is often used in
combination with anti-CD20 antibodies, providing a fixed-duration
treatment approach (27). This time-limited therapy allows patients to
achieve long-term remission without continuous treatment, reducing
the risk of cumulative toxicity.

PI3K delta inhibitors are a class of targeted therapies that block the
phosphoinositide 3-kinase delta (PI3K8) isoform, which plays a cru-
cial role in BCR signaling. Although approved for clinical use, they
are rarely given due to high risk of immune-related toxicities and in-
creased susceptibility to infections.

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 13



Overview of the immune system

The immune defense against infection can be divided into innate im-
munity and adaptive immunity. Innate immunity provides an imme-
diate, non-specific response to foreign pathogens or tissue damage.
Adaptive immunity, in contrast, develops over time and generates im-
mune memory, allowing for a more targeted and long-lasting re-
sponse. Both immune systems rely on specialized cells and molecules
to recognize and neutralize antigens when needed.

Innate immunity

The innate immune system, present from birth, provides an immedi-
ate, non-specific defense against infections through inflammation,
phagocytosis and complement activation. It recognizes microbial
structures, known as pathogen-associated molecular patterns
(PAMPs), as well as danger signals from injured tissue (DAMPs) (31).
Recognition occurs via pattern recognition receptors, including toll-
like receptors, which activate signaling pathways leading to cytokine
production (e.g., IL-1, TNF, IL-6), triggering immune responses and
recruiting adaptive immune cells (32).

Key immune cells in innate immunity include neutrophils, mono-
cytes, macrophages, dendritic cells, mast cells, and natural killer (NK)
cells. Macrophages and neutrophils play a central role in phagocyto-
sis, engulfing pathogens and killing them using toxic enzymes and ox-
ygen radicals. Opsonization, in which pathogens are coated with anti-
bodies immunoglobulin G (IgG) or complement factors (C3b),
enhances phagocytosis and allows recognition of encapsulated bacte-
ria, like pneumococci, which otherwise evade immune detection (33).

The complement system is a cascade of plasma proteins that supports
phagocytosis, immune cell recruitment, and direct microbial lysis. It
is activated through three pathways: the classical pathway, triggered
by antibody-bound antigens; the lectin-binding pathway, initiated by
mannose-binding lectin (MBL) binding bacterial carbohydrates; and
the alternative pathway, which amplifies the response through C3b
deposition on microbial surfaces (32, 33). A key function of comple-
ment is the formation of the membrane attack complex (MAC),
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which lyses gram-negative bacteria and inactivates viruses. Addition-
ally, complement fragments (C3a, C5a) enhance inflammation by at-
tracting immune cells and increasing vascular permeability.

Natural IgM antibodies are produced without prior antigen exposure
and play a role in innate-like humoral immunity. They are primarily
secreted by B-1 cells (a subset of B lymphocytes), which are located in
the peritoneal and pleural cavities, as well as in the spleen and bone
marrow (34). Unlike adaptive IgM, which is produced after antigen
exposure, natural IgM is poly-reactive, binding to conserved microbial
structures. It plays a role in clearing dying cells, regulating inflamma-
tion, and activating the classical complement pathway.

Encapsulated bacteria such as S. pneumoniae evade immune detection
by inhibiting phagocytosis. In these cases, opsonization with antibod-
ies and complement factors is essential for effective immune clear-
ance. Patients with antibody or complement deficiencies are at in-
creased risk for severe pneumococcal infections, highlighting the
importance of vaccination strategies targeting pneumococcal immun-

lty.

Adaptive immunity

The adaptive immune system, unlike innate immunity, develops over
time and provides specific and long-lasting protection through T and
B lymphocytes. These cells possess unique antigen receptors that ena-
ble them to recognize and respond to pathogens with high specificity.
A key feature of adaptive immunity is immune memory, where a por-
tion of activated lymphocytes become memory cells, allowing for a
faster and stronger response upon re-exposure to the same antigen.

T cells mature in the thymus and are activated when antigens are pre-
sented by major histocompatibility complex (MHC) molecules. CD4+
T helper (Th) cells coordinate immune responses by releasing cyto-
kines, activating macrophages, B cells, and cytotoxic CD8+ T cells.
CD8+ cytotoxic T cells kill virus-infected and malignant cells by in-
ducing apoptosis through perforins and granzymes. T-cell subsets
such as Th1, Th2, and Th17 specialize in different immune responses,
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while regulatory T cells (Tregs) prevent excessive immune activation
and autoimmunity (32).

B-cell activation occurs when the B-cell receptor (BCR) binds to its
specific antigen. Membrane-bound immunoglobulins (BCRs) and sol-
uble antibodies share the same basic Y-shaped structure, composed of
two heavy chains and two light chains (Figure 2). The variable regions
at the tips of the Y provide antigen specificity, while the constant re-
gion of the heavy chain determines the antibody class and its effector
functions (35). BCRs possess a transmembrane domain that anchors
them to the B-cell surface, whereas soluble antibodies are secreted and
circulate freely in the bloodstream.

Antigen-binding
it

Warizble r:gion
L.igh't chain

Caonztant r\:Eion

Hea\.':,' chain

Figure 2. Basic structure of an immunoglobulin molecule, composed of two
heavy chains and two light chains forming a Y-shaped configuration.

The BCR is associated with the signaling molecules Iga (CD79a) and
IgB (CD79b), which transduce activation signals upon antigen bind-
ing (32). Naive B-cells primarily express IgM and IgD, but after class
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switching, they can produce IgG (for opsonization and complement
activation), IgA (for mucosal defense), or IgE (for allergic and antipar-
asitic responses). IgD regulates the BCR signaling and is involved in
the transition from naive to antigen-experienced B-cells (32). IgM is
the first immunoglobulin produced in response to infection and is
particularly important in defense against pneumococci as it enhances
opsonization and complement activation (31).

In T-cell-dependent responses, an antigen presenting cell (APC), that
has digested an antigen, is displaying an antigen fragment via MHC
class I molecules which activates the T cell receptor (TCR). T cells se-
crete cytokines with further regulates the immune response. This in-
teraction promotes B-cell proliferation, differentiation, and the germi-
nal center reaction, a process for antibody maturation and memory
formation (Figure 3)(36). The germinal center, located in secondary
lymphoid organs (e.g., lymph nodes and spleen), consists of a dark
zone where B-cells (centroblasts) undergo somatic hypermutation, in-
troducing genetic changes to enhance antigen affinity, and a light
zone, where B-cells (now centrocytes) interact with follicular den-
dritic cells. Only those with high-affinity BCRs survive, while lower-
affinity clones undergo apoptosis. This ensures the selection of highly
effective antibody-producing B-cells. In the germinal center, class-
switch recombination allows B-cells to switch antibody classes while
maintaining antigen specificity. This process is regulated by cytokines
from Tfh cells (37). In contrast, T-cell-independent responses occur
when repetitive antigens, such as bacterial polysaccharides, directly
activate B-cells, leading to rapid IgM production but no memory for-
mation.

Many B-cells enter the germinal center reaction, and some differenti-
ate into plasmablasts, which serve as an early source of antibodies but
have a short lifespan (Figure 3). Plasmablasts are short-lived, rapidly
proliferating cells that secrete antibodies without undergoing exten-
sive affinity maturation (38). They arise quickly after antigen exposure
and produce IgM or, in some cases, IgG. Plasma cells, in contrast, are
terminally differentiated B-cells. They arise from the germinal center
reaction but migrate to the bone marrow and secrete high-affinity an-
tibodies continuously, contributing to long-term immunity.

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 17
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Figure 3. Dynamics of B cells in the germinal center reaction. Reproduced from
De Silva et al., Nature Reviews Immunology, open access under a Creative
Commons license (36).
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Immune dysfunction in CLL

Most CLL patients are asymptomatic at diagnosis, but some present
with recurrent infections already early in the disease course. All CLL
patients are considered to have some degree of immunodeficiency.
The immune dysfunction includes both the effect of the leukemic
cells on the immune system, leading to humoral and cellular dysfunc-
tion, and the impact of CLL-specific treatment.

Disease-related immune dysfunction

Immune dysfunction is seen from the early stages of the disease and
usually worsens with disease progression (39-42). Patients with MBL
already exhibit immune defects and infectious complications are com-
mon (6, 43-46). This state of secondary immunodeficiency caused by
the lymphoproliferative disease involves both qualitative and quanti-
tative defects of the adaptive and innate immune system, which result
in abnormal cellular and humoral-mediated responses (Figure 4).

The CLL tumor microenvironment refers to the dynamic and com-
plex network of immune cells, stromal elements, signaling molecules
and extracellular matrix components that surround CLL cells. This
microenvironment promotes leukemic cell survival and proliferation
while simultaneously impairing both innate and adaptive immune re-
sponses (47). For example, interactions between CLL cells and nurse-
like cells or Tregs promote the secretion of IL-10 and other immuno-
suppressive cytokines, leading to both immunosuppression and tu-
mor proliferation (48).

Hypogammaglobulinemia is observed in approximately 25% of newly
diagnosed CLL patients and typically worsens over time, ultimately
affecting up to 85% of all CLL patients (49-51). Lower immunoglobu-
lin levels correlate with an increased risk of infections, with IgG sub-
classes, particularly IgG3 and IgG4, being the most affected (52). This
likely contributes to increased susceptibility to bacterial infections, as
these subclasses play a key role in opsonization and complement acti-
vation. Hypogammaglobulinemia reflects decreased survival and
function of plasma cells and is also a consequence of the reduced
number of normal, non-CLL B-cells, along with dysregulation of both
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regulatory T- and B-cells. Additionally, an inadequate B-cell response
to interleukin 2 (IL-2) impairs differentiation and antibody produc-
tion, further compromising immune function (41, 47).

Alterations in the innate immune system, seen in most patients at di-
agnosis, cause defects in neutrophils and NK cells and impaired com-
plement system with reduced levels of complement proteins (40). The
complement system is primarily a first-line defense mechanism
within innate immunity and almost 40% of CLL patients present
with decreased levels of some complement proteins and activity, in
particular C3b, which has an impact on protection against bacterial
infections (40). Additionally, defects in activation, binding, and ex-
pression of cell surface complement receptors 1 and 2 is seen, which
affects immune regulation, complement system activation, and partic-
ularly B-cell responses and clearance of immune complexes (40, 47).
Monocytes and NK cells seem to be increased in number in CLL but
usually have several functional defects, e.g. in cytotoxic activity (53).
Dendritic cells have impaired maturation with reduced ability for IL-
12 release, leading to ineffective T-cell stimulation and response (54).
Neutrophils show impaired bactericidal activity and reduced C5A-in-
duced chemotaxis (55).

T-cells in CLL show defects in activation, proliferation, and cytotoxic
function (56-58). In early disease stages, T-cell numbers are often ele-
vated but the cells are functionally impaired. As the disease pro-
gresses, T-cells accumulate further and exhibit increasing signs of ex-
haustion. CLL cells actively drive this immune dysfunction through
the expression of cytotoxic surface molecules and extracellular media-
tors, which suppress T-cell proliferation and function. Upregulation
of inhibitory receptors, such as PD-1, CTLA-4, TIM-3 and LAG-3, con-
tributes to impaired cytotoxicity and diminished T-cell activation (39,
47, 51, 59). Additionally, T-cells in CLL patients have defective immu-
nological synapse formation, failing to form proper immune synapses
with APCs. T-cell subpopulation imbalances are also observed, in-
cluding an altered CD4+/CD8+ ratio, with an increased proportion of
circulating CD8+ cells (with reduced cytotoxic capacity) (58). CLL
cells also exert direct inhibitory effects on CD4+ Th, further contrib-
uting to immune dysfunction.
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Tregs are elevated in CLL and exert immunosuppressive effects on
CD4+, CD8+, and NK cells. Studies suggest that CLL progression is
associated with Treg expansion and Th17 downregulation, whereas
increased Th17 cell numbers in peripheral blood correlate with a
more favorable prognosis (60-64), highlighting the relevance of these
subpopulations. Furthermore, the Treg/Th17 imbalance has been im-
plicated in the development of autoimmune cytopenia and is sug-
gested as a potential prognostic marker in CLL (60).
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Figure 4. Disease-related immune dysfunction in chronic lymphocytic
leukemia.
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Treatment-related immune dysfunction

The immunosuppressive effects of various treatment modalities such
as chemotherapy or new targeted therapies, with or without CD20 an-
tibodies, can further increase infectious complications (51, 65). How-
ever, a partial restoration of immune function is also observed during
or after treatment, as a consequence of reduced tumor burden.

Chemotherapy with alkylating agents (mainly cyclophosphamide,
bendamustine or chlorambucil) are associated with myelosuppression
and an increased risk of bacterial infections. Purine analogs (fludara-
bin) interfere with DNA synthesis, leading to a depletion of CD4+ T-
cells and decreasing B-cells and monocytes, also increasing the risk of
opportunistic infections with viral and mycotic agents (66).

When CD20 antibodies were introduced as a standard of therapy, a
significant survival benefit for CLL patients was seen in combination
with chemotherapy (67). However, anti-CD20 antibodies bind to
CD20 on B-cells, inducing apoptosis and prolonged B-cell depletion,
which can persist for up to 24 months and contribute to long-lasting
immunosuppression (68). Also, obinutuzumab has been shown to in-
duce depletion of NK cells and reduction of both CD4+ and CD8+ T-
cells (69).

BTK is crucial for BCR signaling, supporting malignant B-cell sur-
vival. Although BTKis effectively disrupt tumor growth, they also im-
pair normal B-cell function and affect various hematopoietic cells, in-
cluding macrophages, granulocytes, and mast cells. BTK is involved
in multiple immune pathways, such as Toll-like receptor, chemokine
receptor and Fc receptor signaling pathways, contributing to broader
immune modulation (70). BTKis also exert off-target effects, particu-
larly on IL-2-inducible T-cell kinase (ITK), which plays a key role in
T-cell activation through T-cell receptor signaling. ITK inhibition
weakens Th2 responses and reduces cytokine production, which is
more pronounced with first-generation BTKi and may explain the
higher risk of opportunistic infections seen (71). Second-generation
BTKis are more selective and exhibit reduced ITK inhibition (72).
Both first- and second-generation BTKis impair monocyte and macro-
phage function, reducing phagocytosis and inflammatory cytokine
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secretion, which also contributes to susceptibility to invasive fungal
infections (73-75).

Despite these immunosuppressive effects, BTKis can also enhance T-
cell function by increasing the T-cell repertoire diversity and reconsti-
tution, which is mainly seen after long-term treatment (76-78). When
CLL cells are depleted, their immunosuppressive effects on other im-
mune cells decrease, potentially restoring the immune balance. Re-
search has also shown that BTKis can reduce T-cell exhaustion, im-
prove activation, repair immune synapse formation, and shift the
immune profile toward a Th1 response, enhancing anti-tumor im-
munity (72, 77, 79). During treatment, T-cell counts initially rise, pos-
sibly due to treatment-induced lymphocytosis, but then gradually de-
cline (76).

Early reports on the immunomodulatory effects of first-generation
BTKis suggested an initial increase in immunoglobulin levels in pa-
tients treated with ibrutinib, though a decline was observed over time
(72, 80). Also, the absolute number of non-CLL B-cells remained low
during BTKi treatment as compared with in healthy individuals.
These negative effects of BTKis on normal B cell function may also
contribute to a weaker vaccine response.

The BCL2i venetoclax is used as monotherapy or in combination
with CD20 antibodies. In CLL patients treated with venetoclax, 32—
58% were found to develop severe (common toxicity criteria grade 3—
4) neutropenia in a range of studies, especially early during treatment
(81-83). The mechanism for venetoclax-induced neutropenia seems to
be the increased BCL2 expression in neutrophil precursors, triggering
apoptosis (83). The effects of venetoclax on non-leukemic cells in
lymph nodes and peripheral blood have also been described, showing
immune recovery after the elimination of leukemic cells (84).

Combination therapy with BCL2is and BTKis is emerging as a time-
limited treatment option and analysis of immune cell subsets from
treatment studies shows restoration of immune function, as observed
after single-agent BTKi, but with faster kinetics (85, 86).
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Infectious complications in CLL

Due to the previously described immunodeficiencies, CLL patients
have increased susceptibility to bacterial, viral, and fungal infections
and remain a major cause of morbidity and mortality in this popula-
tion.

Infection risk, types of infection and prevention

It is estimated that around 80% of CLL patients encounter infections
during the disease course (65, 87) and that the mortality rate due to
infections ranges from 30-60% (88, 89). Although the risk of infec-
tion increases with disease progression and CLL-specific treatment,
one study demonstrated that infections are common even before ther-
apy is initiated, with 31% of patients experiencing at least one infec-
tion prior to treatment (90). Risk factors of infectious episode in-
cluded older age, male sex, advanced disease stage (Binet), elevated p2-
microglobulin, and unmutated IGHV. Immunoglobulin deficiencies,
particularly low IgA levels, were strongly linked to infection risk. Ad-
ditionally, CLL patients who experience infections seem to have
lower overall survival (91, 92). Interestingly, increased risk of infec-
tions is already seen in MBL patients (93).

Bacterial infections originating from skin or mucosal surfaces are a
major cause of infections in CLL. Respiratory tract infections caused
by Streptococcus pneumoniae (pneumococci) are frequent, while other
common pathogens include Staphylococcus aureus, Haemophilus influ-
enzae, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeru-
ginosa (87,94, 95). An increased risk of invasive pneumococcal disease
(IPD) has been reported, with a 29- to 36-fold higher incidence com-
pared to the general population (96-100).

Viral infections, including influenza, herpes simplex virus, varicella-
zoster virus and cytomegalovirus, are also prevalent, especially in re-
lapsed/refractory (R/R) CLL. Opportunistic infections, including fun-
gal infections, are also a concern in RR/ CLL and prophylactic ther-
apy varies depending on treatment regimen and additional risk
factors (101). Furthermore, the COVID-19 pandemic underscored
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that CLL patients were a particularly high-risk group for developing
severe disease with increased mortality (66, 102, 103).

The increased infection risk is multifactorial and, as mentioned previ-
ously, relates to immune dysregulation due to advanced-stage disease
or treatment, but also to age and comorbidities (40, 65, 87, 104, 105).
Fludarabine based regimen with their strong T-cell suppressive effect
increases the risk for opportunistic infections (106). Infections do
however still remain a concern in patients with CLL receiving tar-
geted agents (65, 107-109). For patients receiving first-line therapy
with BTKis, infection rates range between 11.4% and 27.4%, coming
close to 30% in relapsed/refractory patients. A slightly increased rate
of invasive fungal infections (but still <3%) during BTKi treatment
has been reported (71, 73, 74). Fixed-duration venetoclax-based treat-
ments show variable rates, with maximum values around 20% (107).

Preventive measures, such as immunoglobulin replacement and vac-
cination, can reduce the risk of infections in patients with hematolog-
ical malignancies, but prophylactic antibiotics do not (110). Preven-
tive measures vary across guidelines depending on population and
treatment regimen (101). High-quality studies on CLL patients re-
garding immunoglobulin replacement are lacking. CLL patients ex-
hibit a reduced response to most studied vaccines, with the impair-
ment becoming more pronounced in advanced disease stages, during
active treatment, or within 6-12 months following CD20 antibody
therapy (68, 111-115). Immunoglobulin replacement therapy may be
considered in patients with low IgG levels in combination with severe
bacterial infections, recurrent antibiotic-requiring respiratory infec-
tions or poor resolution despite adequate antibiotic treatment (116).
Reduced immunoglobulin levels are commonly observed following
CD20 antibody therapy, and in such cases, substitution may also be
considered if the deficiency is deemed clinically significant (117).
However, no preventive measures seem to reduce all-cause mortality
(110).
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Pneumococcal infections

There are over 100 serotypes of S. pneumoniae, but only a few fre-
quently cause IPD. The distribution of the serotypes varies by age
group, geographic region, and vaccination status (118). Still, pneumo-
coccal disease is the leading source of infection-caused mortality in
the world (119). The cell walls of pneumococci contain a thick pepti-
doglycan layer (characteristic of Gram-positive bacteria), teichoic ac-
ids, cell wall polysaccharides and surface proteins, all of which con-
tribute to bacterial structure, immune modulation and virulence. In
addition, pneumococci are surrounded by a polysaccharide capsule,
considered their major virulence factor, which protects the bacteria
from phagocytosis and enhances their ability to evade host immune
responses (120). Surface-associated virulence factors such as pneumo-
lysin also contribute to tissue damage and inflammation. The sero-
types are numbered and grouped based on similarities in polysaccha-
ride structures (121). Normally, pneumococci are opsonized by
antibodies and complement, facilitating phagocytosis and removal by
splenic macrophages (33). Patients with impaired splenic function are
therefore particularly vulnerable to pneumococcal infections, as the
spleen plays a crucial role in clearing S. prneumoniae from the blood-
stream.

Historically, before the introduction of routine pneumococcal vac-
cination (in the pre-pneumococcal conjugate vaccine era), the most
dominant serotypes causing IPD were 1, 3, 4, 6B, 9V, 14, 18C, 19F,
and 23F. These serotypes were specifically targeted by the first 7-va-
lent pneumococcal conjugate vaccine (PCV7), which significantly re-
duced their prevalence (118). With the introduction of PCV13, the in-
cidence of vaccine-covered serotypes declined; however, non-vaccine
serotypes began to emerge, a process called serotype replacement. De-
spite PCV13 coverage, serotypes 1, 3, 7F, and 19A remained signifi-
cant contributors to IPD. In a retrospective study, non-PCV13 sero-
types caused the majority of IPD cases in Southwest Sweden in
patients with predisposing factors. However, serotype 3, included in
PCV13, was prevalent and often caused severe disease (122). Newly
emerging serotypes post-PCV13, including 10A, 15A, 22F, 23B, and
33F, are becoming more prevalent. To address these shifts in serotype
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distribution, PCV15 and PCV20 were developed, incorporating addi-
tional serotypes such as 8, 10A, 11A, 15B, 22F, and 33F to provide
broader protection in response to evolving epidemiological trends
(123).

In Sweden, the incidence of IPD was 13.7/100,000 in 2023, with an
increased risk in those aged above 65 years. Of all typed isolates from
2023, only 2.6 percent belonged to serotypes included in PCV10,
compared with 57 percent in 2009 (124). In 2023, 54 percent of the
typed isolates were serotypes covered by PCV15, 71 percent were cov-
ered by PCV20, and 74 percent by the 23-valent pneumococcal poly-
saccharide vaccine (PPSV23).

Pneumococcal vaccines

In an article published in The Lancet 1914, Wright et al. described the
first studies on inoculation of humans using killed pneumococci,
with substantial reduction in cases of pneumonia and deaths among
miners in South Africa (125). In subsequent years, studies led to iden-
tification of capsular polysaccharides and an understanding of how
different strains varied in disease and immunogenicity (126). Two
types of vaccines are today used for immunization against pneumo-
coccal infections: conjugate and polysaccharide vaccines. The capsular
polysaccharides included in them are selected based on their preva-
lence in IPD. New vaccine-strategies are also being explored such as
protein-based vaccines (targeting pneumococcal proteins and thereby
able to induce immune response to all serotypes) and whole-cell
pneumococcal vaccines (123). The Multiple Antigen-Presenting Sys-
tem is a technology combining polysaccharides with protein-based
vaccines. For instance, a 24-valent ASP3772 pneumococcal conjugate
candidate vaccine is being tested in phase I studies (127).

Pneumococcal polysaccharide vaccine, PPSV

A polysaccharide vaccine covering 23 serotypes was introduced in
1983. PPSV23, still marketed and used today, contains purified poly-
saccharides from serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A,
12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F and is admin-
istered as an intramuscular injection. The polysaccharides induce a B-

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 27



cell-dependent (and T-cell-independent) immune reaction, first stimu-
lating the release of IgM (Figure 3) (128). It induces only serotype-spe-
cific antibodies and no memory cells, which leads to limited duration
of vaccine-induced immune response. Polysaccharide vaccines are not
recommended in children under 2 years of age due to their immature
immune systems with decreased ability to respond to B-cell stimulus.
Studies have also shown decreased response in the elderly and a need
for revaccination after approximately 5 years (129). The studies on
PPSV show effects against IPD, but there are no studies confirming
decreased risk of non-invasive disease. In Sweden, PPSV23 is recom-
mended for adults > 65 years without other risk factors for severe
pneumococcal disease. Revaccination with PPSV23 is recommended
after S years (130). Single-dose use of PPSV23 is no longer part of pri-
mary immunization in the Center for Disease Control guidelines
(131).

Pneumococcal conjugate vaccine, PCV

Pneumococcal conjugate vaccines (PCVs) include a protein, CRM197
(a non-toxic variant of diphtheria toxin), conjugated to pneumococcal
capsular polysaccharides. This induces a T-cell-dependent immuno-
logical memory that elicits an improved response in groups with less
effective adaptive immune responses (128). For many years, PCV con-
taining 13 serotypes (PCV13) has been used, and this vaccine was also
used in the studies included in this thesis. It covers serotypes 1, 3, 4, 5,
6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F.

After vaccination, APCs internalize the conjugate vaccine, process the
protein carrier, and present it on MHC class II molecules to Th cells.
This induces cytokine secretion (IL-2, IL-4, IL-21) promoting B-cell ac-
tivation and differentiation (128). This interaction drives class switch-
ing and affinity maturation, leading to the production of high-affinity
IgG antibodies. Memory B-cells are generated, providing long-term
immune protection, allowing a rapid antibody response upon subse-
quent exposure (Figure 3, 5).

PCVs were first approved for infants and are globally recommended
as a routine childhood immunization. PCV also induces a mucosal
immunity thought to inhibit carriage of serotypes in vaccinated
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children, leading to herd protection in the unvaccinated and elderly
(128, 132). PCV13 was approved for adult use in 2011 and was incor-
porated into vaccine recommendations for high-risk groups in Swe-

den in 2016. However, PCV20 has now replaced PCV13 in most cur-

rent guidelines.
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Aspects on revaccination with pneumococcal vaccines

Revaccination with pneumococcal vaccines is an area of debate. It is
suggested that revaccination with PPSV23 within 5-10 years after pri-
mary immunization enhances protection in risk groups (131). But
hyporesponsiveness, i.e., a weakened or diminished immune response
to subsequent doses of a vaccine after an initial priming dose, is an
area of concern. Hyporesponsiveness can occur after repeated admin-
istration of pneumococcal vaccines, especially if PPSV23 is given mul-
tiple times over a short time or administered before PCV (133). The
exact mechanisms remain unclear but repeated exposure to antigenic
stimulation may deplete the memory B-cell pool by driving pre-exist-
ing memory B-cells toward terminal differentiation into antibody-se-
creting cells, leading to attenuated responses upon re-exposure to the
same antigen (133, 134). The clinical implications of hyporepon-
sivness are unknown, however, some research suggests that revaccina-
tion strategies may carry a risk, although this risk appears to be lower
with the use of PCV (134, 135).

Revaccination with a conjugate vaccine in healthy elderly adults has
been proven to be efficient and safe (136). Repeated doses of pneumo-
coccal conjugate vaccines as part of primary immunization is recom-
mended for infants (137) and has also been shown to improve protec-
tion in patients with hematological malignancies after allogenic stem
cell transplantation, where it is a reccommended strategy (138-140).
No studies on repeated vaccinations with pneumococcal conjugate
vaccines in CLL patients, either as part of primary immunization or
as periodic booster vaccinations, have been conducted.
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Assessment of antibody response to pneumococcal antigens

Enzyme immunoassays

Enzyme immunoassay (EIA), also known as enzyme-linked immuno-
sorbent assay (ELISA), is a commonly used method for measuring
serotype-specific IgG antibody responses following pneumococcal
vaccination and is standardized and well-validated (141, 142). It is the
primary method recommended by the World Health Organization
(WHO) to evaluate immune response to pneumococcal vaccination
(143). The assay quantifies antibodies directed against the capsular
polysaccharides of S. preumoniae.

The process begins with microtiter plates coated with purified pneu-
mococcal polysaccharides representing various serotypes, ensuring
that only specific antibodies bind. When measuring pneumococcal
antibodies by EIA, cross-reactivity can lead to overestimation of sero-
type-specific responses due to non-specific antibodies binding to simi-
lar structures or cell wall polysaccharides. To improve specificity,
serotype 22F polysaccharide is used as an adsorbent to remove these
cross-reactive antibodies before analysis, ensuring that only truly sero-
type-specific antibodies are measured. After addition of patient serum,
serotype-specific antibodies attach to the antigens and multiple wash-
ing steps remove unbound components. An enzyme-labeled second-
ary antibody is then added, to bind human IgG. Subsequent addition
of a substrate solution triggers a colorimetric reaction, with the color
intensity correlating with the antibody concentration (Figure 6). The
results are quantified by measuring the optical density (expressed in
pg/mL using a spectrophotometer, calibrated against WHO reference
standards (144)). However, EIA is impractical for evaluations in vac-
cine studies since a separate assay needs to be performed for each sero-

type.

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 31



Enzyme

Substrate

\JJJJ

9

Secondary
antibody
conjugate

Primary
antibody

Antigen

Figure 6. Principle of enzyme immunoassay.

Multiplex immunoassays

Multiplex immunoassay (MIA), also known as fluorescent multi-
plexed bead-based immunoassay (FMIA), is an advanced laboratory
technique that enables the simultaneous quantification of antibodies
against multiple pneumococcal serotypes. This makes it more effi-
cient and better suited for large-scale data analysis and it is increas-
ingly being implemented in vaccine studies (145). The principle of
MIA involves coupling polysaccharides from different pneumococcal
serotypes to uniquely fluorescent microspheres (beads). When patient
serum is added, serotype-specific IgG antibodies bind to their corre-
sponding bead-bound antigens. A fluorescent-labeled secondary anti-
body targeting human IgG is then introduced. The results are read us-
ing a flow-based detection system, where lasers detect the specific
bead fluorescence and quantify bound antibodies based on the inten-
sity of the fluorescent signal. The results are typically expressed in mi-
crograms per milliliter (ug/mL) using calibration curves standardized
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against WHO reference serum with assigned antibody concentrations
for specific pneumococcal serotypes (144, 146, 147).

One of the key advantages of MIA is the ability to measure IgG re-
sponses to 23 or more pneumococcal serotypes simultaneously, which
is useful when evaluating responses after pneumococcal vaccination.
Further, MIA requires smaller sample volumes than EIA and is in-
creasingly used in laboratories due to being less laborious and more
flexible. However, the method is not standardized, although evalua-
tions of cross-laboratory results in Europe indicate high correlation
(146).

Opsonophagocytic assay

Opsonophagocytic assay (OPA) and multiplexed opsonophagocytic
assay (MOPA) are functional assays used to measure the ability of an-
tibodies to mediate bacterial clearance following pneumococcal vac-
cination (148). These analyses complement the measurement of IgG
concentrations, as antibody titers not always correlate with functional
activity or protection against pneumococcal infections.

Both assay types assess the functional capacity of antibodies by evalu-
ating their ability to promote opsonization and phagocytosis, key pro-
cesses in the defense against S. prneumoniae (148). MOPA, unlike OPA,
allows for simultaneous measurement of functional antibody re-
sponses against multiple pneumococcal serotypes in a single assay. Pa-
tient serum is incubated with live pneumococcal bacteria, comple-
ment, and phagocytic cells. If functional antibodies are present, they
will opsonize the bacteria, marking them for ingestion and destruc-
tion by phagocytes.

The assay measures bacterial killing by determining the reduction in
viable bacterial colonies compared with in control samples. The
OPA/MORPA titer is defined as the highest serum dilution that still
achieves 50% bacterial killing compared to a control without serum
(149). Higher titers indicate a greater presence of functional antibod-
ies in the serum. Titers are expressed as the reciprocal of the serum di-
lution, meaning that a titer of 1:64 indicated that the serum can be di-
luted 64 times while still maintaining 50% bacterial killing. The
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lowest detectable titer is typically 1:8, and if no effect is observed at
this dilution, the sample is considered negative (149). MOPA results
can be presented as the geometric means of titers (GMTs), as percent-
age of subjects with detectable titers, as EIA:OPA ratio (e.g., ug/mL
antibody needed for 50% killing) or as correlations between MOPA
titers and antibody concentrations.

In MOPA, a mixture of pneumococcal strains, each carrying a unique
antibiotic resistance marker, is used. After incubation, the remaining
live bacteria are grown on selective media containing antibiotics, al-
lowing to determine which bacterial serotypes were effectively killed
by the antibodies. The use of antibiotic resistance markers enables
precise identification and quantification of the immune response to
each pneumococcal serotype.

These assays require specialized laboratory expertise due to their com-
plexity and are costly and time consuming. Interlaboratory compari-
son has shown acceptable agreement (150, 151). The assay provides es-
sential data on the effectiveness of antibodies in mediating protection,
a complement to analyzing IgG concentrations where the titers do
not always correspond to the functionality of the antibodies and the
protection against pneumococcal infections.

Cut-offs and correlate of protection

Although cut-off levels for serological protection (SP) and serological
response (SR) are commonly applied in pneumococcal studies, they
should not be interpreted as definitive protective thresholds or as in-
dicators of adequate vaccine response at the individual level. The defi-
nitions vary between studies and serve only as surrogate markers of
protection. They are influenced by factors such as the study popula-
tion, vaccine type, and the specific objectives of the measurement,
whether to assess response to vaccines or to evaluate overall immune
competence.

SP, typically used in clinical vaccine studies, is commonly defined as
the proportion of patients achieving serotype-specific IgG concentra-
tions =0.35 pg/mL in 50-70% of the measured serotypes, indicating an
antibody level considered sufficient to provide clinical protection
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against invasive disease. However, the 0.35 pg/mL threshold, estab-
lished by the WHO more than 20 years ago from pooled data of three
PCV7 trials in children under 2 years, correlates with population-level
protection against IPD in children (143, 152). It does not account for
mucosal immunity or non-invasive pneumococcal diseases such as
pneumonia and otitis media (153). Also, standard cut-off levels have
not been validated as protective in adults or immunocompromised in-
dividuals, for whom higher thresholds, such as 1.0 pg/mL or 1.3
pg/mL, have been proposed (154). Protective levels are also defined by
the proportion of tested serotypes, typically 50-70%, that exceed anti-
body concentrations of 0.35 pg/mL or 1.3 pg/mL, although the num-
ber of serotypes assessed varies between studies. For children under 6
years, 509 is considered sufficient, while 70% or more is recom-
mended for older children and adults.

Alternative cut-off values aimed at more accurately defining immune
protection have been proposed, though they require further valida-
tion (155, 156). Serotype-specific thresholds, rather than a single uni-
form cut-off value, have been suggested to allow more accurate pre-
dictions of protective antibody levels. However, the relationship
between IgG concentrations following short and long-term protec-
tion remains poorly understood and requires further investigation.

Serological response (SR) following pneumococcal vaccination is typ-
ically defined as a =2-fold or =4-fold increase in IgG levels for 50-70%
of the measured serotypes compared to pre-vaccination levels and re-
fers to the change in antibody concentration in response to vaccina-
tion. Using a 4-fold increase has been suggested in adults and immun-
ocompromised patients (154), but use of a 2-fold increase is more
commonly seen in vaccine studies.

Using geometric mean concentrations (GMCs) and geometric mean
ratios (GMRs) to evaluate pre- and post-vaccination titers for each
serotype is also a widely used method for assessing immune response.
The WHO recommends analyzing vaccine efficacy approximately 4
weeks post-immunization (143). Some studies extend this to 4-8
weeks.
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There are limited data on standardized cut-off levels for OPA titers
and their correlation with protective antibody levels, though some
data suggest that an IgG concentration of =0.2 pg/mL corresponds to
an OPA titer of >1:8 for certain serotypes (148). A titer of 1:64 has
been suggested as a threshold for adults but is based on limited data
(149). Studies have also shown that some serotypes may have a strong
OPA response even at lower IgG levels, whereas others may require
higher IgG concentrations to achieve effective opsonization. IgM, also
being part of opsonophagocytic activity may play a role in discrepan-
cies between IgG levels and OPA activity (149).

Newer assays, such as MIA, are emerging, potentially requiring bridg-
ing studies to align with the WHO?s EIA reference method (145). In-
ter-laboratory variability must also be considered and cut-off levels
might need to be adjusted for individual serotypes to ensure accurate
evaluation of vaccine response (146, 157, 158). The influence of meth-
odological differences and interlaboratory variability on the interpre-
tation of results in relation to predefined response criteria has been
previously emphasized, along with the risk that these factors may af-
fect the evaluation of vaccine responses in clinical studies (158, 159).

Defining optimal serological thresholds that approximate protective
cut-offs in clinical vaccine studies remains challenging, largely due to
the difficulty of conducting trials with clinical endpoints. Variation in
serotype-specific immunogenicity, differences in measurement meth-
ods and the limited number of studies in certain populations high-
light the need for ongoing efforts to establish consensus in defining
vaccine responses.

Pneumococcal vaccination in CLL

Vaccination recommendations

High-risk groups are defined as patient populations at higher risk of
developing severe illness or complications from S. pneumoniae infec-
tion. Guidelines in Sweden and in the Western world have for many
years recommended both PCV13 and PPSV23 to high-risk groups, in-
cluding patients with hematological malignancies (130, 160, 161).
These recommendations, with PCV13 followed by PPSV23, are based
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on the theory of a so-called prime-boost strategy in vaccine-naive indi-
viduals, to enhance an already activated immune system with PPSV23
and broaden the protection against additional serotypes (162). Re-
cently, PCVs with additional serotypes has been introduced (PCV15,
PCV20). Vaccination recommendations have now largely shifted to
single-dose PCV20, decreasing the need to add additional serotype
protection with PPSV23 (25, 130, 163, 164). In CLL patients, pneu-
mococcal vaccination is recommended as early as possible after diag-
nosis, partly based on results of Study I in this thesis (25, 115, 164).
There are no current recommendations on revaccination with pneu-
mococcal conjugate vaccines in CLL patients but revaccination after 5
years with PPSV23 may be considered according to Swedish guide-
lines (25, 130).

Current knowledge on antibody response to pneumococcal
vaccination in CLL

The impaired immune response to pneumococcal vaccination in CLL
patients was first described more than 20 years ago. Pneumococcal
vaccine studies conducted in CLL patients, including type of vaccine
and method for antibody detection, are summarized in Table 1. Vac-
cine-induced immunological response to PPSV23 is seen in less than
25% in previous studies (165-168). When pneumococcal conjugate
vaccines became available, Sinisalo et al. showed that almost 40%
achieved an immune response after PCV7 vaccination, with a supe-
rior response if vaccinated early in the disease course. However, the
response was still impaired compared with in controls (169). In a fol-
low-up study of the same cohort 5 years after PCV7 immunization,
performed by Lindstrom et al., the median antibody concentrations
had declined by 50-75%, depending on serotype. Still, more than half
of the CLL patients showed remaining protective levels for 4/7 sero-
types, suggesting that a conjugate vaccine can provide long-term im-
munity (170). However, revaccination with PPSV23 did not improve
immunity further (171). Mauro et al. showed that treatment-naive pa-
tients had a response rate of 36% after PCV13 vaccination, whereas
patients previously treated with chemoimmunotherapy or with BTKis
showed a very low (0-8%) immune response (172). The impaired re-
sponse in BTKi treated patients confirm a previous report on lack of
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response in 4 ibrutinib treated patients receiving PCV13 (173). Pasiar-
ski et al. described early humoral response, evaluated as plasmablast
increase, and SR after PCV13 vaccination in CLL patients and con-
trols. SR was detected in 58.3% of CLL patients, which also correlated
with plasmablast response (174). Haggenburg et al. evaluated the rec-
ommended sequential vaccination strategy, starting with PCV13 and
adding PPSV23 after 8 weeks, and found no additional immunologi-
cal benefit from PPSV23, confirming the findings previously reported
by Lindstrom et al. (175). Overall, the responses presented were very
low, with an overall SR of 10.5% (results highly influenced by treat-
ment status and tumor burden). However, more stringent cut-off cri-
teria were used compared with in the other studies and MIA was used
for antibody detection. Two of the vaccine studies measuring anti-
body response in this thesis (Study I and Study III) have been in-
cluded at the bottom of Table 1 for comparison with previous studies
(167, 176).
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Table 1. Summary of studies evaluating pneumococcal vaccine responses in
patients with chronic lymphocytic leukemia, highlighting variability in method-
ology across studies.

Hartkamp
etal. 2001
(165)

Sinisalo et
al. 2001
(166)

Safdar et
al. 2008
(168)

Sinisalo et
al. 2007
(169)

Lindstrom
etal. 2018
(170)

Lindstrom
etal. 2019
(171)

Pasiarski
etal. 2014
(174)

Mauro et
al. 2021
(172)

Hag-
genburg et
al 2023
(175)

Svensson
etal. 2018
(167)

Vaccine

PPSV23 25
PPSV23 31
PPSV23 32
PCV13 52
PCV7 24
(5y. follow-up)

PCV13/PPSV23 20
(5y. between vaccinations)

PCV13 24
PCV13 112
PCV13/PPSV23 143
(8 weeks between vaccina-

tions)

PPSV23 vs PCV13 126

Nr.
Sero-

types

23

med.
PC
1gG

12

Definition
of protec-
tion and

response

*1

*2

*3

*4

*4

*4

*5

*6

*7

*8

Method

EIA

EIA

EIA

EIA

EIA

EIA

EIA

EIA

MIA

EIA
OPA

Effect

SP 22%

SR 0%

SR 10%

SP 49-92%

SR 20-47%

SP 29-71%

SR 10-15%

SP 30-75%

SR 58%

SP 30%

SR 8%

SR11%

SP11%

SR
PPSV23 22%
PCV13 40%
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Kéttstrom A: PPSV23/PCV13/PCV13 74 12 *9 MIA SR

etal. 2025 g A: 24%/30%

(176) B: PCV13/PCV13/PPSV23 B: 12%/30%
SP
A:52%/56%

B: 27%/49%

*1 SP: if 2/3 serotypes reached 20% of serotype IgG concentration reference levels
in hyperimmune plasma pool, *2 GMT rise and SR: sum of serotype-specific anti-
body levels, changes pre- and post-immunization.*3 SR: 2-fold >0.5 pg/mL *4

SP: >0.35 pg/mL of serotype-specific IgG concentration, SR: 2-fold = 0.35 pg/mL *5
SR: 2-fold increase *6 SP: 240 mg/L median PC IgG levels, SR: 2-fold increase
baseline PC-lgG concentration *7 SR: 4-fold increase in 270% of serotypes, SP 21.3
pug/mL for 270% of serotypes, *8 SR: OPA geometric mean titers for every serotype
and response defined as a post-vaccination OPA titer = LLOQ in 28 /12 serotypes.
EIA GMCs for each serotype and change, as a geometric mean ratio, pre- and post-
vaccination. *9 SP: 2 0.35ug/mL for 270% of serotypes, 2-fold increase = 0.35
pg/mL in 270% of serotypes. GMC and GMR for each serotype.
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Aims of the thesis

General

The aims of this thesis were to compare immune responses after
pneumococcal polysaccharide vaccine (PPSV23) versus pneumococcal
conjugate vaccine (PCV13), to evaluate antibody persistence and to
explore whether revaccination with pneumococcal conjugate vaccines
improves immunity in patients with chronic lymphocytic leukemia.

Aims of the individual studies

Study I: To compare the immune response, measured by OPA and
ELISA, following vaccination with PPSV23 or PCV13 in treatment-
naive CLL patients.

Study II: To characterize the normal composition of the peripheral
blood B-cell repertoire in CLL patients and to explore the dynamics
of plasmablast response following revaccination with either repeated
PCV13 or PCV13 followed by PPSV23.

Study III: To evaluate antibody persistence five years after primary
immunization with PPSV23 or PCV13 and to assess the antibody re-
sponse to revaccination with either repeated PCV13 or PCV13 fol-
lowed by PPSV23.

Study IV: To investigate whether the choice of analytical method,
MIA or EIA, for measuring serotype-specific IgG concentrations fol-
lowing pneumococcal vaccination influences the assessment of vac-
cine response in CLL patients.
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Materials and Methods

Study |

A randomized, multi-center trial was conducted between 2013 and
2016, enrolling 128 untreated CLL patients from eight hematology
clinics in Sweden (Figure 7). Patients were stratified based on Rai
stage and serum IgG levels before being randomly assigned to receive
either PPSV23 (Pneumovax®23) or PCV13 (Prevenar13®). Key exclu-
sion criteria included planned initiation of CLL-specific treatment
within 1 month, other malignancies, prior pneumococcal vaccination
within the preceding 5 years, history of severe allergic reactions to
vaccines, neutropenia (<0.5 x 10°/L), a positive direct antiglobulin test
(DAT), ongoing infection or previously known hemolysis.

The primary objective of the study was to compare immune responses
using OPA at 4 weeks post-vaccination. Secondary outcomes included
the evaluation of serotype-specific IgG concentrations, measured by
ELISA, at 4 weeks and 6 months, as well as OPA titers at 6 months to
assess the durability of the immune response. Post-vaccination anal-
yses were conducted for 12 pneumococcal serotypes (1, 3, 4, S, 6B, 7F,
9V, 14, 18C, 19F, 19A, and 23F), shared between PCV13 and PPSV23.

Validated OPA assays and ELISA were conducted at Pfizer’s Vaccine
Research Clinical Testing Laboratory in the United States according
to previous published studies (177, 178). OPA titers were defined as
the reciprocal serum dilution required to achieve 50% complement-
mediated bacterial killing. A lower limit of quantification (LLOQ)
was defined for each serotype and results presented as GMTs. Sero-
type-specific IgG was measured using ELISA and GMCs was com-
pared across serotypes. Additionally, the study compared the propor-
tion of patients in each of the two vaccination groups who achieved a
positive immune response, defined as a post-vaccination OPA titer >
LLOQ in at least 8 of the 12 serotypes shared by PCV13 and PPSV23.
The predefined LLOQ response criteria for each serotype were as fol-
lows: serotype 1, 1:18; serotype 3, 1:12; serotype 4, 1:21; serotype S,
1:29; serotype 6A, 1:37; serotype 6B, 1:43; serotype 7F, 1:113; serotype
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9V, 1:141; serotype 14, 1:35; serotype 18C, 1:31; serotype 19A, 1:18;
serotype 19F, 1:48; and serotype 23F, 1:13.

Randomization

Baseline/Vaccination

Figure 7. Study design and study population in Study I.

Treatment naive patients with CLL 218 years (n=206)
Excluded (n=78 screen failures)

Consented (n=128)

PCV13 (n=63)
Eligible for OPA evaluation (n=63)
Eligible for ELISA evaluation (n=50)

Quality not sufficient (n=13)

PPSV23 (n=65)
Eligible for OPA evaluation (n=65)
Eligible for ELISA evaluation (n=43)
* Quality not sufficient (n=22)

Eligible for OPA evaluation (n=63)
Eligible for ELISA evaluation (n=46)
Quality not sufficient (n=17)

Eligible for OPA evaluation (n=63)
* Blood not drawn (n=2)

Eligible for ELISA evaluation (n=39)
* Blood not drawn (n=2)

* Quality not sufficient (n=24)

Eligible for OPA evaluation (n=61)
* Blood not drawn (n=2)
Eligible for ELISA evaluation (n=46)
Blood not drawn (n=2)
Quality not sufficient (n=15)

Eligible for OPA evaluation (n=62)
* Blood not drawn (n=3)

Eligible for ELISA evaluation (n=40)
* Blood not drawn (n=3)

* Quality not sufficient (n=23)
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Study Il

This prospective study included CLL patients from the Hematology
Unit at Orebro University Hospital, Sweden, who had previously re-
ceived PCV13 or PPSV23 as part of a randomized vaccination trial
(Study I) conducted between 2013 and 2016. Between October 2019
and February 2020, 14 CLL patients were enrolled in a revaccination
study. Following informed consent, a physical examination was per-
formed, followed by blood chemistry analysis, including measure-
ments of total IgG, IgA, and IgM levels, as well as IgG subclasses.
Main exclusion criteria included ongoing treatment with high-dose
corticosteroids (=20 mg prednisolone) or other immunosuppressive
drugs not part of active CLL therapy, history of allergic reactions to
vaccines, positive DAT, current or previous autoimmune hemolytic
anemia or immune thrombocytopenic purpura. Vaccination was tem-
porarily postponed in cases of febrile illness, recent antibiotic therapy
(within 72 hours), inactivated vaccine administration (within 14
days), or live vaccine administration (within 28 days). None of the pa-
tients had received pneumococcal revaccination since their primary
immunization. The revaccination strategy was determined by prior
immunization (Figure 8). CLL patients who had initially received
PCV13 were given a single dose of PCV13, followed by PPSV23 after
8 weeks. Those who had originally received PPSV23 were revac-
cinated with two doses of PCV13, administered 8 weeks apart. A con-
trol group of immunocompetent individuals (n = 31) who had previ-
ously received PCV13 or PPSV23 as part of routine vaccination 3-6
years earlier was included. These individuals were revaccinated with a
single dose of PCV13, without a second revaccination.
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CLL patients primarily CLL patients primanly Controls primarily immunized
immunized with PCV13 immunized with PPSV23 with PPSV23 (n=22) or
(n=7) (n=7) PCV13 (n=9)
‘ Revaccination 1 —PCV13
‘ Revaccination 2 - PPSV23 ‘ ‘ Revaccination 2 - PCV13

Figure 8. Revaccination strategy of CLL patients and controls.

The primary objective of the study was to investigate the early hu-
moral response to pneumococcal revaccination in previously immun-
ized CLL patients by assessing plasmablast proportions before and
seven days after revaccination, using immunocompetent individuals
as controls. A further objective was to characterize the baseline com-
position of the B-cell repertoire in peripheral blood among CLL pa-
tients and immunocompetent controls and to evaluate its dynamic
changes following pneumococcal revaccination.

B cells were analyzed using flow cytometry following standard stain-
ing and sample preparation protocols. Data acquisition was per-
formed on a Gallios Flow Cytometer, and analysis was conducted us-
ing Kaluza software (v2.1, Beckman Coulter). To assess B-cell subsets
and the plasmablast response before and after revaccination, whole
blood was collected in heparinized tubes. Flow cytometry was per-
formed at baseline and 7 days post-revaccination to analyze B-cell
populations. Total B cells were identified by gating on CD19"/CD45"
cells, and the following subsets were characterized: naive B cells
(CD27/IgD"), switched memory B cells (CD27"), non-switched
memory B cells (CD27"/IgD"), double-negative memory B cells
(CD27/IgD"), and plasmablasts (CD38"/CD27"/IgD /IgM").

Study lll

In this prospective study, 74 CLL patients previously enrolled in the
randomized multicenter vaccination study (Study I), in which they
had received either PCV13 or PPSV23, were recruited from eight he-
matology clinics in Sweden between October 2019 and February
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2020. Additionally, 31 immunocompetent controls who had received
PCV13 or PPSV23 between 2013 and 2017 were included. Partici-
pants were included at a median of § years after their primary im-
munization and were stratified into two revaccination groups based
on their initial vaccination with either PCV13 or PPSV23 (Figure 9).

The primary outcomes of the study were to evaluate the proportion of
CLL patients reaching the criteria of SP five years after primary im-
munization with PCV13 or PPSV23, as well as SR at eight weeks fol-
lowing PCV13 revaccination. Secondary outcomes included assessing
the impact of a second revaccination with either PCV13 or PPSV23
on SR. Additional objectives involved evaluating SP rates post-revac-
cination at every time point, analyzing serotype-specific responses
through GMCs and GMRs, investigating the influence of hypogam-
maglobulinemia and CLL treatment on revaccination outcomes, and
monitoring the incidence of invasive pneumococcal disease (IPD)
since the initial vaccination study (2013-2016), along with the preva-
lence of nasopharyngeal pneumococcal carriage.

SR was defined as a =2-fold increase in serotype-specific IgG to =0.35
pg/mL, and SP was defined as a post-revaccination IgG concentration
of 20.35 pg/mL. Both criteria had to be fulfilled for at least 70% (9-12
out of 12) of the shared serotypes. A higher cut-off of =1.3 pg/mL, pre-
viously suggested as a protective threshold for immunocompromised
adults, was also evaluated (154). Serotype-specific vaccine responses
were further analyzed by calculating GMCs and GMR:s for each sero-

type.

A bead-based fluorescent MIA was used to quantify serum IgG
(pg/mL) levels against the 12 pneumococcal serotypes common to
PCV13 and PPSV23 (1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19A, 19F, and
23F). The serological assay was performed and validated by the Finn-
ish Institute for Health and Welfare (THL), Helsinki, Finland as de-
scribed previously, but some modifications (179).
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Prior randomized
vaccination study

Reasons for dropouts (CLL) during revaccination study,
starting 5 years after primary immunization (number):

* Participating only for baseline evaluation (8)

*+ Relocation (1)

* Insufficient marking on serum samples (1)

* Pneumococcal vaccine outside study protocol (4)

* Death (1)

¢ Missing baseline values (1)

* Declining 2nd revaccination (1)

CLL patients (N=128)

Group B
(N=65)

2013-2016 PPSV23

Five years after Group C Group D
 primary (N=38) (N=9) (N=22)
immunization Ist PPSV23 PCV13 PPSV23

CLL patients (N=74)

Controls (N=31)

revaccination

Group B

J\ /LRevaccination -\I I/_

PCV 13 PCV 13
. Group A Group B Group C Group D
Eight weeks after
ls%rcvaccination (N=29) (N=34) N=9) (N=22)
PCV13/PCV13 PPSV23/PCV13 PCV13/PCV13 PPSV23/PCV13
N S 2nd Q‘ / N S N 7
revaccination
PPSV23 PCV 13
Eight weeks after Group A Group B
2nd revaccination (N=27) (N=33)
PCV13/PCV13/PPSV23 | | PPSV23/PCV13/PCV13
Twelve months after Group A Group B Group C Group D
1st revaccination (N=25) (N=32) (N=9) (N=22)
PCV13/PCV13/PPSV23 PPSV23/PCV13/PCV13 PCVI13/PCV13 PPSV23/PCV13

Figure 9. Study design, study population and revaccination strategy among CLL
patients and controls.

Study IV

This study re-analyzed serum samples collected from Study I, the mul-
ticenter randomized vaccination trial that enrolled treatment-naive
CLL patients to compare immune responses to PPSV23 and PCV13.
In Study I, serotype-specific IgG concentrations were measured by
Pfizer using EIA.

The primary objective of Study IV was to explore whether reanalyzing
serum samples by MIA would influence the assessment of responses
to vaccination in CLL patients, as compared to the original results,
based on EIA.
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Blood samples for immunogenicity assessment were collected at three
timepoints in Study I: immediately before vaccination, 4 weeks post-
immunization and after 6 months. Serum samples were initially
stored at minimum -20 °C at local sites. Upon study completion, all
samples were transferred to Pfizer’s Vaccine Research High-Through-
put Clinical Testing Laboratory in Pearl River, NY, USA, for analysis.
There, serum samples were evaluated using standardized EIA as de-
scribed previously (177), and was performed for each of the 12 pneu-
mococcal serotypes common to PCV13 and PPSV23 (serotypes 1, 3, 4,
S, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F).

After laboratory testing was finalized, the remaining serum samples
were returned in 2018 and stored at Karolinska Institute, Sweden. In
2022, the samples were moved to the biobank at Orebro University,
Sweden, before being shipped to THL in Helsinki, Finland, where
MIA was used to quantify serum IgG concentrations (pg/mL) against
the same 12 pneumococcal capsular polysaccharides. This serological
assay was conducted and validated by THL and accredited by the
Finnish Accreditation Service in compliance with SFS-EN ISO/IEC
17025 standards. Sufficient serum for reanalysis at THL was available
from 56 patients (146 sampling events), including 27 who had re-
ceived PCV13 and 29 who had received PPSV23.

Additionally, MIA analysis was performed and compared to WHO-as-
signed values for pneumococcal quality control serum samples using
the WHO EIA for serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, and 14 (12 sam-
ples from the WHO Pneumococcal QC Serum Panel, NIBSC code
12/278). For values below the detection threshold, both methods ap-
plied half the detection limit.

Statistical analysis

Study I: Since no previous clinical trials had evaluated pneumococcal
vaccine responses in CLL patients using OPA geometric mean titers
(GMTs) as a primary outcome, the initial sample size was estimated
based on an expected immune response rate of 15% in PPSV23 recipi-
ents and 35% in PCV13 recipients—a difference of 20%. To detect
this difference with 80% power (f = 0.20) and a significance level of
5% (e = 0.05), a total of 145 evaluable patients was required. Allowing
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for a 5% dropout rate, 154 patients (77 per group) were planned for
inclusion. Due to slow recruitment, a revised power calculation was
conducted after 120 patients had been enrolled. Based on new data
from non-immunocompromised individuals, which suggested a
larger difference between groups, it was concluded that a minimum
of 120 patients would be sufficient to meet the primary study objec-
tive.

Statistical analyses of immunogenicity were conducted using linear
mixed models to calculate geometric mean ratios (GMRs), incorporat-
ing vaccination group, time points (e.g. 1 and 6 months) and their in-
teraction. The data were log-transformed, and GMRs were presented
as exponentiated estimates. Responder rates were evaluated using lo-
gistic regression models, with vaccination group and baseline anti-
body levels as predictors. All results were reported with 95% confi-
dence intervals and p-values. Missing or indeterminate values were
excluded from the analyses without imputation.

Study II: Normality of the data was assessed using the Shapiro—Wilk
test. For inter-group comparisons, the Mann—Whitney U test was ap-
plied to non-normally distributed variables, while normally distrib-
uted variables were analyzed using the independent t-test. Categorical
variables were compared using the chi-square test. For paired samples,
the Wilcoxon matched-pairs signed-rank test was used. Expansion of a
B-cell subset was defined as an increase in its percentage from baseline
to post-revaccination. A p-value < 0.05 was considered statistically sig-
nificant. All statistical analyses were performed using SPSS version 25
Study III: Baseline characteristics were compared using the Mann-
Whitney U test for continuous variables and either the chi-square or
Fisher’s exact test for categorical variables. SR and SP rates were com-
pared using random intercept mixed Poisson regression models, with
results presented as relative risk ratios (RR) and 95% confidence inter-
vals (CI). Fixed effects included group, time (five years after primary
immunization, eight weeks after first and second revaccination, and
12 months after first revaccination), and their interaction (group x
time). Missing data were assumed to be missing at random, and pre-
treatment status (PCV13 or PPSV23) was included as an adjustment
when comparing CLL patients with controls.
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In cases where the mixed model did not converge due to sparse data,
Exact McNemar’s or Fisher’s exact test was used. Serotype-specific
GMGCs of IgG were analyzed using a random intercept linear mixed
model and reported as GMRs with 95% Cls. A p-value < 0.05 was con-
sidered statistically significant. All analyses were performed using
SPSS version 29 and Stata release 17.

Study IV: The correlations between IgG concentrations obtained
from MIA and EIA (for serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19A,
19F, and 23F), as well as between MIA and WHO EIA, were evaluated
both graphically and by calculating concordance correlation coeffi-
cients (CCCs) with 95% confidence intervals (Cls). CCCs were de-
rived from log-transformed data for each serotype and interpreted ac-
cording to predefined thresholds: <0.50 (poor), 0.50-0.75 (moderate),
0.75-0.90 (good), and >0.90 (excellent)(180).To compare serotype-spe-
cific IgG geometric mean concentrations (GMCs) between MIA vs.
EIA and MIA vs. WHO EIA, linear regression was used, generating
geometric mean ratios (GMRs) with 95% ClIs as measures of associa-
tion. These analyses were conducted at individual time points and
across all time points combined, with robust standard errors adjusted
for patient clustering in the latter analysis.

The proportions of patients with IgG concentrations =0.35 pg/mL for
individual serotypes, as well as those achieving SP, defined as IgG
concentrations =0.35 pg/mL for at least 709 (9-12/12) of the shared
serotypes, were compared across methods using McNemar’s exact test.
A p-value <0.05 was considered statistically significant. Statistical anal-
yses were conducted using SPSS version 29 and STATA release 17.

Ethical considerations

The studies have been performed in accordance with the ethical prin-
ciples of the Declaration of Helsinki and good clinical practice. All
patients and controls gave written informed consent to participate.
The studies have been approved by the Swedish Ethical Review Au-
thority and the Swedish Medical Products Agency. The studies were
also registered in EUDRA-CT and at www.clinicaltrials.gov. Study I
was monitored by the Karolinska Trial Alliance and Studies II and III
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http://www.clinicaltrials.gov/

were monitored by the Clinical Epidemiology and Biostatistics Unit,
Region Orebro.

Study I: Swedish Ethical Review Authority: 2009/1731-31, 2009/1731-
31/1,2012/293-32, 2013/1000-32, 2014/2222-32). EudraCTnr: 2009-
012642-22. Swedish Medical Products Agency: 151:2009/64686, Bi-
obank: RBC 2013-368

Study II: Swedish Ethical Review Authority: 2018/483, 2019-02172,
2020-00982. EudraCTnr: 2018-003377-97. Swedish Medical Products
Agency: 5.1-2018-86887, Biobank: RBC 19250 2 2018/483

Study III: Swedish Ethical Review Authority: 2018/483, 2019-02172,
2020-00982. EudraCTnr: 2018-003377-97. Swedish Medical Products
Agency: 5.1-2018-86887, Biobank: RBC 19250 2 2018/483

Study IV: Swedish Ethical Review Authority: 2009/1731-31,
2009/1731-31/1, 2012/293-32, 2013/1000-32, 2014/2222-32)2022-00145-
02, 2022-00145-02-234575, EudraCTnr: 2009-012642-22. Swedish
Medical Products Agency: 151:2009/64686, Biobank: 2013-368
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Results

Study |

Of the 128 patients enrolled, 126 completed the one-month follow-up
and were evaluable for the primary endpoint, while 123 completed
the six-month follow-up. The median age at vaccination was 69 years,
and the majority of patients were in Rai stage 0-I. Hypogammaglobu-
linemia were seen in 27% prior to vaccination.

One month after vaccination, PCV13 elicited higher OPA GMTs than
PPSV23 for 10 of the 12 shared serotypes. A significantly greater pro-
portion of PCV13 recipients showed a positive immune response
compared to those receiving PPSV23: 25 of 63 (40%) in the PCV13
group versus 14 of 63 (22%) in the PPSV23 group (p = 0.034) (Figure
10). At six months, PCV13 continued to demonstrate higher OPA
GMTs for five serotypes, with a higher overall response rate than
PPSV23: 21 of 63 (33%) vs. 11 of 63 (17%) (p = 0.041). In ELISA anal-
yses, PCV13 also resulted in higher serotype-specific IgG concentra-
tions (GMC:s) for 7 serotypes at one month and 6 at six months, alt-
hough sample availability limited testing in some cases.

Subgroup analyses revealed that patients with hypogammaglobuline-
mia had significantly lower OPA GMTs across most serotypes. No
vaccine responses were observed in patients with IgG levels below 4.9
g/L. Additionally, patients with a shorter disease duration (<31
months) showed stronger vaccine responses than those with longer
disease duration. The impact of Rai stage could not be meaningfully
evaluated due to the small number of high-risk patients.

The difference in immune response between the two vaccines de-
clined over time and was generally lower after six months than after
one month.
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Figure 10. Immunogenicity data measured as OPA GMTs at baseline, 1 month,
and 6 months after vaccination.

Study Il

All participants had previously received pneumococcal vaccination,
with a majority (71%) of controls having received PPSV23. The mean
time from primary immunization to revaccination was similar be-
tween CLL patients and controls (63 vs. 65 months, p = 0.65). Median
total Ig levels and all IgG subclasses were significantly lower in CLL
patients compared to controls.

At baseline, plasmablasts were undetectable in CLL patients but pre-
sent in all controls (p < 0.001) (Figure 11 and 12). Seven days after the
first revaccination with PCV13, plasmablast proportions increased
significantly in controls (p < 0.001), but not in CLL patients (p =
0.13). Plasmablasts were detectable in four of the 14 CLL patients,
three of whom had received PCV13 and one PPSV23 as primary im-
munization. In controls, no difference in response was observed be-
tween those primarily immunized with PCV13 versus PPSV23 (p =
0.33). Seven days after the second revaccination, eight of 14 CLL pa-
tients showed increased plasmablast proportions compared to base-
line (p < 0.01). Among patients who showed plasmablast expansion
only after the second revaccination (n = 4), all had received PPSV23 as
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primary immunization and PCV13 at both revaccinations (p = 0.04).
A second revaccination with PPSV23, after PCV13 had been given as
both primary immunization and first revaccination, did not result in
further increase in plasmablast proportions. Plasmablasts were not de-
tected after any revaccination in patients with ongoing BTK inhibitor
treatment or recent rituximab exposure. Among patients with hy-
pogammaglobulinemia, three out of four with total IgG below the
reference interval did not respond to either revaccination, while one
responded only after the second PCV13 dose.

Regarding B-cell subsets, CLL patients had significantly lower or ab-
sent naive B cells at baseline compared to controls (p < 0.001). Due to
interference from the leukemic clone, switched and non-switched
memory B cells were not clearly distinguishable in CLL patients and
were presented together. No statistically significant expansion of total
memory B cells was seen in CLL patients after first (p = 0.06) or sec-
ond (p = 0.24) revaccination. In contrast, controls showed a signifi-
cant expansion of switched memory B cells (p < 0.001), but not non-
switched memory cells (p = 0.16), and a significant reduction in naive
B cells (p < 0.001). Double-negative memory B cells were lower at
baseline in CLL patients (p = 0.01) and did not increase significantly
after either revaccination (p = 0.07 and 0.14), while a significant ex-
pansion was observed in controls (p = 0.01).
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Figure 11. Plasmablast proportions in CLL patients (top) and controls (bottom)
before and after pneumococcal revaccination
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Figure 12. Flow cytometric analysis of plasmablast proportions before and after
pneumococcal revaccination. Panels a-d show changes in a CLL patient pri-
mary immunized with PPSV23 and before and after each of two revaccinations
with PCV13. Panels e-f show response from a healthy control before and after
revaccination with PCV13.

Study IlI

At inclusion, 25% of CLL patients had hypogammaglobulinemia. The
majority (82%) were treatment-naive, 7% were in remission off treat-
ment, and 9% were on BTK inhibitors or had received anti-CD20
therapy within the past 12 months. Five years after primary immun-
ization with PCV13 or PPSV23, the proportion of CLL patients main-
taining SP at =0.35 pg/mL did not differ significantly between groups
(149 vs. 5%, respectively; p=0.23), though CLL patients had signifi-
cantly lower SP rates than controls (10% vs. 32%; p=0.006). None of
the CLL patients, but two controls previously immunized with
PCV13, reached SP at =1.3 pg/mL. Serotype-specific IgG GMCs did
not differ significantly between PCV13 and PPSV23 groups but were
higher for 8/12 serotypes in controls compared with CLL patients.

Following PCV13 revaccination, SR was observed in 24% of group A
(PCV13/PCV13) compared to 12% of group B (PPSV23/PCV13)
(p=0.25) (Figure 13), whereas CLL patients overall had significantly
lower SR rates than controls (18% vs. 42%; p=0.04). SP rates (=0.35
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pg/mL) increased significantly in all groups after revaccination (Fig-
ure 13 and 14). When the =1.3 pg/mL cut-off was applied, SP im-
proved in group A and controls but not in group B. GMCs increased
significantly after revaccination in both CLL patients and controls,
with GMCs in 4/12 serotypes being higher in group A than in group
B.

After a second revaccination, 30% of group B patients achieved SR,
up from 12% (p = 0.017), and SP increased from 27% to 49% (p <
0.01) (Figure 13). No significant change was observed at the higher SP
cut-off. In group A, second revaccination with PPSV23 did not lead to
further increases in SR or SP. GMCs increased in 8 of 12 serotypes in
group B, but no further increases were seen in group A. GMCs in-
creased significantly in 8/12 serotypes after a second PCV13 revaccina-
tion but not after PPSV23, reducing the difference between groups
seen after the first revaccination.

SP remained significantly lower in CLL patients compared to con-
trols (40% vs. 719%, p = 0.002) after 12 months (Figure 14). SR rates
declined significantly in group B (from 30% to 13%, p = 0.021), but
not in group A. GMCs decreased over 12 months in both groups but
remained higher than pre-revaccination levels. Decline was seen in 11
of 12 serotypes in group A and 6 of 12 in group B. GMCs remained
higher in controls for 10 of 12 serotypes, and the antibody decline
was less pronounced than in the CLL group.
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Figure 13. Serological response (SR) after revaccination in CLL patients, group
A and B, defined as 2-fold increase of I1gG levels = 0.35 ug/ml in at least nine
(70%) of the 12 serotypes compared to baseline (top) and serological protec-
tion (SP) defined as 20.35 ug/ml in at least nine (70 %) of the 12 serotypes
(botton).
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Figure 14. Serological protection (SP), defined as 20.35 ug/ml in at least nine
(70 %) of the 12 serotypes, in CLL patients and controls five years after primary
immunization and after revaccination,

Study IV

After excluding samples with insufficient quantity or indeterminate
results, 127 samples from 46 patients (42 at baseline, 42 at 4 weeks,
and 43 at 6 months post-vaccination) remained for comparative analy-
sis between the two methods. MIA provided complete data for all 13
serotypes measured, while missing or incomplete data were more
common in the EIA dataset due to quantity-not-sufficient (QNS) or
indeterminate results.

Across all time points, IgG concentrations measured by MIA were
consistently lower than those obtained via EIA (Table 2). The degree
of correlation between MIA and EIA varied by serotype. The lowest
correlation was observed for serotype 5 (CCC = 0.14), while the high-
est was seen for serotype 19F (CCC = 0.86). Based on predefined con-
cordance thresholds, 2 of 12 serotypes showed poor correlation, 5
moderate, and 5 good correlation between methods. These differ-
ences impacted the classification of patients reaching the IgG thresh-
old =0.35 pg/mL. For every serotype, fewer patients reached this
threshold when measured by MIA than by EIA. For instance, for
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serotype 5, 23% reached =0.35 pg/mL by MIA compared to 91% by
EIA; for serotype 19F, 62% vs. 81%, respectively.

Using the SP definition with IgG =0.35 pg/mL in at least 70% of the
12 shared vaccine serotypes, the proportion of CLL patients classified
as protected was significantly lower with MIA than with EIA at all
time points: 5% vs. 56% at baseline, 429 vs. 79% at 4 weeks, and 26%
vs. 74% at 6 months (all p < 0.001) (Table 3).

Table 2. Comparison of serotype specific IgG geometric mean concentrations
(GMC; pg/ml) and geometric mean ratios (GMR) with 95% confidence intervals
(95% Cl) in CLL patients measured by MIA and EIA at all time points combined

MIA EIA MIA vs. EIA
no. of no. of GMC (ug/ml) GMC (ug/ml) GMR' P
patients | samples (93% CI)

All timepoints
stl 45 114 0.13 0.32 0.40(0.30-054) | <001
st3 45 117 0.19 0.34 0.56(0.43-0.71) | <001
st4 46 123 0.08 0.19 0.42(0.32-0.54) | <001
3 46 126 0.09 1.83 0.05(0.03-0.08) | <00
=68 43 10 0.21 31 0.16 (0.11 - 0.22 <.00
st7F 46 23 0.55 .16 0.48(0.34-067) | <00
IV 46 24 0.33 A5 .22 (0.16 -0.32 <00
st14 46 27 1.14 2.12 0.54(0.40-0.72) | <00
5t18C 46 26 0.96 1.66 0.58(0.44-0.76) | <00
5194 46 27 0.80 3.61 0.22(0.15-033) | <00
5t19F 44 114 0.77 1.57 0.49(0.40-0.59) | <001
£t23F 45 120 0.42 1.74 0.24 (0.15-0.39) | <001

Table 3. Comparing proportions of patients with serological protection (SP) de-

fined as 20.35 ug/ml in at least nine (70 %) of the 12 serotypes, analyzed with

MIA and EIA.
MIA EIA
=T70% (9 of 12) zerotypes | =70% (9 of 12) zerotypes
=0.35 pg/ml =0.35 pg/ml
no. of no. of n (%) n (%) P
pati zamples
All 44 116 28(24.1) 81 (65.8) <.001
Baseline 39 39 2(3.1) 22 (36.9) <.001
4 weeks after vaccination 42 42 16 (42.1) 30(75.0) <.001
6 months after vaccination 43 43 10 (25.6) 29(74.4) <.001
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General discussion

The immunodeficiency observed in patients with CLL not only pre-
disposes them to infectious complications but also significantly im-
pairs their ability to mount effective immune responses to vaccina-
tions. Given that pneumococcal infections represent one of the most
common and severe infectious threats to CLL patients, preventive
strategies are of high importance. Vaccination is an established ap-
proach to reduce the risk of severe pneumococcal disease; however,
multiple studies have demonstrated that CLL patients have an im-
paired response to various vaccines, with the SARS-CoV-2 vaccine be-
ing the most extensively investigated. Only a few studies have previ-
ously evaluated pneumococcal vaccines in CLL and vaccine strategies
need to be improved. The studies presented in this thesis contribute
to the understanding of the immune response to pneumococcal vac-
cination in CLL and may contribute to optimization of vaccination
recommendations and improvement of protection against infections.

Efficacy of pneumococcal vaccines in CLL

Study I, conducted between 2013 and 2016, is the first and only ran-
domized pneumococcal vaccine study in CLL patients. The findings
demonstrated enhanced immunogenicity of conjugate vaccines com-
pared with polysaccharide vaccines, as measured using both ELISA
and OPA, supporting the use of conjugate vaccines in this patient
group. These findings also supported the vaccine recommendations
that were updated 2016, including conjugate vaccine as part of pri-
mary immunization in CLL patients. Since then, the recommenda-
tion has been to administer PCV13 followed by PPSV23, 8 weeks
later, a strategy supported by studies in healthy adults (181). How-
ever, only one study has previously evaluated this sequential primary
immunization strategy in CLL, finding no additional benefit from
adding PPSV23 (175). Similarly, in a study where PPSV23 was admin-
istered 5 years after PCV13, no improvement in immunity was found
(171). The results of Study III confirm the lack of benefit from poly-
saccharide vaccines in CLL patients, raising questions about the role
of PPSV23 in vaccination strategies for this group. This is further sup-
ported by the findings of Study II, which showed that plasmablast
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responses improved only following administration of conjugate vac-
cines. However, with the recent availability of PCV20, the recommen-
dation has shifted to a single dose of PCV20 for CLL patients (130,
163), decreasing the need for broadening serotype protection with
PPSV23. Results of Study I confirm, in a larger study group compared
with previous smaller studies (165, 166), that pneumococcal vaccina-
tion early in the disease course is beneficial for CLL patients, a princi-
ple that is now also incorporated into several vaccination recommen-
dations and guidelines (8, 25, 115, 161). Further, results from both
Study I and Study III confirm that hypogammaglobulinemia is a neg-
ative prognostic factor for vaccine response, defining a patient sub-
group that requires special attention regarding infection susceptibility
and improved vaccination strategies.

Evaluating clinical outcomes to pneumococcal vaccination such as
pneumonia or IPD is challenging due to the need for large study pop-
ulations. In the CAPiTA study (with >80,000 participants) PCV13 re-
duced vaccine-type IPD by 75% and pneumococcal pneumonia by
45.6% (182). In CLL patients, a retrospective study by Draliuk
(n>600) showed that PCV13 vaccination prior to treatment was asso-
ciated with a 45% reduction in hospital admissions for pneumonia or
sepsis (183). Mauro et al. assessed both serological and clinical out-
comes in CLL, but the study was limited by a small cohort and short
follow-up (172). In our studies, infections were not primary end-
points due to the limited study cohort; however, CRF data reported
only one case of culture-confirmed pneumococcal pneumonia ap-
proximately four years after PPSV23 vaccination in Study I and no
cases of IPD during the whole study period.

Long-term immunity and revaccination strategies

Low serotype specific IgG concentrations were observed 5 years after
primary immunization in Study III, with only 14% of PCV13-vac-
cinated patients and 5% of PPSV23-vaccinated patients achieving SP
(10% overall in CLL patients). Interestingly, even among immuno-
competent controls, only 33% reached SP. Similarly, Lindstrom et al.
(170) reported a decline in antibody levels 5 years after PCV7 in both
CLL patients and controls. While these findings may support
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revaccination at a five-year interval, the decline in GMCs observed as
early as 6 months in Study I and 12 months in Study III raises the pos-
sibility that earlier revaccination could be beneficial, although further
studies are needed to confirm this. In a previous study of patients who
underwent allogeneic stem cell transplantation, protective antibody
levels — albeit with some serotype variability — were observed in 40%
even a decade after primary immunization with repeated doses of
pneumococcal conjugate vaccines (140). This suggests that repeated
use of conjugate vaccines as a primary immunization strategy may of-
fer advantages for both short- and long-term immune responses. Fur-
ther investigation is warranted, particularly in subgroups of CLL pa-
tients who are expected to have a weaker vaccine response, such as
those with hypogammaglobulinemia or ongoing/recent treatment.

When designing the revaccination studies (Studies II and III), the hy-
pothesis was that revaccination with a conjugate vaccine would im-
prove immunity in CLL. At the time the study was conducted,
PPSV23 was still part of the recommended primary pneumococcal
vaccination regimen, and half of the study participants had received
either PCV13 or PPSV23 as their primary immunization. To ensure
that all study participants received PPSV23, which covers a broader
range of serotypes, a revaccination strategy was designed that would
answer a) if PCV improved immunity after previous PCV or PPSV
and if the effects differed depending on type of primary immuniza-
tion, b) if adding PPSV to PCV improved immunity and ¢) if adding
one more PCV after 8 weeks was safe and could further enhance the
response, given the participants’ underlying immune dysfunction.
Our research hypothesis was supported by studies on healthy adults
demonstrating that initial vaccination with PCV13 facilitates recall
anti-pneumococcal responses upon subsequent vaccination, whether
with a conjugate or polysaccharide vaccine (181).

We were unable to statistically confirm that priming with PCV13 en-
hanced the response to revaccination with another dose of conjugate
vaccine after S years, but both the plasmablast response and serotype-
specific IgG concentrations were higher in patients who had received
PCV13 as their primary immunization. It is possible that this
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hypothesis could be validated with a larger sample size, allowing for a
more robust statistical analysis.

The results also confirmed however our hypothesis that revaccination
with PCV13 after S years, regardless of type of primary immuniza-
tion, improved immunity, but also that administration of two consec-
utive doses of PCV13 was beneficial.

Although repeated doses of pneumococcal conjugate vaccines have
been shown to be safe in other patient groups and in studies on
healthy adults (181, 184-186), it remains essential to evaluate vaccina-
tion strategies in clinical studies to confirm safety, before modifying
recommendations. Additionally, hyporesponsiveness is a factor to
consider when assessing pneumococcal vaccination and avoiding the
use of PPSV23 could potentially reduce the risk of hyporesponsive-
ness (133, 134, 181). However, even though this was not a specific aim
of the study and is mostly seen after PPSV, we did not observe any in-
dication of this effect after revaccination with conjugate vaccines. AE
and SAE were monitored for up to 8 weeks post-immunization, and
all reported events in CLL patients and controls were grade I-11, con-
sistent with expected reactions and supporting the overall safety of
this vaccination strategy.

Nasopharyngeal samples were collected regularly throughout the
study to assess the proportion of patients carrying S. prneumoniae and
to determine whether carriage status changed following vaccination.
The rationale for this investigation was based on the theoretical prem-
ise that conjugate vaccines may also induce mucosal protection. How-
ever, only two positive samples were detected (from two different pa-
tients, one from each study arm) preventing us from drawing any
definitive conclusions on this matter. Additionally, no cases of IPD
were reported among patients after the start of the first study and
only one cultured-verified pneumococcal pneumonia, reflecting the
fact that the study group was too small to reliably assess clinical out-
comes.

Interestingly, the control group demonstrated surprisingly lower
long-term antibody concentrations and vaccine response than ex-
pected, particularly when PPSV23 was administered as the primary
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vaccine. Although our study was not specifically designed to evaluate
vaccine responses in healthy elderly individuals, we observed that
they responded well to revaccination with PCV13, especially if pri-
marily immunized with a conjugate vaccine. This finding warrants
further investigation, as it may provide insight into the effects of im-
munosenescence in elderly individuals without diagnosed immuno-
compromising conditions and also highlights the potential need for
revaccination in this population.

Immune cell responses to pneumococcal vaccines

An additional aim in this vaccination project is to gain a deeper un-
derstanding of the immune cell response to vaccines, why peripheral
blood mononuclear cells (PBMCs) have been collected both pre- and
post-immunization from a substantial number of study participants
following PPSV23, PCV13, and COVID-19 vaccinations, for further
study purposes.

The first step in this investigation was presented in Study II, where B-
cell subsets and plasmablast responses were analyzed for potential in-
dicators of the ability to respond to repeated pneumococcal revaccina-
tions and as markers of early immune activation (187). A key finding
was the significant differences in B-cell subsets and plasmablast levels
before and after immunization between CLL patients and controls,
highlighting that disruption of the normal B-cell compartment could
be one factor contributing to the impaired ability to mount an effec-
tive vaccine response. The plasmblast dynamics before and after pneu-
mococcal immunization confirm the findings of Pasiarski et al. (174),
demonstrating that CLL patients have lower plasmablast levels com-
pared with controls but that an increase is seen after vaccination with
a conjugate vaccine. Moreover, their study supported an association
between plasmablast expansion and antibody response, a finding also
observed in other immunocompromised patient groups (188). Alt-
hough defining serotype-specific IgG concentrations was not part of
our study design, the plasmablast response observed in Study II aligns
with the findings of Study III, both suggesting an enhanced immune
response following PCV13. This supports the feasibility of using plas-
mablast expansion as a method for evaluating early vaccine responses.

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 65



In Study II, we also demonstrated that naive B-cells were either unde-
tectable or present at very low levels in CLL patients at baseline,
whereas, in controls, the majority of circulating B-cells were naive.
The suppression of precursor B-cells, which are essential for antigen
response, may contribute to and predict impaired immune responses
following vaccination (189). Few studies have previously character-
ized the normal B-cell repertoire across different stages of CLL. How-
ever, low proportions of circulating pre-germinal center B-cells have
been reported in both CLL patients and individuals with MBL (43,
46) and was confirmed in Study II. This finding suggests that the re-
duced numbers of certain B-cell subsets result from decreased produc-
tion, rather than solely from a lower proportional representation due
to clonal lymphocytosis in the blood. An interesting study on the nor-
mal B lymphocyte repertoire in peripheral blood of CLL patients
treated with either BTKi or FCR concluded that BTKi treatment pre-
serves antigen-experienced B cells, while naive B cells are reduced
(190). In contrast, following FCR, a large number of naive B cells re-
appear (as seen in one of the patients in Study II) whereas antigen-ex-
perienced B cells appear to be depleted.

Additionally, the dynamics of B-cell subsets following revaccination
in the control group showed an expansion of switched memory B-
cells, exhausted B-cells and plasmablasts, along with a reduction in
naive B-cells. However, these expected vaccine-induced changes could
not be assessed in all subsets in the CLL cohort due to disruption by
the leukemic clone, which prevented verification of changes in the
switched and non-switched B-cell populations.

Immune response in treated CLL patients

Although Studies IT and III included limited numbers of patients un-
dergoing treatment, the lack of response in those receiving active or
recent therapy was consistent across all results, with neither antibody
nor plasmablast response in case of ongoing BTKi or recent treatment
with anti-CD20 antibodies. This is consistent with previous studies on
various vaccines, which have demonstrated impaired immune re-
sponses associated with CLL-specific treatments (68, 111, 112, 173,
191-199). As BTKis are recommended as continuous treatment until
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progression, ongoing studies are exploring temporary discontinuation
of BTKi before vaccination, which appears to be a promising ap-
proach (200-202). Additionally, studies on SARS-CoV-2 vaccination
indicate that CLL patients who have undergone time-limited treat-
ments and are in a treatment-free interval or disease remission have
superior vaccine responses (195, 196). Repeated booster doses with
Covid-19 vaccines in BTKi treated patients have demonstrated in-
creased seroconversion rates, even in CLL patients who did not re-
spond to the initial doses (195, 196, 203). Additionally, studies indi-
cate the presence of an antigen-specific T-cell response, even in
patients who fail to achieve seroconversion, which likely is important
in the protection of severe disease (195, 204).

While little is known about these immune mechanisms in the context
of pneumococcal vaccination, they underscore the need for further in-
vestigation—Dboth into vaccination strategies and into T-cell re-
sponses, which remain largely unexplored. The timing of vaccination,
especially early in the disease course and prior to treatment initiation,
remains crucial for optimizing immune protection.

Challenges in evaluating vaccine responses

Throughout the performance of the studies in this thesis, significant
differences in evaluating pneumococcal vaccine responses in CLL pa-
tients were encountered. Variability in response definitions, the num-
ber of serotypes analyzed and antibody measurement methods across
studies has led to significant heterogeneity in the evaluation of pneu-
mococcal vaccine responses in CLL patients (Table 1). The widely
used cut-off values established by the WHO were originally designed
to assess protection against IPD in vaccine studies for children (143),
rather than clinical outcomes in immunocompromised adults. Or-
ange et al. (2012) attempted to establish a consensus on cut-off values
for immunocompromised patient groups (154) but these criteria have
not been updated despite significant advancements in pneumococcal
vaccination research. Furthermore, the methodologies used to evalu-
ate antibody concentrations are shifting from EIA to MIA, and in
some cases OPA, adding another layer of variability.

Immune response to pneumococcal vaccination in chronic lymphocytic leukemia 67



Although functional assays are considered the best way to correlate
immune responses with protection, they remain costly, resource-in-
tensive and require specialized research laboratories capable of apply-
ing complex methodologies. Most studies confirm that OPA corre-
lates with EIA, whereas others report conflicting results (148, 167,
205-207), however, OPA remains the method by which antibody
functionality is assessed and may better reflect protective immunity.

Differences in evaluation methods and cut-off thresholds are rarely
addressed in studies, making cross-study comparisons challenging — a
critical issue given the limited data available on CLL patients. Even
within our own research, different evaluation methods and prede-
fined response criteria were applied. In Study I, OPA GMTs (includ-
ing predefined response cut-offs) and ELISA GMCs and GMRs were
presented. In Study III, pneumococcal antibodies were evaluated us-
ing MIA, presenting GMCs and GMRs, but also adding predefined re-
sponse criteria for SP and SR.

Validation studies support MIA as a replacement for EIA, with high
inter-laboratory agreement (146, 208). However, most laboratories re-
ported lower IgG concentrations for the majority of serotypes when
using MIA, particularly within the <1 pg/mL range. This may be due
to the requirement for higher-avidity antibodies to bind antigens in
the MIA assay, as well as increased nonspecific binding in EIA. This
may also impact the conclusions drawn when evaluating serotype-spe-
cific IgG concentrations and responses in immunosuppressed pa-
tients, such as those with CLL, who typically exhibit lower IgG levels
and impaired antibody responses. Tan et al. compared MIA to EIA in
a clinical vaccine study, finding a linear correlation across all 13 sero-
types after PCV13 immunization. However, EIA consistently meas-
ured higher IgG levels at the lower assay range and the authors sug-
gested to lower cut-offs for certain serotypes to align MIA with EIA-
based responder rates. In Study IV, we explored the impact of using
different methods on response criteria from serum samples initially
analyzed in Study I and re-analyzed in study IV. Findings suggest that
the selected method can impact how vaccine responses are interpreted
based on commonly used response criteria, ultimately influencing the
conclusions of a clinical vaccine study. This observation has also been
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investigated and discussed in previous studies (158, 159, 209). This
underscores the need for standardization of laboratory methodologies
and possibly adjusted cut-off levels, particularly in studies involving
immunocompromised populations like CLL patients. Although ef-
forts have been made to align laboratory methods at a general level
(146, 210), their clinical application in pneumococcal vaccine studies
and consensus on cut-offs to evaluate response and presumed protec-
tion has not yet been sufficiently addressed.

Clinical and future aspects

While this thesis has addressed several key questions, it has also high-
lighted new areas that warrant further investigation. Our findings on
low protective antibody levels five years after primary immunization
and the benefits of revaccination after five years with pneumococcal
conjugate vaccines in CLL patients should initiate discussions on im-
proving vaccination guidelines for this patient group.

Optimizing vaccination guidelines and identifying high-risk
subgroups

The result of this thesis underscores the need to refine vaccination
strategies by addressing several critical aspects. These include the opti-
mal timing of vaccination and revaccination (i.e. vaccine planning
during the disease course), the identification of high-risk patient
groups prone to infections and reduced vaccine responses, such as
those with high disease burden, hypogammaglobulinemia or under-
going active treatment. This also includes a possible need for person-
alized vaccination strategies, tailored to different levels of immunode-
ficiency. Future studies should investigate whether certain CLL
subpopulations would benefit from enhanced primary immunization
strategies (e.g., repeated conjugate vaccines) in addition to later revac-
cinations to ensure sustained protection and if patients with more in-
dolent disease could follow the same vaccination strategy as other risk
groups. However, implementing differentiated vaccination strategies
in CLL subgroups in clinical practice would require improved risk
stratification tools. An ongoing study is using a machine learning
model to predict the risk of infection or treatment within two years of
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CLL diagnosis (211). Additionally, in another publication, risk scores
for predicting infection risks incorporating factors such as age, IGHV
mutation status, Binet stage, and IgG levels have been proposed to
stratify patients at diagnosis (212). Such approaches may be crucial for
identifying individuals who could benefit from tailored vaccination
strategies, ultimately enhancing infection prevention in CLL patients.

Additionally, large-scale, industry-sponsored treatment trials in CLL
should incorporate secondary studies with a more comprehensive ap-
proach, focusing on immune function and restoration. Evaluating
how different treatment regimens minimize immunosuppressive ef-
fects and improve immune reconstitution could help refine treatment
and vaccine strategies. This integration would also aid in identifying
optimal vaccination timepoints, particularly in relation to time-lim-
ited therapies.

With an increasing number of patients receiving continuous BTKi
treatment, results from current studies investigating BTKi interrup-
tion to improve vaccine response are highly needed. If consistently
positive outcomes are observed, this strategy may also be incorporated
into vaccination guidelines, including the option to pause BTKi ther-
apy at the time of vaccination in patients with stable remission. How-
ever, the optimal duration of such a pause remains unclear and will
hopefully be addressed in upcoming study results.

The importance of vaccination early in the disease course should con-
tinue to be reinforced in clinical guidelines and actively implemented
in outpatient clinics. Standardized vaccination information should be
provided to patients at the time of diagnosis to improve adherence to
vaccination recommendations, both among patients and healthcare
providers.

The results of this thesis support current recommendations for pri-
mary immunization with PCV as early as possible after diagnosis and
suggest revaccination at a minimum interval of five years. Further-
more, based on our findings, the use of polysaccharide vaccines in
CLL patients is not supported. Further research is warranted to deter-
mine the optimal timing for revaccination, which may need to occur
earlier than five years, considering the decline in serotype-specific IgG
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levels observed over time following both primary immunization and
revaccination. Our research group is currently investigating MOPA
responses in this study population to gain deeper insights into im-
mune responses in the context of revaccination - data that may con-
tribute to future vaccination guidelines for patients with CLL.

Future research directions

Future studies assessing multiple aspects of pre- and post-vaccination
immunity may further improve our understanding of immune re-
sponse dynamics and contribute to refining response criteria and vac-
cination strategies. As vaccine research progresses, it is important to
recognize that applying a single, uniform cut-off value across all pneu-
mococcal serotypes may not fully capture the complexity of the im-
mune response. Emerging evidence suggests that serotype-specific
thresholds may need to be revised to more accurately reflect protec-
tive immunity. Addressing this issue in future research is important
to improve our understanding of serotype-specific vaccine effective-
ness, both in the short and long term, and to refine the correlates of
protection.

Future clinical vaccine studies in CLL should be designed to investi-
gate the effects of repeated PCV administration as a primary immun-
ization strategy, compared to the current single-dose regimen, in
terms of both short- and long-term protection. Studies on dosing
schedules may also be extended to other vaccines recommended for
patients with CLL, such as herpes zoster and respiratory syncytial
(RS) virus vaccines. Investigations should also aim to identify optimal
approaches for subgroups at particularly high risk of poor vaccine re-
sponse. This also includes exploring strategies for stratifying these pa-
tients based on known risk factors and evaluating criteria or tools ap-
plicable in clinical practice.

An important area for future research is T-cell immunity and its role
in pneumococcal vaccine responses, an aspect that remains largely un-
explored, both in patients with CLL and in the broader context of
pneumococcal vaccination. Evaluating CD4+/CD8+ T-cells including
Thi, Th2, Treg, Tth, Th17 and NK cells through phenotypic assess-
ment using flow cytometry, along with assessing antigen-specific
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responses following primary immunization and revaccination, would
provide valuable insights into the immune mechanisms underlying
vaccine responses in CLL patients and immunocompetent controls.

There is particular interest in further investigating Th17 cells, both in
relation to disease pathogenesis and their potential role in the im-
mune response to pneumococcal vaccination. In CLL, Th17 cells have
been suggested to play a significant role in disease progression, with
higherTh17 levels potentially exerting a protective effect (60, 63, 213).
Th17 cells also appear to be involved in protection against pneumo-
coccal infection and in vaccine responses (214, 215). Reduced Th17
levels have been observed in methotrexate-treated patients with rheu-
matic diseases, correlating with impaired antibody and plasmablast
responses to pneumococcal vaccination (188). This subject warrants
further investigation in the context of CLL. Key research questions in-
clude whether pneumococcal vaccination induces Th17, IL-17A, and
Th17 memory responses in CLL patients and controls, and whether
these responses correlate with increased IgG production and opso-
nophagocytic activity - or if baseline Th17 levels can even predict vac-
cine responsiveness.

Future research efforts in our group, already underway, include analy-
sis of the extensive PBMC, serum and plasma samples collected
throughout the study period (2013-2022), covering both primary im-
munizations and revaccinations with pneumococcal and COVID-19
vaccines in CLL patients and controls. This will yield a unique dataset
capturing immune cell responses to polysaccharide vaccines, pneumo-
coccal conjugate vaccines, vector-based vaccines and mRNA vaccines
within the same study population. The cohort offers a valuable oppor-
tunity to assess B- and T-cell populations and to correlate these find-
ings with patient characteristics, antibody titers, immune cell func-
tion (e.g., cytokine levels), vaccine type and vaccination strategies.
Gaining a deeper understanding of these relationships may provide
important insights into the immunological mechanisms underlying
pneumococcal vaccine responses in CLL patients, potentially identify-
ing predictors of vaccine efficacy and contributing to future strategies
aimed at optimizing mucosal, humoral and cellular immunity.
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Limitations

In Study I, one limitation was that approximately one third of partici-
pants did not have sufficient serum volume for ELISA analysis. Never-
theless, the available samples were adequate to evaluate the primary
endpoint with OPA. Additionally, for at least 3 serotypes more than
309% had OPA titers above the LLOQ, potentially reflecting prior in-
fections or vaccinations administered more than five years before in-
clusion. However, this information was not further specified in the
CREFs at inclusion, which limits further interpretation. Despite this,
significant increases in both GMTs and GMCs were observed, suggest-
ing that these factors did not substantially affect the study's conclu-
sions. Statistical adjustments were also made to account for differ-
ences in pre-vaccination antibody levels in the different groups. It
should also be noted that the company responsible for performing
the laboratory analyses also sponsored the study, which may intro-
duce a potential source of bias despite efforts to ensure methodologi-
cal quality.

In Study II, the sample size was limited due to recruitment being re-
stricted to a single center and the requirement for PBMC sampling
seven days post-immunization. Despite this, significant changes in
plasmablast responses were observed before and after revaccination
with conjugate vaccines. A further limitation was that plasmablasts
and other B-cell subsets were assessed as proportions of the total B-cell
population rather than as absolute cell counts, which may limit direct
comparability between individuals or groups with differing B-cell
numbers. Additionally, plasmablast kinetics were not correlated with
pneumococcal antibody responses or T-cell responses, which could
have provided a more comprehensive understanding of the immuno-
logical mechanisms underlying vaccine responsiveness.

Although Study III represents the largest study to date on pneumo-
coccal revaccination in CLL patients, one limitation is the relatively
small number of patients in each study arm. This may have prevented
some findings from reaching statistical significance, although clear
trends were observed. Moreover, measurements of serotype-specific
circulating antibody concentrations do not necessarily reflect anti-
body functionality, studies of which would require OPA analysis.
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Furthermore, a limitation is that the current vaccine recommenda-
tions are based on PCV20, whereas this study used PCV13. However,
the findings remain relevant for the other pneumococcal conjugate
vaccines, as they share similar immunological principles and mecha-
nisms of action. Additionally, as the majority of patients in this study
were treatment-naive, conclusions cannot be drawn regarding the im-
pact of vaccination in the few CLL patients undergoing specific treat-
ment regimens.

A major limitation of Study IV was that it was not specifically de-
signed for direct method comparison. Although this analysis does not
allow for definitive conclusions regarding methodological differ-
ences, it highlights the impact of method selection on the interpreta-
tion of vaccine responses. In addition, the sample size of the study is
also small, meaning that individual samples can have a significant im-
pact on the observed differences in concentrations measured by the
EIA and MIA methods, which may affect generalizability of the re-
sults. Since the data consists solely of patient samples, it is likely that
both the quantity and quality of antibodies in the subjects are defi-
cient compared to healthy individuals. This may result in a higher
number of samples containing low-avidity antibodies in the dataset
and such samples may fall below the detection limit with the MIA
method but yield positive results with the EIA method. Another limi-
tation was therefore that the evaluation was not conducted also in a
control group of immunocompetent individuals, making it unclear
whether the observed differences are attributable to methodological
variations or potentially the quality of antibodies in some CLL pa-
tients. Additionally, MIA analyses were conducted several years after
EIA, requiring long-term storage and transport of serum samples,
which could potentially affect sample quality. However, serum anti-
bodies are generally considered stable, provided that freeze-thaw cy-
cles are minimized and established storage protocols are followed. As
far as we know, these conditions were adhered to in this study.
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Conclusions

e PCV13 induces a stronger immune response than PPSV23 in
untreated CLL patients for most shared serotypes, although
responses are impaired in patients with longer disease dura-
tion and hypogammaglobulinemia. These findings support
administering PCV as early as possible after CLL diagnosis.

e Suppression of precursor B-cells and an impaired plasmablast
response to pneumococcal revaccination were observed in
CLL patients. Repeated revaccinations with PCV enhanced
the plasmablast response, suggesting its potential as an early
indicator of vaccine efficacy.

e Impaired antibody persistence was observed in CLL patients
five years after immunization, but revaccination with PCV
improved immunity. These findings highlight a potential
need for revaccination in CLL and may support updates to
vaccination guidelines for this patient population.

e Two consecutive doses of pneumococcal conjugate vaccines
enhanced antibody responses further and should be evaluated
systematically in subgroups with impaired immunity, such as
patients with hypogammaglobulinemia or those undergoing
active treatment.

e The choice of analytical method for antibody measurement
may influence the interpretation of vaccine response accord-
ing to established criteria. There is a need to harmonize re-
sponse criteria and to evaluate the impact of assay selection in
order to improve consistency in results and conclusions across
pneumococcal vaccine studies in immunocompromised pa-
tients.
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Svensk sammanfattning (Summary in Swedish)

Patienter med blodsjukdomen kronisk lymfatisk leukemi (KLL) har
en oOkad risk for infektioner orsakade av Streptococcus pneumoniae
(pneumokocker), en av de vanligaste orsakerna till lunginflammation.
Vaccination mot pneumokocker kan forebygga allvarliga infektioner,
men vaccinationssvaret ar ofta nedsatt i denna patientgrupp eftersom
bade sjukdomen och dess behandlingar paverkar immunforsvaret ne-
gativt. Kunskapen om vilket vaccin och vilken vaccinationsstrategi
som ger bast immunsvar hos patienter med KLL ar begransad. For
narvarande anvinds tvd typer av pneumokockvaccin, konjugerat vac-
cin (PCV) och polysackaridvaccin (PPSV), vilka stimulerar immun-
forsvaret pa olika satt. Syftet med denna avhandling ar att undersoka
vilket pneumokockvaccin som ger bist skydd hos KLL-patienter och
om immunsvaret kan forbattras genom revaccination med PCV.

I studie I jamfordes PCV och PPSV hos KLL-patienter som dnnu inte
hade fatt behandling for sin sjukdom. Vaccinationssvaret utvardera-
des efter 4 veckor och 6 manader, och resultaten visade att PCV gav
ett battre immunsvar an PPSV hos dessa patienter.

I studie II och IIT undersoktes kvarvarande immunsvar efter 5 ar
samt effekten av revaccination. Patienterna fick antingen tva doser
PCV med 8 veckors mellanrum eller en dos PCV f6ljt av en dos
PPSV. Immunsvaret utvarderades genom att mata okningen av anti-
kroppar samt plasmablaster (antikroppsproducerande celler) fore och
efter vaccination. Resultaten visade ett ldgt kvarvarande immunsvar
efter forsta vaccinationen men att PCV forbéttrade svaret. Detta stod-
jer att patienter med KLL kan ha nytta av revaccination efter fem ar.

I studie IV undersoktes om valet av analysmetod vid antikroppsmat-
ning paverkade tolkningen av immunsvar enligt etablerade kriterier
for vaccinationssvar. Vi fann att valet av analysmetod hade betydelse
for tolkningen, vilket understryker vikten av konsensus kring metod-
val och standardisering av hur immunsvaret ska utvarderas hos KLL-
patienter efter pneumokockvaccination.
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